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FRED X

Flow Diverter Stent

THE NEXXT ADVANCEMENT IN /77712,
FLOW DIVERSION TECHNOLOGY /-7 Z#fA

The FRED™ X Flow Diverter features the same precise
placement and immediate opening of the FRED™ Device,
now with X Technology. X Technology is a covalently

bonded, nanoscale surface treatment, designed to:

* REDUCE MATERIAL THROMBOGENICITY'

e MAINTAIN NATURAL VESSEL HEALING
RESPONSE***

e IMPROVE DEVICE DELIVERABILITY AND
RESHEATHING'

The only FDA PMA approved portfolio with a 0.021"
delivery system for smaller device sizes, and no

distal lead wire.

=[] For more information, contact your local N -
:m@ MicroVention sales representative or visit (\ /\/\ICTOVGIT[IOH

our website. www.microvention.com TERUMO

" Data is derived from in vivo and ex vitro testing and may not be representative of clinical performance. Indications for Use: The FRED X System is indicated for use in the internal carotid artery from the petrous segment to
' Data on file the terminus for the endovascular treatment of adult patients (22 years of age or older) with wide-necked (neck width 4
mm or dome-to-neck ratio < 2) saccular or fusiform intracranial aneurysms arising from a parent vessel with a diameter
2.0mmand 5.0 mm.

% Tanaka M et al. Design of biocompatible and biodegradable polymers based on intermediate water concept
Polymer Journal. 2015;47:114-121.

% Tanaka M et al. Blood compatible aspects of poly(2-methoxyethylacrylate) (PMEA) — relationship between
protein adsorption and platelet adhesion on PMEA surface. Biomaterials. 2000;21:1471-1481

Rx Only: Federal (United States) law restricts this device to sale by or on the order of a physician. For Healthcare
professionals intended use only.
MICROVENTION, FRED and HEADWAY are registered trademarks of MicroVention, Inc. in the United States and other

Schiel L et al. X Coating™: A new biopassive polymer coating. Canadian Perfusion Canadienne. June 2001;11(2):9. jurisdictions. Stylized X s a trademark of MicroVention, Inc. © 2022 MicroVention, Inc. MM1222 US 03/22




WEB 17

Aneurysm Embolization S

NEW
SIZES
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INDICATIONS FOR USE:

The WEB Aneurysm Embolization System is intended for the endovascular embolization of ruptured and unruptured intracranial aneurysms and other neurovascular
abnormalities such as arteriovenous fistulae (AVF). The WEB Aneurysm Embolization 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

POTENTIAL COMPLICATIONS:

Potential complications include but are not limited to the following: hematoma at the site of entry, aneurysm rupture, emboli, vessel perforation, parent artery
occlusion, hemorrhage, ischemia, vasospasm, clot formation, device migration or misplacement, premature or difficult device detachment, non-detachment,
incomplete aneurysm filling, revascularization, post-embolization syndrome, and neurological deficits including stroke and death. For complete indications, potential
complications, warnings, precautions, and instructions, see instructions for use (IFU provided with the device).

VIA 21, 27, 33 - The VIA Microcatheter is intended for the introduction of interventional devices (such as the WEB device/stents/flow diverters) and infusion of
diagnostic agents (such as contrast media) into the neuro, peripheral, and coronary vasculature.

VIA 17,17 Preshaped - The VIA Microcatheter is intended for the introduction of interventional devices (such as the WEB device/stents/flow diverters) and infusion of
diagnostic agents (such as contrast media) into the neuro, peripheral, and coronary vasculature.

The VIA Microcatheter is contraindicated for use with liquid embolic materials, such as n-butyl 2-cyanoacrylate or ethylene vinyl alcohol & DMSO (dimethy! sulfoxide).

The device should only be used by physicians who have undergone training in all aspects of the WEB Aneurysm Embolization System procedure as
prescribed by the manufacturer.

RX Only: Federal law restricts this device to sale by or on the order of a physician.

For healthcare professional intended use only.

@ MicroVention®

TERUMO

MicroVention Worldwide

Innovaton Center PH +1.714.247.8000

35 Enterprise

Aliso Viejo, CA 92656 USA

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

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

WEB™ and VIA™ are registered trademarks
c € of Sequent Medical, Inc. in the United States.
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LIFE I3 FULL OF COMPROMISES.

IT'S TIME TO TAKE A STAND.

NU-COMPROMISE

HIGH RELAXIVITY, HIGH STABILITY:'®

[ CHOOSE BOTH.

The individual who appears is for illustrative purposes. The person depicted is a model and not a real healthcare professional.
Please see Brief Summary of Prescribing Information including Boxed Warning on adjacent page.

VUEWAY™ (gadopiclenol) solution for injection

Indications
VUEWAY injection is indicated in adults and children aged 2 years and
older for use with magnetic resonance imaging (MRI) to detect and
visualize lesions with abnormal vascularity in:
e the central nervous system (brain, spine and surrounding tissues),
¢ the body (head and neck, thorax, abdomen, pelvis, and
musculoskeletal system).

IMPORTANT SAFETY INFORMATION
WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

Gadolinium-based contrast agents (GBCAs) increase the risk for
NSF among patients with impaired elimination of the drugs. Avoid
use of GBCAs in these patients unless the diagnostic information
is essential and not available with non-contrasted MRI or other
modalities. NSF may result in fatal or debilitating fibrosis affecting
the skin, muscle and internal organs.
¢ The risk for NSF appears highest among patients with:
e Chronic, severe kidney disease (GFR <30 mL/min/1.73 m?), or
e Acute kidney injury.
¢ Screen patients for acute kidney injury and other conditions
that may reduce renal function. For patients at risk for
chronically reduced renal function (e.g. age > 60 years,

hypertension, diabetes), estimate the glomerular filtration rate
(GFR) through laboratory testing.

¢ For patients at highest risk for NSF, do not exceed the
recommended VUEWAY dose and allow a sufficient period of
time for elimination of the drug from the body prior to any re-
administration.

Contraindications
VUEWAY injection is contraindicated in patients with history of
hypersensitivity reactions to VUEWAY.

Warnings

Risk of nephrogenic systemic fibrosis is increased in patients using
GBCA agents that have impaired elimination of the drugs, with the
highest risk in patients chronic, severe kidney disease as well as
patients with acute kidney injury. Avoid use of GBCAs among these
patients unless the diagnostic information is essential and not available
with non-contrast MRI or other modalities.

Hypersensitivity reactions, including serious hypersensitivity reactions,
could occur during use or shortly following VUEWAY administration.
Assess all patients for any history of a reaction to contrast media,
bronchial asthma and/or allergic disorders, administer VUEWAY only in
situations where trained personnel and therapies are promptly available
for the treatment of hypersensitivity reactions, and observe patients for
signs and symptoms of hypersensitivity reactions after administration.




INTRODUCING
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Vueway

(gadopiclenol) injection
485.1 mg/mL

Gadolinium retention can be for months or years in several organs
after administration. The highest concentrations (nanomoles per gram of
tissue) have been identified in the bone, followed by other organs (brain,
skin, kidney, liver and spleen). Minimize repetitive GBCA imaging studies,
particularly closely spaced studies, when possible.

Acute kidney injury requiring dialysis has occurred with the use
of GBCAs in patients with chronically reduced renal function. The
risk of acute kidney injury may increase with increasing dose of the
contrast agent.

Ensure catheter and venous patency before injecting as extravasation
may occur, and cause tissue irritation.

VUEWAY may impair the visualization of lesions seen on non-contrast
MRI. Therefore, caution should be exercised when Vueway MRI scans are
interpreted without a companion non-contrast MRI scan.

The most common adverse reactions (incidence > 0.5%) are injection
site pain (0.7%), and headache (0.7%).

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

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY,
including BOXED WARNING on Nephrogenic Systemic Fibrosis.

HALF THE GADOLINIUM DOSE COMPARED T0 OTHER
MACROCYCLIC GBCAS IN APPROVED INDICATIONS.'®
FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

X

BRACCO

N

LIFE FROM INSIDE

Manufactured for Bracco Diagnostics Inc. by Liebel-Flarsheim Company
LLC - Raleigh, NC, USA 27616.

VUEWAY is a trademark of Bracco Imaging S.p.A.

References: 1. Vueway™ (gadopiclenol) Injection Full Prescribing Information. Monroe
Twp., NJ: Bracco Diagnostics Inc.; September 2022. 2. Robic C, Port M, Rousseaux O, et
al. Physicochemical and Pharmacokinetic Profiles of Gadopiclenol: A New Macrocyclic
Gadolinium Chelate With High T1 Relaxivity. Invest Radiol. 2019 Aug;54: 475—-484.

3. GADAVIST® (gadobutrol) Injection. Full Prescribing Information. Bayer HealthCare
Pharmaceuticals Inc. Whippany, NJ; April 2022.

4. DOTAREM® (gadoterate meglumine) Injection. Full
Prescribing Information. Guerbet LLC. Princeton, NJ;

April 2022. 5. CLARISCAN™ (gadoterate meglumine)
injection for intravenous use. Full Prescribing Information.
GE Healthcare. Marlborough, MA; February 2020.

6. ProHance® (Gadoteridol) Injection. Full Prescribing
Information and Patient Medication Guide. Monroe Twp.,
NJ: Bracco Diagnostics Inc.; December 2020.

VISIT
VUEWAY.COM
FOR MORE
INFORMATION

Bracco Diagnostics Inc.

259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA

Phone: 609-514-2200

Toll Free: 1-877-272-2269 (U.S. only)

Fax: 609-514-2446

© 2022 Bracco Diagnostics Inc.

All Rights Reserved. US-VW-2200012 10/22
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Vueway™

(gadopiclenol) injection, for intravenous use

BRIEF SUMMARY: Please see package insert of
full prescribing information.

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)
Gadolinium-based contrast agents (GBCAs) increase the risk
for NSF among patients with impaired elimination of the drugs.
Avoid use of GBCAs in these patients unless the diagnostic in-
formation is essential and not available with non-contrasted
MRI or other modalities. NSF may result in fatal or debilitating
fibrosis affecting the skin, muscle and internal organs.

* The risk for NSF appears highest among patients with:
* Chronic, severe kidney disease (GFR <30 mL/min/1.73
m?), or

o Acute kidney injury.

* Screen patients for acute kidney injury and other conditions
that may reduce renal function. For patients at risk for chron-
ically reduced renal function (e.g. age >60 years, hyperten-
sion, di i the gl filtration rate (GFR)
through laboratory testing.

For patients at highest risk for NSF, do not exceed the recom-
mended Vueway dose and allow a sufficient period of time
for elimination of the drug from the body prior to any re-ad-
ministration [see Warnings and Precautions (5.1) in the full
Prescribing Information].

INDICATIONS AND USAGE

Vueway™ (gadopiclenol) is a gadolinium-based contrast agent indicated in

adult and pediatric patients aged 2 years and older for use with magnetic

resonance imaging (MRI) to detect and visualize lesions with abnormal vas-
cularity in:

« the central nervous system (brain, spine, and associated tissues),

« the body (head and neck, thorax, abdomen, pelvis, and musculoskeletal
system).

CONTRAINDICATIONS
Vueway is contraindicated in patients with history of hypersensitivity reactions
to gadopiclenol.
WARNINGS AND PRECAUTIONS
Nephrogenic Systemic Fibrosis Gadolinium-based contrast agents (GBCAs)
increase the risk for nephrogenic systemic fibrosis (NSF) among patients with
impaired elimination of the drugs. Avoid use of GBCAs among these patients
unless the diagnostic information is essential and not available with non-con-
trast MRI or other modalities. The GBCA-associated NSF risk appears highest
for patients with chronic, severe kidney disease (GFR <30 mL/min/1.73 m?)
as well as patients with acute kidney injury. The risk appears lower for pa-
tients with chronic, moderate kidney disease (GFR 30-59 mL/min/1.73 m?)
and little, if any, for patients with chronic, mild kidney disease (GFR 60-89 mL/
min/1.73 m?). NSF may result in fatal or debilitating fibrosis affecting the skin,
muscle, and internal organs. Report any diagnosis of NSF following Vueway
administration to Bracco Diagnostics Inc. (1-800-257-5181) or FDA (1-800-
FDA-1088 or www.fda.gov/medwatch).
Screen patients for acute kidney injury and other conditions that may reduce
renal function. Features of acute kidney injury consist of rapid (over hours to
days) and usually reversible decrease in kidney function, commonly in the set-
ting of surgery, severe infection, injury or drug-induced kidney toxicity. Serum
creatinine levels and estimated GFR may not reliably assess renal function in
the setting of acute kidney injury. For patients at risk for chronically reduced
renal function (e.g., age > 60 years, diabetes mellitus or chronic hypertension),
estimate the GFR through laboratory testing.

Among the factors that may increase the risk for NSF are repeated or higher

than recommended doses of a GBCA and the degree of renal impairment at

the time of exposure. Record the specific GBCA and the dose administered to

a patient. For patients at highest risk for NSF, do not exceed the recommended

Vueway dose and allow a sufficient period of time for elimination of the drug

prior to re-administration. For patients receiving hemodialysis, physicians may

consider the prompt initiation of hemodialysis following the administration of a

GBCA in order to enhance the contrast agent’s elimination /see Use in Specific

Populations (8.6) and Clinical Pharmacology (12.3) in the full Prescribing Infor-

mation]. The usefulness of hemodialysis in the prevention of NSF is unknown.

Hypersensitivity Reactions With GBCAs, serious hypersensitivity reactions

have occurred. In most cases, initial symptoms occurred within minutes of

GBCA administration and resolved with prompt emergency treatment.

* Before Vueway administration, assess all patients for any history of a reaction
to contrast media, bronchial asthma and/or allergic disorders. These patients
may have an increased risk for a hypersensitivity reaction to Vueway.

* \lueway is contraindicated in patients with history of hypersensitivity re-
actions to Vueway [see Contraindications (4) in the full Prescribing Infor-
mation].

* Administer Vueway only in situations where trained personnel and therapies
are promptly available for the treatment of hypersensitivity reactions, includ-
ing personnel trained in resuscitation.

* During and following Vueway administration, observe patients for signs and
symptoms of hypersensitivity reactions.

Gadolinium Retention Gadolinium is retained for months or years in several

organs. The highest concentrations (nanomoles per gram of tissue) have been

identified in the bone, followed by other organs (e.g. brain, skin, kidney, liver,
and spleen). The duration of retention also varies by tissue and is longest in
bone. Linear GBCAs cause more retention than macrocyclic GBCAs. At equiv-
alent doses, gadolinium retention varies among the linear agents with gadodi-
amide causing greater retention than other linear agents such as gadoxetate
disodium, and gadobenate dimeglumine. Retention is lowest and similar

among the macrocyclic GBCAs such as gadoterate meglumine, gadobutrol,
gadoteridol, and gadopiclenol.

Consequences of gadolinium retention in the brain have not been established.
Pathologic and clinical consequences of GBCA administration and retention in
skin and other organs have been established in patients with impaired renal
function [see Warnings and Precautions (5.1) in the full Prescribing Informa-
tion]. There are rare reports of pathologic skin changes in patients with normal
renal function. Adverse events involving multiple organ systems have been
reported in patients with normal renal function without an established causal
link to gadolinium.

While clinical consequences of gadolinium retention have not been estab-
lished in patients with normal renal function, certain patients might be at
higher risk. These include patients requiring multiple lifetime doses, pregnant
and pediatric patients, and patients with inflammatory conditions. Consider
the retention characteristics of the agent when choosing a GBCA for these pa-
tients. Minimize repetitive GBCA imaging studies, particularly closely spaced
studies, when possible.

Acute Kidney Injury In patients with chronically reduced renal function, acute
kidney injury requiring dialysis has occurred with the use of GBCAs. The risk of
acute kidney injury may increase with increasing dose of the contrast agent.
Do not exceed the recommended dose.

Extravasation and Injection Site Reactions Injection site reactions such
as injection site pain have been reported in the clinical studies with Vueway
[see Adverse Reactions (6.1) in the full Pr Information]. E ion
during Vueway administration may result in tissue irritation [see Nonclinical
Toxicology (13.2) in the full Prescribing Information]. Ensure catheter and ve-
nous patency before the injection of Vueway.

Interference with Visualization of Lesions Visible with Non-Contrast MRI
As with any GBCA, Vueway may impair the visualization of lesions seen on
non-contrast MRI. Therefore, caution should be exercised when Vueway MRI
scans are interpreted without a companion non-contrast MRI scan.

ADVERSE REACTIONS

The following serious adverse reactions are discussed elsewhere in labeling:

* Nephrogenic Systemic Fibrosis [see Warnings and Precautions (5.1) in the
full Prescribing Information]

* Hypersensitivity Reactions [see Ct
cautions (5.2) in the full Prescribing Information]

Clinical Trials Experience Because clinical trials are conducted under widely

varying conditions, adverse reaction rates observed in the clinical trials of a

drug cannot be directly compared to rates in the clinical trials of another drug

and may not reflect the rates observed in clinical practice.

The safety of Vueway was evaluated in 1,047 patients who received Vueway

at doses ranging from 0.025 mmol/kg (one half the recommended dose)

to 0.3 mmol/kg (six times the recommended dose). A total of 708 patients

received the recommended dose of 0.05 mmol/kg. Among patients who re-

ceived the recommended dose, the average age was 51 years (range 2 years

to 88 years) and 56% were female. The ethnic distribution was 79% White,

10% Asian, 7% American Indian or Alaska native, 2% Black, and 2% patients

of other or unspecified ethnic groups.

Overall, approximately 4.7% of subjects receiving the labeled dose reported

one or more adverse reactions.

Table 1 lists adverse reactions that occurred in >0.2% of patients who re-

ceived 0.05 mmol/kg Vueway.

and Pre-

(4) and

TABLE 1. ADVERSE REACTIONS REPORTED IN >0.2% OF PATIENTS

RECEIVING VUEWAY IN CLINICAL TRIALS

Adverse Reaction Vueway 0.05 mmol/kg

(n=708) (%)

Injection site pain 0.7

Headache 0.7

Nausea 0.4

Injection site warmth 0.4

Injection site coldness 0.3

Dizziness 0.3

Local swelling 0.3

Adverse reactions that occurred with a frequency < 0.2% in patients who
received 0.05 mmol/kg Vueway included: maculopapular rash, vomiting,
worsened renal impairment, feeling hot, pyrexia, oral paresthesia, dysgeusia,
diarrhea, pruritus, allergic dermatitis, erythema, injection site paresthesia,
Cystatin C increase, and blood creatinine increase.

Adverse Reactions in Pediatric Patients

One study with a single dose of Vueway (0.05 mmol/kg) was conducted in 80
pediatric patients aged 2 years to 17 years, including 60 patients who under-
went a central nervous system (CNS) MRI and 20 patients who underwent a
body MRI. One adverse reaction (maculopapular rash of moderate severity) in
one patient (1.3%) was reported in the CNS cohort.

USE IN SPECIFIC POPULATIONS

Pregnancy Risk Summary There are no available data on Vueway use in
pregnant women to evaluate for a drug-associated risk of major birth de-
fects, miscarriage or other adverse maternal or fetal outcomes. GBCAs cross
the human placenta and result in fetal exposure and gadolinium retention.
The available human data on GBCA exposure during pregnancy and adverse
fetal outcomes are limited and inconclusive (see Data). In animal reproduc-
tion studies, there were no adverse developmental effects observed in rats
or rabbits with intravenous administration of Vueway during organogenesis
(see Data). Because of the potential risks of gadolinium to the fetus, use Vue-
way only if imaging is essential during pregnancy and cannot be delayed.
The estimated background risk of major birth defects and miscarriage for the
indicated population(s) are unknown. All pregnancies have a background risk

a reliable evaluation of the potential risk of adverse fetal outcomes with the
use of GBCAs in pregnancy.

Animal Data Gadolinium Retention: GBCAs administered to pregnant non-hu-
man primates (0.1 mmol/kg on gestational days 85 and 135) result in mea-
surable gadolinium concentration in the offspring in bone, brain, skin, liver,
kidney, and spleen for at least 7 months. GBCAs administered to pregnant
mice (2 mmol/kg daily on gestational days 16 through 19) result in measur-
able gadolinium concentrations in the pups in bone, brain, kidney, liver, blood,
muscle, and spleen at one-month postnatal age.

Reproductive Toxicology: Animal reproduction studies conducted with gadop-
iclenol showed some signs of maternal toxicity in rats at 10 mmol/kg and
rabbits at 5 mmol/kg (corresponding to 52 times and 57 times the recom-
mended human dose, respectively). This maternal toxicity was characterized
in both species by swelling, decreased activity, and lower gestation weight
gain and food consumption.

No effect on embryo-fetal development was observed in rats at 10 mmol/
kg (corresponding to 52 times the recommended human dose). In rabbits, a
lower mean fetal body weight was observed at 5 mmol/kg (corresponding to
57 times the recommended human dose) and this was attributed as a conse-
quence of the lower gestation weight gain.

Lactation Risk Summary There are no data on the presence of gadopicle-
nol in human milk, the effects on the breastfed infant, or the effects on milk
production. However, published lactation data on other GBCAs indicate that
0.01% to 0.04% of the maternal gadolinium dose is excreted in breast milk.
Additionally, there is limited GBCA gastrointestinal absorption in the breast-fed
infant. Gadopiclenol is present in rat milk. When a drug is present in animal
milk, it is likely that the drug will be present in human milk (see Data). The
developmental and health benefits of breastfeeding should be considered
along with the mother’s clinical need for Vueway and any potential adverse
effects on the breastfed infant from Vueway or from the underlying mater-
nal condition. Data In lactating rats receiving single intravenous injection of
["**Gd]-gadopiclenol, 0.3% and 0.2% of the total administered radioactivity
was transferred to the pups via maternal milk at 6 hours and 24 hours after
administration, respectively. Furthermore, in nursing rat pups, oral absorption
of gadopiclenol was 3.6%.

Pediatric Use The safety and effectiveness of Vueway for use with MRI to
detect and visualize lesions with abnormal vascularity in the CNS (brain, spine,
and associated tissues), and the body (head and neck, thorax, abdomen, pel-
vis, and musculoskeletal system) have been established in pediatric patients
aged 2 years and older.

Use of Vueway in this age group is supported by evidence from adequate
and well-controlled studies in adults with additional pharmacokinetic and
safety data from an open-label, uncontrolled, multicenter, single dose study
of Vueway (0.05 mmol/kg) in 80 pediatric patients aged 2 to 17 years. The 80
patients consisted of 60 patients who underwent a CNS MRI and 20 patients
who underwent a body MRI [see Adverse Reactions (6.1) and Clinical Pharma-
cology (12.3) in the full Prescribing Information].

The safety and effectiveness of Vueway have not been established in pediatric
patients younger than 2 years of age.

Geriatric Use Of the total number of Vueway-treated patients in clinical stud-
ies, 270 (26%) patients were 65 years of age and over, while 62 (6%) patients
were 75 years of age and over. No overall differences in safety or efficacy were
observed between these subjects and younger subjects.

This drug is known to be substantially excreted by the kidney, and the risk of
adverse reactions to this drug may be greater in patients with impaired renal
function. Because elderly patients are more likely to have decreased renal
function, it may be useful to monitor renal function.

Renal Impairment In patients with renal impairment, the exposure of gadopi-
clenol is increased compared to patients with normal renal function. This may
increase the risk of adverse reactions such as nephrogenic systemic fibrosis
(NSF). Avoid use of GBCAs among these patients unless the diagnostic infor-
mation is essential and not available with non-contrast MRI or other modali-
ties. No dose adjustment of Vueway is recommended for patients with renal
impairment. Vueway can be removed from the body by hemodialysis [see
Warnings and Precautions (5.1, 5.3, 5.4) and Clinical Pharmacology (12.3) in
the full Prescribing Information].

OVERDOSAGE

Among subjects who received a single 0.3 mmol/kg intravenous dose of
gadopiclenol (6 times the recommended dose of Vueway), headache and nau-
sea were the most frequently reported adverse reactions. Gadopiclenol can be
removed from the body by hemodialysis /see Clinical Pharmacology (12.3) in
the full Prescribing Information].

PATIENT COUNSELING INFORMATION Advise the patient to read the FDA-ap-
proved patient labeling (Medication Guide).
Nephrogenic Systemic Fibrosis Inform the patient that Vueway may in-
crease the risk for NSF among patients with impaired elimination of the drugs
and that NSF may result in fatal or debilitating fibrosis affecting the skin, mus-
cle and internal organs.
Instruct the patients to contact their physician if they develop signs or symp-
toms of NSF following Vueway administration, such as burning, itching, swell-
ing, scaling, hardening and tightening of the skin; red or dark patches on the
skin; stiffness in joints with trouble moving, bending or straightening the arms,
hands, legs or feet; pain in the hip bones or ribs; or muscle weakness [see
Warnings and Precautions (5.1) in the full Prescribing Information].
Gadolinium Retention Advise patients that gadolinium is retained for months
or years in brain, bone, skin, and other organs following Vueway administra-
tion even in patients with normal renal function. The clinical consequences of
retention are unknown. Retention depends on multiple factors and is great-
er following administration of linear GBCAs than following administration of
macrocyclic GBCAs [see Warnings and Precautions (5.3) in the full Prescribing
Information].

Site Inform the patient that Vueway may cause reactions

of birth defect, loss, or other adverse outcomes. In the U.S. general p 3
the estimated background risk of major birth defects and miscarriage in clini-
cally recognized pregnancies is 2% to 4% and 15% to 20% respectively. Data
Human Data Contrast enhancement is visualized in the placenta and fetal
tissues after maternal GBCA administration. Cohort studies and case reports
on exposure to GBCAs during pregnancy have not reported a clear association
between GBCAs and adverse effects in the exposed neonates. However, a
retrospective cohort study comparing pregnant women who had a GBCA MRI
to pregnant women who did not have an MRI reported a higher occurrence of
stillbirths and neonatal deaths in the group receiving GBCA MRI. Limitations
of this study include a lack of comparison with non-contrast MRI and lack of
information about the maternal indication for MRI. Overall, these data preclude

along the venous injection site, such as mild and transient burning or pain or
feeling of warmth or coldness at the injection site /see Warnings and Precau-
tions (5.5) in the full Prescribing Information].

Pregnancy Advise pregnant women of the potential risk of fetal exposure to
Vueway [see Use in Specific Populations (8.1) in the full Prescribing Information].

Rx only
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AMERICAN JOURNAL OF NEURORADIOLOGY

LUCIEN LEVY BEST RESEARCH ARTICLE
AWARD WINNER AND NOMINEES NAMED

This award is named for the late American Journal of Neuroradiology Senior Editor who championed its establishment and recognizes the
best original research paper accepted in 2022. The winning paper was published electronically on December 15, 2022. It was selected by a vote

of the journal‘s Editor-in-Chief and Senior Editors.

—aa 1he Editors of AJNR are pleased to announce

o g ot o i g the annual Lucien Levy Best Research Article
i i~ Award has been presented to

-
e

_ “An Artificial Intelligence Tool
e | for Clinical Decision Support
= = and Protocol Selection

; for Brain MRI”

by K.A. Wong, A. Hatef, J.L. Ryu, X.V. Nguyen,
M.S. Makary and, L.M. Prevedello

Other nominated papers were:

“Normalized Parameters of Dynamic Contrast-Enhanced Perfusion MRI and DWI-ADC for Differentiation between Posttreatment
Changes and Recurrence in Head and Neck Cancer” by A. Baba, R. Kurokawa, E. Rawie, M. Kurokawa, Y. Ota, and A. Srinivasan

“Surgical or Endovascular Treatment of MCA Aneurysms: An Agreement Study” by W. Boisseau, T.E. Darsaut, R. Fahed, J.M. Findlay,

R. Bourcier, G. Charbonnier, S. Smajda, J. Ognard, D. Roy, F. Gariel, A.P. Carlson, E. Shotar, G. Ciccio, G. Marnat, P.B. Sporns, T. Gaberel,
V. Jecko, A. Weill, A. Biondl, G. Boulouis, A.L. Bras, S. Aldea, T. Passeri, S. Boissonneau, N. Bougaci, J.C. Gentric, J.D.B. Diestro, A.T. Omar,
H.M. Al-Jehani, G. El Hage, D. Volders, Z. Kaderali, I. Tsogkas, E. Magro, Q. Holay, J. Zehr, D. lancu, and ). Raymond

“Investigating Brain White Matter in Football Players with and without Concussion Using a Biophysical Model from Multishell
Diffusion MRI” by S. Chung, J. Chen, T. Li, Y. Wang, and Y.W. Lui
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ADVERTISEMENT

In Planning for Brain Metastases Treatment,
Imaging may be the Missing Link in Gost Gontainment’

When faced with a patient presenting with metastatic brain cancer, determining whether to use

up-front stereotactic radiosurgery (SRS) vs. first treating with whole brain radiotherapy (WBRT)

is a significant clinical decision.

WBRT: The whole story on cognitive impairment

While whole brain radiotherapy (WBRT) has been the main treat-
ment option for many years, experts agree that it often results in
cognitive deterioration and a negative impact on quality of life. This
mental decline has a devastating impact
on patients and their families and adds
ongoing costs for the healthcare systems
managing these symptoms.

Using WBRT instead of SRS in some
patients is estimated to decrease the total
costs of brain metastasis management,
though with increased toxicity.

SRS: Fewer side effects but greater
risk of missed tumors
The cost of upfront SRS is the greatest
contributor to cost of brain metastasis
management.' SRS is often more expen-
sive than WBRT. What’s more, multiple
applications of SRS can increase the cost
of treatment greatly.

Stereotactic radiosurgery (SRS) has
far fewer side effects, but upfront use of

Getting the diagnosis right the first
time is crucial to ensure proper
treatment begins quickly.

What does optimal visualization mean for outcomes and cost?
For surgical planning with SRS, radiologists need the best visual-
ization achievable to accurately count the number and size of the
lesions. These metrics are the key predictors of the need for SRS,
WBRT, or a combination of both.

By selecting the ideal contrast agent
and equipment protocols, neuroradiolo-
gists can identify the proximate numbers
of metastases for upfront treatment and
reduced salvage treatment occurrences.

The role of radiology
As medical care for oncology patients
continues to evolve, it will be increas-
ingly important to assess the cost
of various interventions given the
often-limited life expectancy of cancer
patients, the rising costs of cancer ther-
apy, and the increasing prevalence of
cancer in an aging population.

Through seeing all the tumors and
tumor borders as clearly as technology al-
lows, radiology can play a part in ensuring

SRS is expensive and can carry the risk of
missed tumors, requiring repeat procedures such as salvage SRS’
Number of lesions and lesion size are key factors to be considered
when determining the treatment plan for these patients. It follows
that increased diagnostic information and accuracy could be benefi-
cial in directing the proper therapy and improving overall long-term
patient outcomes and containing costs. Getting the diagnosis right the
first time is crucial to ensure proper treatment begins quickly, and high
cost/high stakes procedures such as SRS need precise surgical planning.

that proper treatment can begin quickly,
while containing costs through optimized patient care. Efforts to
carefully manage treatment approaches require improvements in
protocol design, contrast administration in imaging, and utilizing
multimodal imaging approaches.

In this era of precision medicine, radiology departments’ contri-
bution to this improved standard of care will have significant short
and long-term implications by reducing cost of care, providing a
more proximate diagnosis, and ensuring optimal patient outcomes. m

Reference: 1. Shenker, R. F, McTyre, E. R., Taksler, D et al. Analysis of the drivers of cost of management when patients with brain metastases are treated with upfront radiosurgery.

Clin Neurol Neurosurg, 2019 Jan;176:10-14.
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PERSPECTIVES

Title: The Great Barred Spiral Galaxy (NGC 1365) is a double-barred spiral galaxy in the constellation of Fornax. The galaxy has an active galactic nucleus (AGN) due to a super-
massive black hole that is thought to be about 2 million solar masses. This image was acquired as a series of 125 5-minute exposures (10 hours) using red, green, and blue filters.
The telescope was a Planewave 20" corrected Dall-Kirkham Astrograph, f/4.4 on a Planewave Ascension 200HR mount situated in Australia. The camera was a FLI ProLine
PLO9000 CCD, with Astrodon filters. The images were processed using PixInsight, Photoshop, and Topaz Labs Adjust Al and DeNoise Al

Jeffrey S. Ross, Mayo Clinic, Phoenix, Arizona
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REVIEW ARTICLE

Amino Acid Tracer PET MRI in Glioma Management: What a
Neuroradiologist Needs to Know

N. Soni, ““M. Ora, ““A. Jena, ““'P. Rana, ““R. Mangla, “'S. Ellika, “~'J. Almast, “~'S. Puri, and “'S.P. Meyers

o=

ABSTRACT

SUMMARY: PET with amino acid tracers provides additional insight beyond MR imaging into the biology of gliomas that can be
used for initial diagnosis, delineation of tumor margins, planning of surgical and radiation therapy, assessment of residual tumor,
and evaluation of posttreatment response. Hybrid PET MR imaging allows the simultaneous acquisition of various PET and MR imag-
ing parameters in a single investigation with reduced scanning time and improved anatomic localization. This review aimed to pro-
vide neuroradiologists with a concise overview of the various amino acid tracers and a practical understanding of the clinical
applications of amino acid PET MR imaging in glioma management. Future perspectives in newer advances, novel radiotracers,
radiomics, and cost-effectiveness are also outlined.

ABBREVIATIONS: AAT = amino acid tracer; AA = amino acid; ASCT = alanine-serine-cysteine transporter; BTV = biologic tumor volume; GBM = glioblas-
toma multiforme; FDOPA = 3,4-dihydroxy-6-[*F]fluoro-L-phenylalanine; FET = O-(2-[*F]fluoroethyl)-L-tyrosine; LAT = large amino acid transporter; HGG =
high-grade glioma; LGG = low-grade glioma; MET = "C-methionine; rCBV = relative CBV; TAC = time-activity curve; TBR = tumor-to-background ratio;

TRC = treatment-related changes; TSPO = translocator protein; WHO = World Health Organization

Gliomas represent approximately 80% of malignant brain
tumors, with an annual incidence rate of 5.6 cases per
100,000 individuals worldwide. Glioblastoma multiforme (GBM)
is the most common primary malignant brain tumor, representing
approximately 50% of all gliomas and 16% of all brain tumors."
Depending on the size and extent of these tumors, the standard of
care for newly diagnosed GBMs usually includes maximal surgical
resection followed by radiation and chemotherapy. Despite sub-
stantial development in managing high-grade gliomas (HGGs),
the median survival is <15 months, with 1- and 5-year survival
rates of 40% and 5.5%, respectively.2

Imaging is crucial for diagnosing, guiding biopsy, surgical
planning, and distinguishing treatment-related changes (TRC)
from recurrence in glioma management. MR imaging is the pri-
mary imaging technique; however, it lacks specificity to distin-
guish between viable neoplastic tissue and tumor-free areas.
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Advanced MR imaging techniques such as PWI, DWI, DTI,
MRS, and molecular imaging (PET) facilitate visualization and
quantification of different metabolic processes and improve over-
all diagnostic performance in brain tumors. Hybrid PET MR
imaging with novel radiotracers provides a noninvasive, simulta-
neous assessment of brain tumor morphologic, functional, meta-
bolic, and molecular parameters.>*

This review aimed to provide neuroradiologists with a concise
overview of the various amino acid tracers (AATs) and a practical
understanding of the clinical applications of amino acid (AA)
PET MR imaging in glioma management. We will review the cur-
rent literature regarding AA-PET MR imaging in glioma treat-
ment and discuss its role in the initial diagnosis, delineation of
tumor margin, planning of radiation therapy, assessment of resid-
ual tumor, and evaluation of treatment response. We will sum up
with future perspectives on newer advances, novel radiotracers,
radiomics, and cost-effectiveness.

Radiopharmaceuticals

The Joint European Association of Nuclear Medicine (EANM)/
European Association of Neuro-Oncology (EANO)/Response
Assessment in Neuro-Oncology (RANO)/Society of Nuclear
Medicine and Molecular Imaging (SNMMI) guidelines provide
the performance, interpretation of molecular imaging, and clini-
cal application of several PET radiotracers (Online Supplemental
Data), including imaging of glucose metabolism FDG and the
L-amino acid transport system ''C-methionine (MET), O-(2-
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Simultaneous AAT-PET/MRI acquisition protocol
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FIG 1. Simultaneous AAT-PET MR imaging acquisition protocol. Min indicates minute; UTE, ultrashort echo time; vol, volume; SUV, standardized

uptake value.

[ISF]ﬂuoroethyl)-L-tyrosine (FET), and 3,4-dihydroxy-6-[18F]ﬂu-
oro-L-phenylalanine (FDOPA).?

Why Are AATs Supplanting FDG? The radiotracer most compre-
hensively explored and evaluated for oncology is FDG. Tumors
overexpress GLUTI with enhanced hexokinase phosphorylation,
resulting in increased FDG uptake. FDG has physiologic uptake in
the brain parenchyma, resulting in a poor tumor-to-background
ratio (TBR). A recent review showed higher sensitivity of AATSs
than FDG in differentiating tumor progression and TRC in
HGGs. FDG (12 studies, 171 lesions), FET (7 studies, 172 lesions),
and MET (8 studies, 151 lesions) showed a pooled sensitivity of
84%, 90%, 93% and specificity of 84%, 85%, 82%, respectively.5 In
a meta-analysis (33 studies, 1734 patients), FET-PET has shown a
higher sensitivity (0.88) and lower specificity (0.78) than FDG
PET (sensitivity, 0.78; specificity, 0.87) for glioma recurrence.
MET and FDOPA-PET also offer good sensitivity (0.92 and 0.85)
with moderate specificity (0.78 and 0.70).° Despite the drawbacks,
FDG is commonly used due to the limited availability of AATSs.”
FDG is a ubiquitous PET tracer and the most widely used tracer
in oncology. It has a long half-life (110 minutes) and is easily
transportable to a distant lab if the center does not have an onsite
cyclotron. At the same time, the ''C-labeled tracer has a short
half-life (20 minutes 4 seconds), which limits the remote transport
and scheduling of multiple patients.®

What Are Amino Acids, and What Are Their Functions?
AAs are the building blocks of proteins, including enzymes, hor-
mones, membrane channels, and transporters. They are essential
for growth regulation, signaling pathways, and energy produc-
tion. There are 2 main groups of AA transporters: the large
amino acid transporter (LAT) and Na+-independent transport-
ers (alanine-serine-cysteine transporter [ASCT]). The active in-
tracellular absorption of radiolabeled AATs by the LAT and
ASCT is the basis for AAT-PET. L-DOPA, L-tyrosine, and methi-
onine are specific substrates for the LAT1. FET and ['®F] fluciclo-
vine resemble their corresponding AAs, tyrosine and L-leucine.”

Why AATs Are an Excellent Choice for Glioma Metabolism
Imaging. HGGs show a strong correlation between the uptake of
MET and FDOPA with elevated LAT1 expression.>® LAT1 and

ASCT?2 transporters are overexpressed in gliomas more than in
normal brain cells, resulting in high TBR. FDOPA exhibits physi-
ologic uptake in the basal ganglia, which underestimates basal
ganglia region malignancies.'’

Hybrid PET MR Imaging Acquisition Protocol

Two types of hybrid PET MR imaging scanners are sequential
and integrated. A sequential system uses a single bed for both
MR imaging and PET scans, which lessens misregistration. An
integrated system simultaneously acquires PET and MR imaging
data. Brain AAT-PET MR imaging is performed immediately
after tracer injection for 20-25 minutes, during which the
advanced MR imaging sequences are performed with continu-
ous PET acquisition (Fig 1).> Dynamic ['®F] FET-PET imaging
studies the temporal distribution of tracers within the tumor
and healthy brain. It generates the time-activity curves (TACs)
to characterize the pattern of FET kinetics in gliomas. Among
the various AATs, FET has an established added clinical value
for dynamic acquisition.”> HGGs may be distinguished from low-
grade gliomas (LGGs) on the basis of their early time-to-peak
(0-20 minutes) and the late-phase analysis (20-40 minutes) of
plateaued or declining uptake.''** A steady increase in uptake up
to 40 minutes after the injection suggests grade I and II gliomas
and TRC.?

Clinical Indications for PET MR Imaging in Glioma
Management

Recommendations from the Joint EANM/EANO/RANO/SNMMI
guidelines for using AATs in clinical imaging fall into 4 categories:
1) diagnosis and grading, 2) noninvasive tumor genotyping, 3)
tumor margin delineation for radiation therapy planning, and 4)
disease and treatment monitoring.> These are discussed in more
detail in the following sections.

Initial Diagnosis, Sampling, and Grading. It is crucial to distin-
guish benign from malignant brain lesions to avoid invasive
biopsy (Fig 2). The high specificity and negative predictive value
of FET-PET MR imaging help to rule out malignancy with an ac-
curacy of 85% and a change in management in 33% of the
untreated equivocal lesions.'* FET-PET offers supplemental in-
formation on tumor extent and biopsy target selection compared
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FIG 2. A12-year-old boy presented with right focal seizures for a month. Electroencephalography was noncontributory. Imaging-based di-
agnosis of a tuberculoma was made on the initial contrast-enhanced MR imaging in November 2019. Antitubercular treatment was started
empirically. Follow-up MR imaging in February 2022 showed an interval increase of the mass from approximately 1.5 x 13cm to
3.8 x 3.6 cm (images not shown), which led to further work-up, and the patient underwent AA-PET MR imaging and FDOPA-PET MR imag-
ing. T2 FLAIR (A) demonstrates a hyperintense left posterior frontal mass with equivocal diffusion restriction on the diffusion-weighted
image (B and C, blue arrow). A predominantly nonenhancing mass with small peripheral nodular enhancement is seen on postcontrast TI-
weighted image (D, blue arrow). No apparent increased regional CBV is seen on DSC PWI (E, white arrow). On FDOPA-PET (F, blue arrow)
and fused FDOPA-PET MR imaging (G, white arrow), the lesion showed uniformly increased DOPA uptake throughout with a high maxi-
mum standard uptake value of 3.62 (lesion/striatum ratio of 1.81 versus <1.0 as normal) and TBR. Multivoxel MRS (H) showed Cho/NAA
and Cho/Cr ratios of 2.78 and 1.4, respectively, with a prominent lactate peak. In this patient, FDOPA-PET MR imaging confirmed the pre-
cise diagnosis of neoplastic etiology, which, on biopsy, was revealed to be an anaplastic astrocytoma. CE indicates contrast-enhanced.
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FIG 3. A 43-year-old man treated for a left anterior temporal lobe glioblastoma (IDH wild-type) status post resection (positive for generalized
paroxysmal fast activity, negative for p53 and IDHI, MIBI labeling index = 10%-12%, fluorescence in site hybridization epidermal growth factor re-
ceptor amplification, and no loss of 1p19q) and chemoradiation. He underwent follow-up FET-PET MR imaging after 3 years. T2 FLAIR (A, blue
arrow) image shows postsurgical changes in the left anterior temporal lobe with peripheral nodular enhancement on the postcontrast TI-
weighted image (B), mild increased diffusion restriction (C), and increased perfusion (rCBV of 6.7). Multivoxel MRS (E) shows noisy spectra with
mildly raised choline and an inverted lactate peak. Corresponding increased FET uptake (TBR = 2.8; maximum standard uptake value = 3.7) on
FET-PET (F) and fused FET-PET MR imaging (G, white arrow). The patient underwent resection, and pathology showed a recurrent tumor. This
case highlights the congruent findings on contrast-enhanced MR imaging and FET-PET with a larger TBR leading to less interobserver variability

and improving diagnostic performance for differentiating recurrence from TRC. CE indicates contrast-enhanced.

with MR imaging, which further improves with dynamic PET.
Dual time-point FET-PET-based targeted biopsies from non-
contrast-enhanced areas have shown that FET uptake corre-
sponded to HGGs as far as 3 cm from contrast enhancement.'
FET-PET-based TBR and PWI-determined relative CBV
(rCBV) provide congruent and complementary information on
glioma biology, with a moderate overlap of the tumor vol-
umes.'® FET-PET may improve the outcome of surgical plan-
ning in both newly diagnosed and recurrent tumors (Fig 3).
AAT-PET biologic tumor volume (BTV) often differs from con-
trast-enhanced MR imaging BTV (Fig 4). Patients with residual
FET uptake have worse outcomes than those with complete
FET-PET BTV resection (median overall survival, 13.7 versus
19.3 months, P = .007). The results were consistent regardless of
age, MGMT, IDH mutation, promoter, or adjuvant therapy
regimens.'”

High- and low-grade subregions may coexist in gliomas.
HGGs demonstrate higher uptake of AATs than LGGs. In a recent
meta-analysis (7 studies, 219 patients), FDOPA-PET sensitivity
and specificity for glioma grading were 0.88 and 0.73, respec-
tively.'® The diagnostic accuracy of FET-PET and contrast PWI to

discriminate LGGs from HGGs were similar, with an area under
the curve TBR maximum of FET-PET uptake and rCBV being
0.83 and 0.81, respectively.' Similar trends were observed with
combined FDOPA-PET and multiparametric MR imaging.*

Noninvasive Tumor Genetic Profile and Molecular Markers.
Gliomas with IDHI mutations have better chemoradiation
responses and longer survival.”’ AAT-PET MR imaging has the
potential to serve as an alternative to invasive tissue characteriza-
tion. In 52 patients with gliomas, FET-PET with PWI differenti-
ated 1p/19q codeletion oligodendrogliomas with IDH mutations
from IDH wild-type glioblastomas.”> FDOPA-PET and MR
imaging metrics predicted the IDH mutation and 1p/19q codele-
tion with sensitivities of 73% and 76% and specificities of 100%
and 94%, respectively.”> Oligodendrogliomas with the 1p/19q
codeletion had MET uptake as high as that of IDH wild-type glio-
mas regardless of IDHI mutation status. Therefore, MET-PET
seems more useful for glioma grading in IDH wild-type glio-
mas.** The FET-PET and the DWI-derived TBR/ADC ratio
showed higher diagnostic accuracy than the individual technique
for HGGs and IDHI, human telomerase reverse transcriptase,
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FIG 4. A 35-year-old man was initially diagnosed with left frontal lobe oligodendroglioma grade I, status post resection and chemoradiation in
2008. He underwent a follow-up ['®F] DOPA-PET MR imaging. T2 FLAIR axial (4) and coronal (B) images demonstrate a large cortical and subcorti-
cal area of abnormal T2-FLAIR hyperintensity in the left parasagittal frontal lobe extending to the left gangliocapsular area and the corpus cal-
losum and across the midline in the right parietal region without apparent diffusion restriction (C), enhancement (D), and increased rCBV
perfusion (E). Multivoxel MRS (F) shows increased Cho/Cr and Cho/NAA ratios (1.86 and 2.31, respectively). FDG-PET MR imaging (G and H) shows
no appreciable FDG uptake. FDOPA-PET MR imaging shows areas of significant DOPA tracer uptake (maximum standard uptake value = 1.54 ver-
sus <1.0 as normal) more prominently in the left paramedian frontal region. FDOPA-avid, FDG-nonavid nonenhancing lesion in the left frontal
region involving the corpus callosum with positive MR imaging correlates suggests active underlying residual/recurrent disease. This case again
highlights the superiority of AATs over FDG and the importance of multiparametric MR imaging over individual sequences. AAT uptake in the
absence of contrast enhancement and increased perfusion helped with the planning of surgery and radiation. CE indicates contrast-enhanced.

and epidermal growth factor receptor-mutated gliomas. Tumor  codeletion and epidermal growth factor receptor mutations had
regions with a human telomerase reverse transcriptase mutation  lower ADC, and IDHI mutations had higher TBR mean values.”
had higher TBR and lower ADC values, while tumor protein P53 FET-PET MR imaging predicted ATRX, MGMT, IDHI, and
mutation showed lower TBR and higher ADC values. The 1p/19q  1p19q mutations in 85%, 76%, 89%, and 98%, respectively.*®
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Tumor Margin Delineation and Defining Tumor Extent for
Radiation Therapy Planning. In radiation planning, accurate tu-
mor delineation is essential to provide the maximum tumor dose
and minimize treatment-related damage to uninvolved regions.
Enhancing components on MR imaging are the usual target for
target-volume definition, whereas a tumor may extend beyond
areas of enhancement. Conventional MR imaging inadequately
distinguishes edema, contrast-enhancing, non-contrast-enhanc-
ing, and infiltrating tumors. PET hotspots represent high tumor
cell densities. In a recent biopsy-validated study, FET-PET
revealed precise glioma extent, allowing personalized treatment
planning.”” FDOPA-PET-guided dose-escalated radiation ther-
apy significantly improved the overall survival in methylated and
progression-free survival in unmethylated GBMs.*® In 30 patients
with HGGs, rCBV and the permeability (K2) map correlated
with enhancing tumor volumes. FET-PET provided complemen-
tary information, suggesting that contrast-enhancing MR imag-
ing underestimates the metabolically active tumor volume.?
Tumor volumes were larger in FET-PET than in rCBV maps
(P<.001), with low spatial similarity of both imaging parame-
ters.’® Similar results by Lohmann et al’' demonstrated larger
metabolically active tumor volume by FET-PET than by contrast
enhancement (P <.001) and lower spatial similarity. FET-PET
resulted in a mean increase of 27% from clinical target volumes
to biologic tumor volumes.**

Immediate Postsurgical Residual Tumor Evaluation. The assess-
ment of the early postoperative resection status in HGGs is neces-
sary for surgical re-evaluation in the large residual disease. Early
postoperative MR imaging may be ambiguous for residual tumors.
In 25 patients with HGGs, FET-PET, MR imaging, and intraoper-
ative assessment consistently showed complete resection in 48%
of cases and residual disease in 24%.>> A Prospective PET/MRI
study correlated the MET accumulation in GBM patients before
postoperative chemoradiation with time to recurrence. The
median time to recurrence was significantly shorter in MET-posi-
tive than MET-negative patients (6.3 and 19 months, P < .001).>*
Rosen et al*® evaluated the prognostic value of dynamic FET-PET
in partially resected IDH wild-type astrocytic gliomas with mini-
mal or absent contrast enhancement. Smaller pre-irradiation
FET-PET tumor volumes correlated with a favorable progression-
free survival (7.9 versus 4.2 months; P = .012) and overall survival
(16.6 versus 9.0 months; P = .002). In contrast, the mean TBR and
time-to-peak values were associated with only a longer progres-
sion-free survival (P = .048 and P = .045, respectively).

Disease and Treatment Monitoring: Differentiation between
Tumor Recurrence and TRC. After initial glioma management,
TRC are common and may mimic or coexist with tumor recur-
rence. RANO criteria based on T2-weighted, FLAIR, and con-
trast-enhancement changes are affected by BBB damage, which
fails to differentiate tumor recurrence from treatment-related
changes. In 20%-30% of patients, early postirradiation MR imag-
ing exhibited increased enhancement, mimicking progression.
However, it gradually disappeared without intervention.>® TRC
can appear as new sites of enhancement or an increased extent of
enhancement. Multiparametric MRI has certain limitations in

cases of pseudoprogression within the first 12 weeks of therapy
and in cases of radionecrosis after 12 weeks of treatment.”” The
recent RANO recommendation for AAT-PET also includes
assessing the response to radiation in gliomas apart from target
delineation, prognostication, and re-irradiation.® MET-PET was
moderately specific (74%) and highly sensitive (97%) in detecting
recurrence.” The sensitivity remained high (97%) and the speci-
ficity rose to 93% when MET-PET MR imaging was used.*>*® A
large meta-analysis (33 studies, 1734 patients) evaluated FET,
MET, and FDOPA tracers for tumor recurrence with a sensitivity
of 0.88, 0.92, and 0.85 and a specificity of 0.78, 0.78, and 0.70,
respectively.® The meta-analysis supports the incorporation of
FET and MET in the treatment evaluation of HGGs. The amount
of literature on the efficacy of 3’-deoxy3’-'*F-fluorothymidine
[*®F-FLT] and FDOPA is insufficient for a conclusion.’

The FET-PET TBR and PWI-rCBV indicators performed
moderately well in distinguishing progression from TRC in 104
patients (P <.01). A criterion of rCBV maximum of >2.85 allowed
a correct diagnosis of progression in 44 patients with a positive pre-
dictive value of 100%. In the remaining 60 patients, progression and
TRC were discriminated in 78% of patients.*' FET-PET is of signifi-
cant clinical importance in diagnosing pseudoprogression related to
chemoradiation. FET-PET performed a mean of 10 (SD, 7) days af-
ter the equivocal MR imaging findings showed a high accuracy of
87% to identify pseudoprogression, with an improved specificity of
100%.** A combined analysis of arterial spin-labeled CBF and
FDOPA uptake allowed high diagnostic performance in differentiat-
ing progression and pseudoprogression in treated gliomas.* Given
the high sensitivity for identifying tumor progression, FET-PET MR
imaging could change clinical management in nearly one-half of
patients.'

Monitoring Treatment Response to Newer Drugs in Recurrent
HGGs. AAT-PET can predict patient survival in both HGGs and
LGGs treated with temozolomide. AAT-PET imaging reveals met-
abolic alterations in response to temozolomide earlier than mor-
phologic alterations on MR imaging. Dynamic TAC patterns are
helpful for diagnostic and prognostic purposes, particularly in
distinguishing progression from TRC.** Bevacizumab is an anti-
angiogenic chemotherapy drug targeting circulating vascular
endothelial growth factor and lowering cerebrovascular perme-
ability. It is an adjunctive therapy in recurrent HGGs and signifi-
cantly reduces contrast enhancement, underestimating residual
tumor evaluation. FET, MET, and FDOPA-PET combined with
multiparametric MRI have shown promising results for improv-
ing accuracy in diagnosing tumor recurrence and detecting early
treatment failure and TRC in patients with recurrent HGGs
treated with bevacizumab.” In a recurrent HGG in a patient on
bevacizumab, the relationship between response to therapy on
FET-PET and improved overall survival or progression-free sur-
vival is not well-understood. Compared with MR imaging, FET-
PET could determine the failure of bevacizumab therapy 9-10.5
weeks earlier and a change in diagnosis or treatment planning in
one-third of patients.*’

The response assessment after immunotherapy in gliomas
continues to be a significant challenge due to the rising occur-
rence of pseudoprogression. In patients with recurrent HGGs
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FIG 5. A 35-year-old man was treated for left frontal glioma (grade Il), status post surgical resec-
tion and chemoradiation in 2009. He underwent a reoperation in February 2018 for tumor recur-
rence. In June 2019, ['®F] DOPA PET MR imaging (A—C) showed a postresection surgical cavity in
the left anterior parasagittal basifrontal region without nodular enhancement or any increased
focal FDOPA uptake. There was no evidence of recurrence. In June 2020, follow-up [®F]-DOPA
PET MR imaging (D and E) showed a new focal nodular enhancing lesion in the left basifrontal
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Therapy Oncology Group protocol
suggests the possibility of microscopic
disease in this region and includes it in
the target volume with a lower pre-
scribed radiation dose. In contrast,
the European Society for Radiation
Therapy and Oncology protocols do
not specifically target this region.
However, identifying this zone to pre-
cisely cover the target volume with the
“F-DRAPA PET appropriate radiation dose is essential
for treatment. AA-PET could image
the nonenhancing areas better than
conventional MR imaging or FDG
(Fig 4).* In a biopsy-validated analy-
sis, combined FDOPA-PET MR imag-
ing detected high-grade subregions
with an accuracy of 58% compared
with 42% with contrast-enhanced MR
imaging (P = .03). The hybrid tech-
nique leads to larger delineation vol-
umes and better accuracy for detecting
high-grade subregions.”® In GBM, AA-
PET MR imaging helps to clarify the
nature of the suspected nonenhancing
region (Figs 5 and 6). It improves delin-
eation of the radiation therapy target,
thus reducing undertreatment.

area (arrow) on the postcontrast Tl-weighted image (D), with mildly increased rCBV perfusion (E)

and corresponding increased FDOPA uptake on fused FET-PET MR imaging (F) (maximum standard
uptake value = 3.9; lesion/striatal ratio; 1.38; <1.0 as normal), suggesting recurrence. The patient
underwent a reoperation with recurrence found. This case also highlights the congruent findings
on contrast-enhanced MR imaging and FDOPA-PET in differentiating TRC from recurrence. CE

indicates contrast-enhanced.

treated with regorafenib (multikinase inhibitor), FET and DWI-
ADC metrics can predict the overall survival, and could serve as
semiquantitative independent biomarkers of response to treat-
ment.* A recent study analyzed data from patients with GBM
who received autologous dendritic cell vaccination therapy. In
MR imaging for suspicion for GBM recurrence, FET-PET
showed congruent tumor progression in 3/5 patients and TRC in
the remaining 2/5.* AAT-PET may help to identify the personal-
ized bevacizumab treatment dose to improve therapeutic efficacy.
Tumor volumetric and ADC analyses of serial MR imaging scans
from 67 patients and serial FET-TBRs from 31 patients revealed
overall survival benefits from bevacizumab plus radiation therapy
compared with radiation alone. A high FET-TBR of nonenhanc-
ing tumor portions during bevacizumab therapy was associated
with an inferior overall survival on multivariate analysis (hazard
ratio, 5.97; 95% CI, 1.16-30.8).*%

Role in Nonenhancing Tumors. Most LGGs do not grossly dis-
rupt BBBs, and many HGGs have nonenhancing regions subopti-
mally evaluated on conventional MR imaging. In GBM, FLAIR
changes adjacent to an enhancement are presumed to be related
to edema, which alters radiation protocols. The Radiation
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Future Perspectives: Newer
Advances and Novel Radiotracers
Numerous non-AA tracers demon-
strate uptake in gliomas, but the PET
signal is frequently not solely attrib-
uted to the tumor cells. Glutamine-
increased concentration in gliomas correlates with tumor prolif-
eration and treatment resistance. The glutamine fluoro-analog, 4-
['*F]-(2S,4R)-fluoroglutamine distinguishes proliferating gliomas
from stable tumors.”® The extracellular matrix, stromal cells,
immune cells, and blood vessels comprise the tumor microenvir-
onment contributing to tumorigenesis. New therapeutic
approaches target tumor microenvironment cells, necessitating
the discovery of relevant imaging biomarkers to identify individ-
uals who benefit from such therapy.51 ["®F]DPA-714(TSPO)-PET
MR imaging is used to image the glioma-associated immunosup-
pressive tumor microenvironment for targeting immunotherapy,
drug target engagement, and clinical response assessment.”>
Intratumoral hypoxia is associated with resistance to treat-
ment and entails radiation to hypoxic subregions of tumors. [**F]
fluoromisonidazole, a nitroimidazole derivative that images via-
ble hypoxic cells, a biomarker of glioblastoma that correlates with
prolonged overall survival®® and distinguishes pseudoprogression
from recurrence in patients with HGGs treated with pembrolizu-
mab®* ["®*F]-GE-180 (a novel TSPO ligand), is an imaging bio-
marker of tumor heterogeneity with improved binding affinity
and a high TBR in glioblastoma. TSPO-PET can differentiate

potentially aggressive forms of gliomas, graded according to the
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FIG 6. A 37-year-old man with a known diagnosis of oligodendroglioma, status post resection
and chemoradiation. Postcontrast Tl-weighted image (A, blue arrow) shows a recurrent enhanc-
ing lesion along the inferomedial aspect of the resection cavity of the right frontal region involv-
ing the body of the corpus callosum. Fused-PET MR images (B and C) show intralesional increased
FDG slightly higher than in the white matter and lower than in the gray matter with increased
rCBV perfusion (D, white arrows). Fused FET-PET MR images (E and F) show a relatively larger vol-
ume of a recurrent lesion, allowing better estimates of the extent of the lesion. Multivoxel MRS
(G) shows an increased choline peak and decreased NAA peak. The pathologic diagnosis was a re-
currence. This case highlights the superiority of AAT over FDG, congruent findings on MR imaging
and FET-PET, and an excellent TBR, which were helpful in radiation therapy planning and re-surgi-
cal resection. CE indicates contrast-enhanced.

activation protein gallium 68-labeled
fibroblast activation protein inhibitor
[8Ga]FAPI shows high accumulation
in IDH wild-type WHO grade IV glio-
mas and WHO grade III and IV glio-
mas compared with WHO grade II
gliomas.”’ Although non-AA tracers
are not specific for tumor cell imaging,
they might still be used to better delin-
eate tumor extent and, more important,
as radiotheranostic agents. However,
the results are very preliminary, and
validation studies are required.

Application of Feature-Based PET

MR Imaging Radiomics in Patients

with Gliomas

Radiomics allows the voxel-level extrac-
tion of quantitative features from vari-
ous diagnostic imaging integrated with
clinical, histopathologic, and molecular
factors to produce diagnostic, prognos-
tic, or predictive mathematic models.*®
Several PET radiomics analyses have
been performed in neuro-oncology
with reasonable accuracy to predict the
glioma grade and identify the IDH
mutation and the patients with a high
risk of progression after receiving first-
line therapy. FET-PET MR imaging
combined with textural analysis predicts
IDH mutations at 93%.” The proposed
machine learning model on MET-PET
can predict grades of disease.®” FET-
radiomic features discriminated signifi-
cantly between tumor and nontumor
components of 32 patients with recur-
rent GBM. The texture feature showed
the best performance for predicting
time to progression and overall survival
and localizing the site of recurrence.
The authors postulated that FET-PET
radiomics might help with prognostic
evaluation and selecting patients with
recurrent GBM who would benefit
from re-irradiation.®' Further studies
are needed to improve radiomics algo-
rithms to personalize predictive and
prognostic models and potentially sup-
port the medical decision process.

Cost-Effectiveness of Treatment
Monitoring of Gliomas Using AAT-PET

World Health Organization (WHO) classification, with a positive It is crucial to ensure that financial resources are used as efficiently
rate on PET of 100% among the HGGs.”® The Arg-Gly-Asp pep-  as possible, given the limited resources available for health care.
tide is an angiogenesis-targeting radiotracer that binds avB3  Imaging techniques require substantial investment. They should

integrins and monitors antiangiogenic therapies.>® The fibroblast  preferably be used only when the extra value appears to justify the
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expense. The known benefit of AAT-PET in patients with glioma
is to prevent unnecessary treatment and its side effects. Joint rec-
ommendations state that AAT-PET MR imaging is appropriate
for clinical use and FET-PET is the most useful for predicting
treatment responses of glioblastomas.®***> Despite the ubiquitous
use of PET MR imaging, the FDA requires the treating institution
to obtain an Investigational New Drug Application, which has
prevented the mainstream adoption of AAT-PET into the neuro-
oncology clinical algorithm in the United States.

Heinzel et al*® evaluated the cost-effectiveness of FET-PET
MR imaging-guided biopsy for diagnosing gliomas. FET-PET
MR imaging resulted in an increase of 18.5% in the likelihood of
a correct diagnosis. The incremental cost-effectiveness ratio for 1
additional accurate diagnosis was €6405 for the baseline scenario
and €9114 for the scenario based on higher disease severity.

Heinzel et al®

investigated the cost-effectiveness of recurrent
HGGs treated with bevacizumab and irinotecan. The authors
suggested that the additional use of FET-PET in managing

1°¢ evaluated the cost-

patients may be cost-effective. Baguet et a
effectiveness of a follow-up PET scan performed on patients with
glioblastoma postsurgery and before temozolomide. The decision
tree based on overall survival demonstrated that the number of
nonresponders identified using PET was 57.14% higher than that
with conventional MR imaging.

AATS need to be FDA-approved to become widely available
and approved by the Centers for Medicare and Medicaid Services
to be reimbursable. Cost-effective analyses of hybrid PET MR
imaging scanners are still pending. Further work is needed to
update treatment guidelines and to include more PET agents
when appropriate, encouraging insurance companies to reim-
burse for these potentially valuable agents.”” A simple-but-effec-
tive solution to the limited availability, use, and cost-effectiveness
of the hybrid PET MR imaging remains to standardize the proto-
col for separate PET and MR imaging acquisitions.

Limitations of AATs

Combining PET and MR imaging is more patient-friendly than
separate examinations and avoids the limitations of each imaging
technique. With the development of PET MR imaging, it is now
possible to swiftly and effectively study a variety of PET and MR
imaging parameters. Significant hurdles include accessibility, the
cost of PET MR imaging examinations, and the limited availabil-
ity of the AATs. Uncertainty exists regarding the cost-effective-
ness of PET MR imaging and the patients who will benefit from
combined PET MR imaging. AATs have known limitations, with
false-positive results in inflammation, infection, postsurgical
regions, and postchemoradiation. Small tumor volumes may
lead to false-negative results due to the partial volume effect.
Acquisition of a baseline scan helps to compare pre- and post-
treatment imaging findings. The estimation of TBR mean, TBR
maximum, and BTV with AATs relies on reference brain paren-
chymal uptake. A decreased uptake due to atrophy, trauma,
infarcts, and ischemia may lead to overestimating parameters.
Initial dynamic FET images may show a reasonably high blood-
pool uptake, and TAC in vascular structures may resemble tumor
uptake. An increasing TAC may indicate inflammatory lesions,
while a decreasing TAC may be seen in WHO grade II
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oligodendroglial tumors.> A significant proportion (30%) of
grade II IDH-mutated gliomas do not exhibit considerable AAT
uptake. A negative finding on AA-PET is insufficient to exclude
LGGs.**

CONCLUSIONS

In the current era of precision and personalized medicine, AAT-
PET can provide additional insight beyond MR imaging for the
clinical management of brain tumors (Online Supplemental
Data). Furthermore, sufficient literature is available to demon-
strate the utility of AAT-PET MR imaging in distinguishing re-
currence from TRC in gliomas. There are several limitations in
the existing literature, which may have impacted the diagnostic
efficacy of the radionuclide tracers. Prospective validation studies
of PET imaging criteria are needed to get beyond these restric-
tions and allow comparisons of direct results. Even though hybrid
PET MR imaging is more patient-friendly and offers practical
advantages, the cost-effectiveness and accessibility of these sys-
tems must be weighed against the additional effort involved in se-
quential examinations. As a result, it is projected that more
effective therapy monitoring will be available in the upcoming
years, which may be beneficial for glioma management.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ADULT BRAIN

Usefulness of a Rim-Enhancing Pattern on the Contrast-
Enhanced 3D-FLAIR Sequence and MRI Characteristics for
Distinguishing Meningioma and Malignant Dural-Based
Tumor

T. Panyaping, “~M. Punpichet, "= P. Tunlayadechanont, and “~ O. Tritanon

Sl = |

ABSTRACT

BACKGROUND AND PURPOSE: Meningiomas are the most common type of extra-axial dural-based tumors; however, malignant
dural-based tumors can mimic meningiomas on imaging. The aim of this study was to determine the efficacy of differentiating me-
ningiomas from malignant dural-based tumors by using rim-enhancement patterns on a contrast-enhanced FLAIR sequence and MR
imaging characteristics.

MATERIALS AND METHODS: This retrospective study included 102 patients with meningiomas and 31 patients with malignant dural-
based tumors who underwent pretreatment MR imaging. The rim-enhancement patterns on contrast-enhanced FLAIR and MR imag-
ing characteristics, including the dural tail sign, hyperostosis, bony destruction, leptomeningeal enhancement, peritumoral edema,

T2-weighted signal intensity, and tumor enhancement were evaluated.

RESULTS: Complete rim enhancement of the tumor-brain interface on contrast-enhanced FLAIR (contrast-enhanced-FLAIR rim sign)
was present in most meningiomas (91/102, 89.2%) and at significantly greater frequency than in malignant dural-based tumors (2/31,
6.5%) (P <.001). Complete contrast-enhanced FLAIR rim enhancement provided high sensitivity (89.2%), specificity (93.5%), and accu-
racy (90.2%) for diagnosing meningioma. Additionally, hyperostosis was an MR imaging characteristic that suggested a diagnosis of
meningioma. In contrast, bony destruction with cortical breakthrough and leptomeningeal enhancement suggested malignant dural-
based tumors. There were limitations of meningiomas of <2.0cm or at cavernous sinus locations that did not demonstrate con-

trast-enhanced FLAIR rim enhancement.

CONCLUSIONS: The rim-enhancement pattern on contrast-enhanced FLAIR could help differentiate meningiomas and malignant
dural-based tumors. The presence of complete rim enhancement on contrast-enhanced FLAIR was a robust predictive sign for
meningioma.

ABBREVIATIONS: AUC = area under the curve; CE = contrast-enhanced; NPV = negative predictive value; PPV = positive predictive value; WHO = World
Health Organization

M eningioma is the most common intracranial neoplasm and
extra-axial tumor, representing up to 30% of all adult intra-
cranial neoplasms." The World Health Organization (WHO)
classifies meningiomas on the basis of their histologic characteris-
tics and recurrence risk as follows: grade I, benign (80%); grade
II, atypical (18%); and grade III, anaplastic/malignant (2%).
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Meningiomas typically have a dual blood supply in which the
primary arterial feeders from dural branches or meningeal
arteries largely supply the tumor core, generating a “sunburst pat-
tern.” In large tumors, recruitment of pial supply from intracranial
arteries to the peripheral parts of the tumor may be seen and pro-
vides some specific MR imaging features of rim enhancement on
contrast-enhanced (CE) FLAIR images.z’3

In 2003, Oguz and Cila* investigated the enhancement patterns
of meningiomas on CE-FLAIR images. Twenty-one meningiomas
(70%) showed peripheral (rim) enhancement patterns, which is
related to the dual (dural and pial) vascular supply to meningiomas
more commonly seen in tumors of >2cm in diameter. In 2005,
Oner et al” found that 85% of meningiomas of >2cm showed
peripheral enhancement on the CE-FLAIR sequence, confirming
the dual vascular supply. In 2014, Enokizono et al° revealed that
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the rim-enhancement patterns on CE-FLAIR were strongly cor-
related with the presence of a dual vascular supply, which was
evidenced by DSA, and classified the rim-enhancement patterns
on CE-FLAIR into 4 grades by their extent from 0 (no rim visible)
to 3 (rim visible over most of the tumor-brain interface). They
also concluded that the rim-enhancement patterns on CE-FLAIR
of meningioma could predict surgical cleavability and histologic
tumor grade.

Meningiomas commonly present as incidental findings on
brain imaging and are treated conservatively or surgically.
However, approximately 2% of dural-based masses have imaging
features that mimic meningiomas,” including primary dural neo-
plasms, metastases, granulomatous diseases, various inflammatory
diseases, and infections.®'! Thus, distinguishing between meningi-
oma and its mimics is essential because clinical management and
prognosis can differ significantly, especially for malignant dural-
based tumors.

In 2017, Starr and Cha® proposed 5 key imaging features to
differentiate meningioma mimics from meningiomas, including
lack of a dural tail, which was present in 83.7% of meningioma
mimics, marked T2 hyperintensity (45.9%), marked T2 hypoin-
tensity (43%), osseous destruction (40.5%), and leptomeningeal
extension (21.6%). In 2021, Nagai Yamaki et al'* proposed addi-
tional dural displacement signs to predict meningioma mimics.

To the best of our knowledge, no analytic study has used rim-
enhancement patterns on CE-FLAIR to differentiate meningiomas
and malignant dural-based tumors. Therefore, this study aimed to
distinguish these tumors on the basis of rim-enhancement patterns
on CE-FLAIR and MR imaging characteristics.

MATERIALS AND METHODS

Study Setting

This retrospective study included patients treated at the Department
of Diagnostic and Therapeutic Radiology of Ramathibodi Hospital
between January 2015 and May 2020. The study was approved by
the Institutional Ethics Committee of Ramathibodi Hospital.
Because of the retrospective nature of the study, the need for
informed consent was waived.

Patient Selection

This study included 133 patients with histopathologic diagnoses
of meningiomas (102 patients) or malignant dural-based tumors
(31 patients) who underwent pretreatment MR imaging of the
brain at the Department of Diagnostic and Therapeutic Radiology
of Ramathibodi Hospital between January 2015 and May 2020. All
patients underwent surgical resection, and histopathologic diag-
noses were made by an experienced pathologist. The 102 meningi-
omas (1 meningioma per person) were subdivided into 3 groups
according to the WHO grading scalee WHO I, WHO 1II, and
WHO III. Demographic data of all patients were collected from
medical records.

MR Imaging Protocols and Data Acquisition

All MR imaging scans were obtained using 1.5T and 3T scanners
(Ingenia; Philips Healthcare) with a standard head coil. The patients
were imaged using a routine precontrast brain MR imaging proto-
col that included axial and sagittal TIWI, axial T2WI, axial SWI,
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and DWI/ADC sequences. DWI was performed using a single-shot
echo-planar imaging pulse sequence. Diffusion-sensitizing gradients
were applied sequentially along the 3 orthogonal planes, and images
were obtained at b-values of 0 and 1000 s/mm”. ADC maps were
generated for all patients using standard software. Routine MR
imaging protocols with gadolinium (Gd) enhancement were
obtained in CE-T1WI, CE-FLAIR, CE-3D T1 High Resolution
Isotropic Volume Excitation (THRIVE), or BrainVIEW (Philips
Healthcare). A standard dose (0.1 mmol/kg) of Gd-DTPA was
injected at 1.8-2.0 mL/s in all patients using a standard length of IV
tubing. After the Gd-DTPA had been injected, CE-3D FLAIR
sequences were first performed in the sagittal plane with the follow-
ing parameters: TR, 4800 ms; TE.g 330 ms; TI, 1650 ms; scan time,
5 minutes; FOV, 240 x 240 mm; matrix size, 368 x 210; and section
thickness, 1.12 mm. Then, CE-3D THRIVE or BrainVIEW imaging
was performed in the axial plane with TR, 5-7 ms; TE, 3-5 ms; flip
angle, 12°% section thickness, 1 mm; and scan time, 2minutes.
Finally, CE T1-weighted imaging was performed with TR, 500 ms;
TE, 10 ms; matrix size, 192 x 240; FOV, 240 x 240 mm; section
thickness, 4 mm; and scan time, 2 minutes 15 seconds.

Imaging and Postprocessing Analysis

Axial CE-T1WI, sagittal CE-3D FLAIR, axial CE-3D THRIVE/
BrainVIEW, axial T2WI, and axial DWI with ADC maps were
acquired and evaluated in all patients. Multiplanar reconstruc-
tion was performed in axial, coronal, and sagittal views of the
CE-FLAIR and CE-3D THRIVE/BrainVIEW images. All MR
imaging findings were independently reviewed at the PACS
workstation by 2 neuroradiologists with 10 and 9 years of expe-
rience in brain MR imaging. The neuroradiologists were blinded
to patient data and pathologic diagnoses.

First, we evaluated the MR imaging findings including signal
intensity on T2WI, dural tail (absent or present), osseous destruc-
tion (absent, marrow edema, cortex disruption, or cortical break-
through), and hyperostosis (absent or present) on T2WI and CE-
TIWI sequences. Then we defined the characteristics of rim
enhancement at the tumor-brain interface as a rim with relatively
high signal intensity on CE-FLAIR. We graded the rim enhance-
ment patterns from 0 to 3 by their extent as 0, no rim visible; 1,
50% rim visible; 2, >50% rim visible but <100%; and 3, complete
rim enhancement of the tumor-brain interface (100%) (Fig 1).
There was no apparent discrepancy in demonstrating rim enhance-
ment on CE-3D FLAIR images between 1.5T and 3T scanners by
observation. Additionally, we evaluated leptomeningeal enhance-
ment (absent or present) and graded peritumoral brain edema (0
to 2), which was defined as 0, no edema; 1, edema <2.0 cm radi-
ally from the tumor; and 2, edema =2.0cm radially from the
tumor. On CE-T1WI, we defined the contrast-enhancement pat-
tern of the tumor as homogeneous or heterogeneous. Any discrep-
ancies in interpretations of MR imaging findings were resolved by
consensus.

Statistical Analysis

All statistical analyses were performed using STATA Version
15.1 software (StataCorp). The interobserver agreement in evalu-
ating MR imaging characteristics was analyzed using « analysis.
A x? test was used to ascertain the significance of differences in



FIG 1. Four different rim-enhancement patterns at the tumor-brain
interface on the CE-FLAIR sequence (arrows). A, Complete rim
enhancement (CE-FLAIR rim sign). B, Rim enhancement of =50% but
<100%. C, Rim enhancement of <50%. D, No visible rim enhance-
ment. The pathologic results of A, B, and C are meningioma, and D is
plasmacytoma.

Table 1: Patient demographics and pathologic findings

Meningiomas Malignant Dural-Based

Variables (n =102,76.7%) Tumors (n = 31, 23.3%)

Age (mean) (yr) 51.96 (SD, 10.69) 50.03 (SD, 20.81)
Sex

Female 85 (83.3%) 15 (48.4%)

Male 17 (16.7%) 16 (51.6%)
Size (mean) (cm) 437 (SD, 1.91) 4.5(SD, 2.2)
WHO grade

I 72 (70.6%) -

I 22 (21.6%) -

1 8 (7.8%) -
Location

Convexity 24 (23.5%) 19 (61.2%)

Sphenoid wing 20 (19.6%) 3(9.6%)

Petroclival 18 (17.6%) 1(3.3%)

Parafalcine 13 (12.7%) -

Cavernous sinus 9 (8.8%) 3(9.6%)

Cerebellopontine 6 (5.8%) 1(3.3%)

angle

Suprasellar 9 (8.8%) -

Foramen magnum 2 (1.9%) -

Olfactory groove 1(0.9%) -

Orbit - 3(9.6%)

Prepontine — 1(3.3%)

Note:—The en dash (-) indicates none.

rim-enhancement patterns on CE-FLAIR and other MR imaging
characteristics between meningiomas and malignant dural-based
tumors and in the subgroup analysis of meningiomas graded
WHO I, WHO 11, and WHO III. P values <.001 were considered
statistically significant differences. Furthermore, we calculated the
sensitivity, specificity, positive predictive value (PPV), negative pre-
dictive value (NPV), and percentage accuracy of each MR imaging
characteristic for differentiating between meningiomas and

malignant dural-based tumors. Combined MR imaging features in
meningiomas and malignant dural-based tumors were also ana-
lyzed to predict the diagnosis.

RESULTS

Summary of Patient Demographics and Tumor
Characteristics

There were 133 patients with 133 dural-based tumors (1 mass per
patient), consisting of meningiomas (102 patients, 76.7%) and
malignant dural-based tumors (31 patients, 23.3%). All patient
demographics and tumor characteristics are shown in Table 1.
All meningiomas in this study were >2.0cm in diameter. The
102 meningiomas were classified as WHO I (72/102, 70.6%),
WHO I (22/102, 21.6%), and WHO TII (8/102, 7.8%). The 31
dural-based masses were pathologically diagnosed as malignant
dural-based tumors, as detailed in Table 2.

Summary of MR Imaging Findings between Meningiomas
and Malignant Dural-Based Masses

Most meningiomas exhibited complete rim enhancement of the
tumor-brain interface on CE-FLAIR sequences (91/102, 89.2%)
(Fig 2), which was significantly higher than that in malignant
dural-based tumors (2/31, 6.5%) (P < .001). Additionally, menin-
giomas frequently showed hyperostosis (76/102, 74.5%), marrow
edema (76/102, 74.5%), and homogeneous enhancement on
TIWI (75/102, 73.5%), features that were all significantly differ-
ent compared with malignant dural-based tumors (P <<.001),
which demonstrated hyperostosis (0/31, 0%), marrow edema
(6/31, 19.4%), and homogeneous enhancement on TIWI (9/31,
29%). In contrast, malignant dural-based tumors that demon-
strated cortical breakthrough (21/31, 67.7%) and leptomeningeal
enhancement (10/31, 32.3%), absence of a dural tail sign (6/31,
19.4%), hypointensity on T2WT (8/31, 25.8%), and heterogeneous
enhancement on TIWI (22/31, 71%) were significantly different
compared with meningiomas (P <.001), which showed cortical
breakthrough (5/102, 4.9%), leptomeningeal enhancement (0/102,
0%), absence of a dural tail sign (2/102, 2%), hypointensity on
T2WI (4/102, 3.9%), and heterogeneous enhancement on TIWI
(27/102, 26.5%). A summary of the MR imaging findings of
meningiomas and malignant dural-based tumors is presented in
the Online Supplemental Data.

Characteristic MR Imaging Findings That Predict
Meningiomas
Complete rim enhancement of the tumor-brain interface on the
CE-FLAIR sequence demonstrated excellent sensitivity (89.2%),
specificity (93.5%), PPV (97.8%), and NPV (72.5%) and had the
highest accuracy (90.2%) for predicting meningioma. The interob-
server agreement was excellent for interpreting rim-enhancement
patterns on CE-FLAIR sequences, with a k value = 0.902.

Furthermore, the analysis of =50% CE-FLAIR rim enhance-
ment demonstrated more excellent sensitivity (95.1%), specific-
ity (93.5%), PPV (98%), NPV (85.3%), and accuracy (94.7%) for
predicting meningioma with a perfect interobserver agreement
(k value = 1.0).

Hyperostosis also showed fair sensitivity (74.5%), excellent
specificity (100.0%), and PPV (100.0%) and had high accuracy
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(80.5%) for consideration of meningioma. The dural tail sign and
marrow edema had high sensitivity but low specificity for pre-
dicting meningioma (Table 3).

Furthermore, complete or =50% rim enhancement of the tu-
mor-brain interface on the CE-FLAIR sequence (CE-FLAIR rim
sign) plus hyperostosis demonstrated higher accuracy for diag-
nosing meningiomas of >2.0 cm (area under the curve [AUC] =
0.953).

Table 2: Characteristics of malignant dural-based tumors
No. of Cases (n = 31)
18 (58%)

Pathology

Metastasis

Adenoid cystic carcinoma

Lung (non-small cell)

Breast (invasive ductal carcinoma)

Squamous cell carcinoma at scalp

Urachal carcinoma

Thyroid (follicular carcinoma)

Mucoepidermoid carcinoma

Nasopharynx (SCCA)

Base of tongue (SCCA)

Colon (adenocarcinoma)
Plasmacytoma/multiple myeloma 6
Ewing sarcoma 2
Lymphoma (non-Hodgkin) 2

1
1
1

—_—_——m m NN WD,

Osteosarcoma
Spindle cell carcinoma
Atypical teratoid/rhabdoid tumor

Note:—SCCA indicates squamous cell carcinoma.

FIG 2. CE-FLAIR rim sign in meningiomas at the cerebellomedullary
cistern (A) and parafalcine region (B).

Characteristic MR Imaging Findings That Predict
Malignant Dural-Based Tumors

Cortical breakthrough demonstrated moderate sensitivity (67.7%)
with high specificity (95.1%), PPV (80.8%), NPV (90.7%), and the
best accuracy (88.7%) for consideration of malignant dural-based
tumors. Leptomeningeal enhancement and lack of a dural tail
demonstrated low sensitivity (32.3% and 19.4%, respectively) but
high specificity (100.0% and 98.0%, respectively), PPV (100.0%
and 75.0%, respectively), NPV (82.9% and 80.0%, respectively),
and accuracy (84.2% and 79.7%, respectively) for predicting ma-
lignant dural-based tumors (Table 4).

A combination of aggressive MR imaging findings including
leptomeningeal enhancement and cortical breakthrough was a
strong predictive sign for malignant dural-based tumors (AUC =
0.911).

Subgroup Analysis of MR Imaging Findings and Comparisons
between Meningiomas of WHO Grades |, II, and Il

The frequency of cortical breakthrough was significantly higher
in WHO grade III (4/8, 50%) meningiomas than in WHO grades
Iand II (1/94, 1%) (P <.001). WHO grade I and II meningiomas
demonstrated homogeneous enhancement on TIWI (73/94,
77.6%) more often than WHO grade III meningiomas (2/8, 25%).
A comparison of MR imaging findings of WHO grade I-III
meningiomas is shown in the Online Supplemental Data.

DISCUSSION
Meningiomas are the most common form of intracranial neo-
plasms and extra-axial masses and show many specific MR imag-
ing findings. However, approximately 2% of dural-based masses
have imaging features that mimic meningiomas, specifically ma-
lignant dural-based tumors, which can be a diagnostic challenge.
During several recent years, a few studies have described
rim-enhancement patterns on the CE-FLAIR sequence for diag-
nosing meningioma. However, no previous report in the litera-
ture has investigated the role of rim enhancement on CE-FLAIR
to differentiate meningiomas and meningioma mimics. This is
the first study to compare meningiomas with malignant dural-
based tumors using rim-enhancement patterns on CE-FLAIR
(or CE-FLAIR rim signs). In this study, the presence of a com-
plete CE-FLAIR rim sign showed high sensitivity, specificity,
PPV, and accuracy for predicting meningiomas. Most meningio-

Table 3: Characteristic MR imaging findings for predicting meningiomas

Variables Sensitivity Specificity PPV NPV Accuracy
Dural tail sign 98.0% 19.4% 80.0% 75.0% 79.7%
Marrow edema 79.2% 33.3% 92.7% 13.0% 752%
Hyperostosis 74.5% 100.0% 100.0% 54.4% 80.5%
Complete rim enhancement on CE-FLAIR 89.2% 93.5% 97.8% 72.5% 90.2%
Homogeneous enhancement on TIWI 73.5% 71.0% 89.3% 44.9% 72.9%
Table 4: Characteristic MR imaging findings for predicting malignant dural-based tumors
Variables Sensitivity Specificity PPV NPV Accuracy
Lack of dural tail 19.4% 98.0% 75.0% 80.0% 797%
Cortical breakthrough 67.7% 95.1% 80.8% 90.7% 88.7%
Leptomeningeal enhancement 32.3% 100.0% 100.0% 82.9% 84.2%
Heterogeneous enhancement on TIWI 71.0% 73.5% 44.9% 89.3% 72.9%
Hypointense signal on T2WI 53.3% 86.2% 66.7% 78.1% 75.0%
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FIG 3. A, Anaplastic meningioma (WHO grade Ill). CE-FLAIR (A) sequence demonstrates a large
extra-axial mass with cortical breakthrough involving the left middle skull base and left temporal
skull with the CE-FLAIR rim sign (white arrows). Malignant soft-tissue tumor was the favored diag-
nosis in the initial report. The pathologic result is anaplastic meningioma (WHO grade Ill). A malig-
nant dural-based mass on CE-FLAIR (B) and CE-TIWI fat suppression (C) sequences shows an
extra-axial heterogeneously enhancing mass at the bilateral frontal convexities that had invaded
the anterior-superior sagittal sinus and demonstrates the CE-FLAIR rim sign (white arrows),
accompanied by focal leptomeningeal enhancement (asterisk) and adjacent brain parenchymal
invasion (black arrow). Meningioma was the favored diagnosis in the initial report. The pathologic

result was metastatic mucoepidermoid carcinoma.

mas of >2cm demonstrated complete rim enhancement on CE-
FLAIR, similar to the results presented by Oner et al® (12/14, 85%).
Furthermore, the presence of =50% CE-FLAIR rim enhancement
demonstrated more excellent sensitivity, specificity, and accuracy
for predicting meningioma.

These characteristic MR imaging findings have been described
as possibly related to the dual blood supply (meningeal and pial
arterial supply) of meningiomas that is commonly seen in tumors
of >2 c¢m in diameter (21/30, 70%).* Because high Gd concentra-
tions induce signal loss in the CE-FLAIR sequence, the high con-
centration of Gd in the central part of meningiomas that is due to
the dominant meningeal supply can suppress the T1 effect and
increase T2 shortening, resulting in relative signal loss or no
increased signal; in contrast, the lower concentration of Gd in
the tumor capsule due to relatively less vascularity related to the
pial supply can enhance T1 effects and increase T1 shortening,
resulting in peripheral contrast enhancement on CE-FLAIR.
These findings can be observed in the CE-2D FLAIR technique in
the previous studies and the CE-3D FLAIR technique in our
study. In addition, the 3D-FLAIR technique has an advantage
over 2D-FLAIR in multiplanar reconstruction, providing a better
evaluation of the rim enhancement on CE-FLAIR.

All meningiomas in this study were >2.0cm in diameter.
Nonetheless, 4 meningiomas with no visible rim enhancement
and 1 meningioma with <50% rim enhancement on CE-FLAIR
were observed. All 4 meningiomas with nonvisible rim enhance-
ment were located in the intracavernous sinuses and received vas-
cular supply in various ways from the ICA (C3-C7 segments),
ophthalmic artery, or intracranial branches of the external carotid
artery without pial vascular supply except for those that extended
beyond the cavernous sinus."® Such findings represented a limita-
tion of using CE-FLAIR rim signs to predict intracavernous me-
ningiomas (Online Supplemental Data). The meningioma that
demonstrated <<50% CE-FLAIR rim enhancement was located at
the cerebral convexity. The reduced rim enhancement of this
lesion could be related to the relatively poor pial artery supply of
the tumor.

Recent studies suggest that malignant
dural-based masses receive vascular sup-
ply from various branches of the internal
and external carotid arteries according to
their cell types and locations."*"® No pial
vascular supply in the tumor capsule has
been described for malignant dural-based
masses. However, our study demonstrated
2 cases of malignant dural-based tumors
(dural metastasis of squamous cell carci-
noma and mucoepidermoid carcinoma)
with complete rim enhancement on the
CE-FLAIR sequence accompanied by aggre-
ssive imaging features, including adja-
cent leptomeningeal enhancement and
brain parenchymal invasion. The CE-
FLAIR rim sign of these lesions could
be related to prominent pial arterial
supply at the peripheral portion of the
tumors (Fig 3).

In this study, bony hyperostosis demonstrated fair sensitivity
and excellent specificity and PPV, with high accuracy for consider-
ation of meningioma, consistent with findings in prior literature."”
However, lymphomas and immunoglobulin G4-related diseases
can show hyperostosis that can mimic meningioma,'®* but we
did not observe this feature in this study.

A dural tail was a hallmark for meningioma, with almost 60%
prevalence, but several dural-based masses also demonstrated this
feature.”*?' The proliferation of meningiomas triggers an inflam-
matory reaction that results in dural thickening and enhancement.
In this study, a dural tail was present in 98% of meningiomas and
80.6% of malignant dural-based tumors (P <.001), higher than
what was previously reported for the prevalence of dural tails in
meningioma mimics by Starr and Cha.” Furthermore, in our study,
the lack of a dural tail demonstrated relatively low sensitivity but
high specificity for predicting malignant dural-based tumors com-
pared with the study by Starr and Cha.

The presence of cortical breakthrough in dural-based masses
represents an aggressive feature with significant bone destruction,
which is supposed to be found in malignant dural-based tumors
and WHO grade III meningiomas and is very unusual in WHO
grade I meningiomas.? Our study found that cortical breakthrough
had moderate sensitivity, high specificity, good PPV and NPV,
and the highest accuracy for consideration of malignant dural-
based tumors, similar to the results of Starr and Cha.> However,
there were 5 cases of meningiomas that demonstrated cortical
breakthrough. All were anaplastic meningiomas (WHO III) with
complete rim enhancement on CE-FLAIR sequences, features that
could help suggest anaplastic or malignant meningioma rather
than malignant dural-based tumors (Fig 3).

Additionally, leptomeningeal enhancement was an excellent
predictive sign for malignant dural-based tumors and was not
generally seen in meningiomas. Our study demonstrated adjacent
leptomeningeal enhancement in metastases, lymphoma, atypical
teratoid/rhabdoid tumor, and squamous cell carcinoma at the
scalp, possibly related to the subarachnoid space and brain paren-
chymal invasion. Therefore, observing associated leptomeningeal
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FIG 4. A, CE-TIWI fat suppression sequence demonstrates an extra-
axial mass at the right frontoparietal convexity with a dural tail sign
that resembles a meningioma. B, CE-FLAIR sequence. No rim enhance-
ment on the tumor-brain interface is observed. Meningioma was
the favored diagnosis in the initial report. The pathologic result was
osteosarcoma.

enhancement could alert radiologists that a dural-based mass is
unlikely to be a meningioma.

Hypointensity on T2WTI is a feature that is not commonly seen
in meningiomas and generally indicates hypercellularity, large
areas of calcification, or significant fibrous tissue in the tumor,
which are variably present in meningioma mimics. In this study,
25.8% (8/31) of malignant dural-based tumors showed hypointen-
sity on T2WIL They were metastases, plasmacytoma/multiple
myeloma, and osteosarcoma (Fig 4). The frequency of hypointen-
sity on T2WI was lower compared with the findings of Starr and
Cha,” in which 43% of malignant dural-based tumors had hypoin-
tensity on T2WI. Homogeneous or heterogeneous enhancement
on T1WI was variable in each tumor type and histologic subtype
of meningioma.*

Thus, combining these MR imaging findings could lead to
high accuracy in differentiating meningioma and malignant
dural-based tumors. Complete or =50% rim enhancement of the
tumor-brain interface on the CE-FLAIR sequence (the CE-
FLAIR rim sign) plus hyperostosis demonstrated higher accuracy
for diagnosing meningiomas of >2.0cm (AUC = 0.953), except
for those at an intracavernous location. However, CE-FLAIR rim
signs were found in a few malignant dural-based masses, where
they were accompanied by leptomeningeal enhancement and
brain parenchymal invasion. Therefore, aggressive MR imaging
findings including leptomeningeal enhancement and cortical
breakthrough were strong predictive signs of malignant dural-
based tumors (AUC = 0.911). In this study, cortical break-
through was present in 4 cases of WHO grade III meningiomas.
However, these cases also had complete CE-FLAIR rim signs,
findings that were highly suggestive of meningioma with aggres-
sive behavior. Regarding the results from our study, we have pro-
posed the diagnostic framework for differentiating meningioma
and malignant dural-based tumor, which is shown in the Online
Supplemental Data.

Our study had some limitations, including its single-institution
nature, no evaluation of tumors of <2.0cm in diameter, and a
small number of WHO grade III meningiomas. Further studies
should include more patients, specifically with WHO grade III
meningioma. Nevertheless, this study is the first step toward using
rim-enhancement patterns on CE-FLAIR to predict meningioma
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and differentiate such cases from malignant dural-based tumors.
Future research could use rim-enhancement patterns on CE-
FLAIR and other MR imaging findings to differentiate meningio-
mas and other benign dural-based masses such as hemangioperi-
cytomas and infectious/inflammatory dural-based lesions, which
can mimic each other and make diagnostics challenging.

CONCLUSIONS

Complete or =50% rim enhancement on the CE-FLAIR sequence
(CE-FLAIR rim sign) showed high accuracy for diagnosing me-
ningiomas of >2.0cm. Hyperostosis was another helpful MR
imaging finding for predicting meningioma. Aggressive MR imag-
ing findings including cortical breakthrough and leptomeningeal
enhancement were strong predictive signs of malignant dural-
based tumors.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
ADULT BRAIN

Parieto-Occipital Injury on Diffusion MRI Correlates with
Poor Neurologic Outcome following Cardiac Arrest

E. Calabrese, S. Gandhi, “'). Shih, M. Otero, J.F. Talbott, and ““'E. Amorim

Sl =

D. Randazzo, “'C. Hemphill, “'R. Huie,

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging of the brain provides unbiased neuroanatomic evaluation of brain injury and is useful
for neurologic prognostication following cardiac arrest. Regional analysis of diffusion imaging may provide additional prognostic
value and help reveal the neuroanatomic underpinnings of coma recovery. The purpose of this study was to evaluate global,
regional, and voxelwise differences in diffusion-weighted MR imaging signal in patients in a coma after cardiac arrest.

MATERIALS AND METHODS: We retrospectively analyzed diffusion MR imaging data from 81 subjects who were comatose
for >48hours following cardiac arrest. Poor outcome was defined as the inability to follow simple commands at any point during
hospitalization. ADC differences between groups were evaluated across the whole brain, locally by using voxelwise analysis and
regionally by using ROI-based principal component analysis.

RESULTS: Subjects with poor outcome had more severe brain injury as measured by lower average whole-brain ADC (740 [SD,
102] x10~® mm?/s versus 833 [SD, 23] X 10°® mm?/s, P <.001) and larger average volumes of tissue with ADC below 650 x 10~°
mm®/s (464 [SD, 469]mL versus 62 [SD, 51]mL, P <.001). Voxelwise analysis showed lower ADC in the bilateral parieto-occipital
areas and perirolandic cortices for the poor outcome group. ROI-based principal component analysis showed an association
between lower ADC in parieto-occipital regions and poor outcome.

CONCLUSIONS: Brain injury affecting the parieto-occipital region measured with quantitative ADC analysis was associated with
poor outcomes after cardiac arrest. These results suggest that injury to specific brain regions may influence coma recovery.

ABBREVIATIONS: AUC = area under the curve; CPC = Cerebral Performance Category; PC = principal component; PCA = principal component analysis;
PCAC = post—cardiac arrest coma; ROC = receiver operating characteristic; ROSC = return of spontaneous circulation; TTM = targeted temperature manage-

ment; WLST = withdrawal of life-sustaining therapies

C ardiac arrest affects 600,000 patients annually in the United
States despite substantial advances in resuscitation medicine."
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For patients surviving initial resuscitation, mortality ranges from
75% to 88% for in-hospital and out-of-hospital cardiac arrests,
respectively. Most deaths follow withdrawal of life-sustaining
therapies (WLST) due to perceived poor neurologic prognosis after
multimodal evaluation with serial examinations and ancillary test-
ing. Determination of prognosis is, therefore, a key component of
post-cardiac arrest care, and accurate evaluation of brain injury se-
verity is critical to prevent premature WLST in post—cardiac arrest
coma (PCAC) who have the potential to recover.

The inclusion of MR imaging, particularly DWI, in the multi-
modal neuroprognostication paradigm has gained traction in
routine clinical care, particularly in the targeted temperature
management (TTM) era.” The use of sedatives and neuromuscu-
lar blockade as well as metabolic changes with TTM may decrease
the validity of previously established prognostication tools such as
clinical examination, electroencephalography, and somatosensory-
evoked potentials, while abnormalities on MR imaging are unlikely
to be affected. Research-leveraging qualitative and quantitative MR
imaging analysis has demonstrated utility for outcome predictions
in post-cardiac arrest coma.>'® However, MR imaging literature
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for outcome prediction after cardiac arrest has been limited by vari-
ability in MR imaging scanning methodology, qualitative rather
than quantitative assessment, and a focus on global rather than re-
gional patterns of brain injury. While several prior studies have
demonstrated that the presence of any acute brain injury is associ-
ated with poor outcome, relatively fewer studies have addressed re-
gional brain injury patterns and their association with good-versus-
poor clinical outcome.5”!012-16

The main purpose of this study was to quantitatively describe
the regional neuroanatomic distribution of brain injury post-
cardiac arrest using DWI. We found that both global brain injury
and specifically injury to the parieto-occipital region were associ-
ated with severe neurologic impairment. These results provide
important insights into the clinical and prognostic significance of
regional brain injury patterns on diffusion-weighted MR imaging
for post-cardiac arrest coma and address existing knowledge gaps
in the importance of assessment of global-versus-regional brain

injury.

MATERIALS AND METHODS

Patient Selection

This study was approved by the University of California San
Francisco and Zuckerberg San Francisco General Hospital institu-
tional review boards with a waiver of informed consent. Using elec-
tronic health record search tools, we identified all subjects treated at
a single university-affiliated hospital between 2016 and 2021 for
post—cardiac arrest coma (n = 335). For this study, post-cardiac
arrest coma were defined as patients having a Glasgow Coma Scale
score of <8 after return of spontaneous circulation (ROSC). We
then identified patients who underwent inpatient brain MR imaging
(n = 105) as part of a routine multimodal prognostic evaluation for
patients who do not recover consciousness after the rewarming
phase of TTM or by 48 hours following arrest. Exclusion criteria
included patients with missing MR imaging sequences (n = 1),
patients who did not complete TTM (n = 2), the presence of a sig-
nificant unrelated abnormality on brain MR imaging such as hem-
orrhage or large-territory encephalomalacia (1 = 8), or MR imaging
acquired >7 days (168 hours) post-cardiac arrest. Poor outcome
was defined as the inability to follow 1-step commands before hos-
pital discharge on the basis of retrospective review of the electronic
health record.

Clinical notes by the primary team, neurology, occupational
therapy, and/or physical therapy were reviewed to determine the
best clinical examination before discharge. The ability to follow
commands was part of the standard evaluation from clinical
providers, which includes evaluation of at least 1-step axial and
appendicular commands (eg, show fingers, wiggle toes, or stick
out tongue). Cerebral Performance Category (CPC) scores were
recorded for all patients included in the analysis but were assessed
only at the time of discharge and, therefore, did not capture
patients who recovered consciousness and the ability to follow
commands during hospitalization but subsequently died after
WLST (n = 3 in this cohort). With the exception of these 3
patients, the good and poor outcome groups corresponded
exactly to CPC 1-3 and CPC 4-5, respectively. Patients able to

follow commands were categorized as having good outcome and
patients unable to follow commands as having poor outcome.

Image Acquisition

MR images were acquired on a single 3T MR scanner (Magnetom
Skyra; Siemens). Imaging protocol included either a 6- or 12-direc-
tion DWI with b = 1000 s/mm”. ADC maps were generated auto-
matically on the scanner. Additional DWI parameters included an
FOV of 22 x 22cm, an image matrix of 192 x 192, and section
thickness of 4 mm (voxel resolution = 1.14 x 1.14 X 4 mm), sec-
tion gap of 1 mm, section number range of 28-34, TR range of
4710-5520 ms, TE range of 64-74 ms, and number of excitations
of 1. Representative examples of DWI and ADC images are pro-
vided in the Online Supplemental Data.

Image Preprocessing

DWI volumes were processed using custom software pro-
grammed in Python 3.8 using the Nipype 1.6 package (https://
github.com/nipy/nipype/releases/tag/1.6.0) to interface with non-
Python software. DWI volumes were converted to NIfTT format
using dem2niix 1.0 (https://github.com/rordenlab/dem2niix/
releases) and then aligned to the Montreal Neurological Institute
152 brain atlas using multistep rigid, affine, and diffeomorphic
automated image registration implemented using Advanced
Normalization Tools (ANTSs 2.3.5; http://stnava.github.io/ANTSs/).
Qualitative registration accuracy was manually evaluated for qual-
ity control. Resulting transforms were used to map patient ADC
maps into the atlas space. Representative examples of DWI and
ADC images before and after registration are included in the
Online Supplemental Data.

ROI Extraction

A total of 124 bilateral cortical (n = 96) and subcortical (n = 28)
ROIs were extracted from each patient’s DWI volume using the
Harvard-Oxford cortical and subcortical brain atlases, respectively.
All structures were assessed in both the left and right hemispheres
individually, and subcortical structures were also evaluated as a
single bilateral ROL

Quantitative ADC Analysis

Brain-wide ADC differences between outcome groups were
assessed using 2 metrics established in previously published work:
average whole-brain ADC and total volume of tissue with ADC
less than 650 x 10™° mm®/s (ADCgs).® Voxels with ADC values
greater than 1100 x 107° mm®/s were considered to represent
CSF and were excluded. Regional mean ADC and ADCgs, differ-
ences between groups were also assessed for each individual region
in the Harvard-Oxford cortical and subcortical brain atlases.

Whole-Brain Injury Frequency Mapping

Whole-brain injury frequency maps were generated to allow visu-
alization of common sites of injury for each outcome group. Brain
injury was defined as all brain voxels with ADC less than 650 x
107® mm?¥s. Binarized injury maps were generated for each
patient and averaged within each outcome group. The output of
this analysis was a single injury-frequency map for each outcome
group, in which voxel values represent the proportion of patients
in the outcome group with injury in that location.
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Subject demographics stratified by outcome group

Follows Commands

Does Not Follow

construct of each PC. PC scores for
each patient were then used for hy-

Variable (n=17) Commands (n = 64) P Value pothesis testing. A backward regres-

Age (mean) (yr) 55 (SD, 16) 57(SD, 13) 74 sion that included PC scores and other

Female sex 4/17 (24%) 18/64 (28%) 701 .. .

Race and ethnicity® 757 clinical variables was used to deter-
Adiem 4 (21%) 6 (9%) mine significant predictors of poor
Black 3 (16%) 14 (22%) outcome. The resulting significant pre-
HiSPa_ﬁiC 2 (":A) 6 (9;%’) dictors were included in a receiver
:Z‘:}’ﬂ?:panic il (2) Eﬁ;‘g z go//‘;)) operat.ing character.istic (ROCQ) .c1‘1r.ve
T . 8 (42%) 30 (47%) analysis to determine the sensitivity

Time from ROSC to MR 120 (SD, 26) 115 (SD, 27) 496 and specificity of these variables to pre-

imaging (mean) (hr) dict poor outcome. PCA and ROC ana-

?c;ckibrie thE tklwm d' . 1‘6‘; g 8;@) ;;ﬁ 2: ?79;{;)) :3 lyses were run using the syndRomics

Ti:weoto Ro Sglca(n::;nl)ac arres 19 (SD,°1 2 4 (SD,ol 2 82 (https://github.com/ucsf-ferguson-lab/

Patient race and ethnicity do not add to 100% as some patients reported more than one race and ethnicity

combination.
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FIG 1. Frequency of hypoxic-ischemic brain injury in both outcome
groups. Colorized 3D brain renderings show the frequency of injury
(as defined by ADC < 650 x 10-6 mm?%/s) for the poor-outcome
group (A) and the good outcome group (B), respectively. The color
bar (right) indicates the frequency of injury across the whole brain.
Note that regions with <<5% injury frequency are transparent to allow
better visualization of more frequently injured areas.

Voxelwise Quantitative ADC Analysis

Voxelwise ADC differences between outcome groups were
assessed using threshold-free cluster enhancement implemented in
FSL 6.0.2 (http://www.fmrib.ox.ac.uk/fsl). Statistical significance
was determined as a family-wise error—corrected P value < .05.
Several potentially confounding variables were included as con-
found regressors in the analysis: whole-brain average ADC, patient
age, patient sex, and time to MR imaging (in hours).

ROI-Based Principal Component Analysis

Principal component analysis (PCA) was used to explore rela-
tionships between ROI-based injury and clinical outcome. The
measure used for PCA was the percentage of brain parenchyma
with ADC less than 650 x 10~¢ mm®/s for each ROL A scree
plot was generated to determine the percentage of variance
accounted for by each principal component (PC). Variable load-
ings within each PC were thresholded at an absolute value of
0.5, and expert visual analysis of loading patterns for these
strong loading variables was used to identify the underlying
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syndRomics) and pROC software pack-
ages in the R statistical framework (R
Version 4.1.2; http://www.r-project.
org/ ).

Statistical Analysis

Continuous variables and categoric variables are reported as means
(SD) and frequencies with percentages. The x> test was used to
compare categoric data. The 2-sample Student ¢ test was used to com-
pare continuous variables. The DeLong method was used to compare
ROC curves. For all statistical tests, a P value << .05 was considered
statistically significant. For the ROI analysis, a Bonferroni correction
was used to control for multiple comparisons.

RESULTS

Subjects

We identified a total of 335 subjects: Two hundred fifty-four
were excluded, and 81 were included in the analysis (Online
Supplemental Data). Sixty-four of 81 (79%) subjects had poor
outcomes. Demographic information for each outcome group is
presented in the Table. There were no statistically significant dif-
ferences in age, sex, race, and ethnicity; time to MR imaging; the
presence of a shockable rhythm at presentation; location of car-
diac arrest (in-hospital versus out-of-hospital); or time to ROSC.
When we compared patients who were included versus excluded
from the analysis, there was no statistically significant difference
in the proportion of patients who had WLST or brain death (x>
P value = .12 and .89, respectively) (Online Supplemental Data).

Quantitative ADC Comparison between Outcome Groups
The poor outcome group had lower whole-brain mean ADC val-
ues (740 [SD, 102] x 107° mm?/s versus 833 [SD, 23] x 10~°
mm?/s, P<.001) and larger total ADCgs, volumes (464 [SD,
469] mL versus 62 [SD, 51] mL, P <.001). Statistically significant
differences in mean ADC and ADCgs by ROI (after Bonferroni
correction) are presented in the Online Supplemental Data.

Whole-Brain Injury Mapping

Whole-brain ADCgs, frequency maps were generated for each
outcome group and are presented in Fig 1. The poor outcome
group had a more severe and extensive pattern of brain injury
most frequently involving the precentral gyri, precuneus, and
cuneus (Fig 14). The good outcome group (Fig 1B) showed a
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relatively heterogeneous pattern of injury, with the most frequent
areas of injury being the cerebellum, globi pallidi, and precentral

gyri.

Voxelwise Analysis of Quantitative ADC Differences
between Outcome Groups

Voxelwise analysis with threshold-free cluster enhancement
was used to explore regional differences in ADC values between
outcome groups without a priori anatomic constraints. Results
of the voxelwise analysis are seen in Fig 2. Statistically signifi-
cant clusters (after controlling for whole-brain average ADC,
patient age, patient sex, and time from ROSC to MR imaging
as confounding variables) were localized to the cuneus and

precuneus.

FIG 2. Results of voxelwise comparisons between outcome groups.
Statistically significant voxels (family-wise error rate—corrected,
P <.05) are shown as color overlays on orthogonal slices of the
Montreal Neurologic Institute brain atlas (A—C). Color indicates the
P value for the comparison (see the color bar). A volume-rendering
of the P value from a lateral perspective is also shown, with dashed
yellow lines indicating the plane of axial and coronal slices (D).

FIG 3. Loading values for PC2 from the PCA. Each cortical region from the Harvard Oxford brain
atlas is colored according to its PC2 loading value. Red and blue loadings indicate opposite pat-
terns of loading (red indicates positive correlation, blue indicates a negative correlation). The
dashed yellow line on the lateral projection (right) indicates the plane of the axial section

(center).

PCA of ROI-Based ADC Differences between Outcome
Groups

PCA analysis of the percentage of brain parenchyma with ADC
less than 650 x 10~° mm?®/s for each ROI identified 2 PCs that
accounted for >95% of the variance. PC loadings for PCI and
PC2 are included as Online Supplemental Data. All ROI-based
variables loaded on PCl1 in the same direction, indicating that
they all contributed to the variance explained by this PC (79%).
In contrast, ROI-based variables had variable loading contribu-
tions to the variance explained by PC2 (16%), with some variables
(perirolandic and parieto-occipital ROIs) showing a positive cor-
relation and others (anterior-frontotemporal and deep gray matter
ROIs) showing a negative correlation (Fig 3).

ROC Analysis of Outcome Groups with PCA Results

ROC analysis for determining neurologic outcome on the basis of
clinical and MR imaging features is presented in Fig 4. Using only
the percentage of the whole brain with ADC less than 650 x 10~°
mm?/s yielded a relatively high discriminative performance, with
an ROC area under the curve (AUC) of 0.84. Whole-brain injury
of 10% was 95% specific and 59% sensitive for poor outcome pre-
diction, and whole-brain injury of 5% was 74% specific and 77%
sensitive. ROC performance was similar using PC2 scores with an
ROC AUC of 0.83. By comparison, the single best ROI-based pre-
dictor (average percentage of the cuneal cortex with ADC less
than 650 x 107° mm®/s) yielded a similar performance with an
ROC AUC of 0.89. An average cuneal injury of 5% was 94% spe-
cific and 75% sensitive. Combining PC scores with the location of
arrest (in-hospital versus out-of-hospital) yielded the best per-
formance with an ROC AUC of 0.91. Pair-wise comparison of
ROC curves using the DeLong method revealed a statistically sig-
nificant difference between the PC2 and PC1 + PC2 + arrest loca-
tion curves (P = .029), with all other comparisons failing to reach
statistical significance (Online Supplemental Data). ROC analysis
using CPC scores rather than the ability to follow commands as
the outcome metric is included as Online Supplemental Data.

DISCUSSION

Regional analysis of quantitative ADC showed that involvement
of the cuneus, precuneus, and precentral gyrus was associated
with poor outcomes post—cardiac arrest. Most important, whole-
brain ADC frequency mapping revealed
that injury to the precentral gyrus was
more prominent in patients with poor
outcome, but could also be present in
patients with good outcome. However,
injury to the parieto-occipital region
was more specifically associated with
poor outcomes as highlighted by both
the PCA and voxelwise analyses, includ-
ing when controlling for whole-brain
ADC, which is expected to remove
some of the variance explained by the
severity of global brain injury. The per-
centage of ADCgs in the cuneus alone
showed high performance for determin-
ing neurologic outcome, with a value of
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FIG 4. ROC analysis of different diffusion-weighted MR imaging—based variables for predicting outcome in patients with post—cardiac arrest

coma. OHCA indicates out of hospital cardiac arrest.

5%, yielding 75% sensitivity and 94% specificity for poor outcome.
These findings corroborate previous studies demonstrating that
injury to this region is associated with poor outcomes in post-
cardiac arrest coma; however, there has been limited prior work
directly investigating regional injury correlates for poor clinical
outcome in cardiac arrest and none using the PCA and voxelwise
analyses presented here.”'*'>'® Additional investigation is needed
to determine whether injury to the parieto-occipital region is
exclusively a marker of severe injury or a causal determinant of
persistent coma post—cardiac arrest.

The posterior-medial cortex is part of the default mode net-
work and is involved in regulation of consciousness and connec-
tivity throughout the brain."”*® Resting-state fMRI studies
involving patients with both severe brain injury of distinct etiolo-
gies and various levels of consciousness showed that the degree of
connectivity of the default mode network, in particular of the pre-
cuneus or posterior cingulate cortex, was directly proportional to
the level of consciousness, with patients in a coma having lower
connectivity.'>?'** Our report adds to the post-cardiac arrest
coma literature demonstrating that lower ADC values in the pari-

. Lo . . 9,11,12,15,20,25
eto-occipital region is associated with poor outcomes.
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Injury to several other specific brain regions has also been associ-
ated with poor outcome; however, most studies pursued a descrip-
tive approach that did not incorporate multivariable analytic
models, which may help determine which regions are specifically
useful for discriminating between good and poor outcomes inde-
pendent of diffuse brain injury.

The regional vulnerability of the precuneus, cuneus lobes, and
precentral gyrus following cardiac arrest is not well-understood.
The precuneus, cuneus, visual cortex, and precentral gyrus are
considered some of the most metabolically active regions in
humans; therefore, this finding could be a consequence of meta-
bolic demand mismatch in the context of hypoxic-ischemic brain
injury and reperfusion injury following cardiac arrest.”® An alter-
native vascular hypothesis is that the posterior circulation cannot
provide sufficient cerebral blood flow during cardiopulmonary
resuscitation and its limited autoregulatory response following
return of spontaneous circulation and reperfusion may contrib-
ute to the increased vulnerability of these regions, similar to what
is observed in posterior reversible encephalopathy syndrome.””

The use of quantitative MR imaging can augment multimodal
prognostication, and our study demonstrates the value of combining



clinical and neuroimaging information for outcome prediction.
Several different clinical, laboratory, and electrophysiologic parame-
ters are known to be associated with clinical outcomes in patients
with cardiac arrest; however, most studies focused on imaging-
based predictors have favored a global rather than region-specific
analysis.”® We showed that outcome determination using individ-
ual regions, whole brain, or a combination of specific regions using
PCA had excellent performance, with AUCs ranging from 0.84 to
0.91. Our results are consistent with those in previous literature
showing that the mean ADC as well as regional ADCgsp are helpful
for prognostication in post-cardiac arrest coma.>* The specific
cutoff for ADCgs has not yet been defined, with a cutoff value of
>10%-26% brain involvement being needed to achieve specificity
for poor outcome prediction (ie, above 95%).*>*'* In our study,
10% brain involvement with ADCqys, was 95% specific and 55%
sensitive for predicting poor outcome, and 5% brain involvement
was 74% specific and 77% sensitive. In addition, previous studies
have shown that lower thresholds for ADC for such as 400 or 450
x 107° mm?*/s yield higher ORs for predicting poor neurologic
outcomes.>*'® Additional studies exploring the ADC parameter
space using larger and more racially and ethnically diverse cohorts
may help define global and regional thresholds with the best per-
formance for outcome prediction.

Some of the variability in previously published data on the
predictive value of DWT in patients with cardiac arrest could be
secondary to differences in patient selection, variable timing of
MR imaging, variable methodology, and differences in outcome
selection. Given these limitations, in addition to limited access to
quantitative DWT analysis techniques, we believe the results from
regional analysis may be add important insight for clinical prac-
tice. Temporal variations in DWI appearance in patients after
cardiac arrest have been established by multiple observational
and quantitative studies, with the ability to predict outcome being
best on MR imaging performed on days 3-5.'>'* These observa-
tions likely reflect both the well-described phenomenon of infarct
pseudonormalization on DWI and the complex pathophysiology
of anoxic injury, with a significant component of secondary
injury caused by oxidative stress and neuronal excitotoxicity.>’
For these reasons, we excluded from our analysis patients with
MR imaging performed >7days following arrest; however, it
remains unclear whether more stringent time-to-MR imaging
limitations should be imposed for this type of study. Our study
benefited from imaging acquisition in a single scanner with com-
parable protocols, which may have minimized some of the scan-
ning-variability limitations.

There are several limitations of our study. This was a retro-
spective and single-center study that relied on documentation of a
clinical examination documentation for outcome determination.
While our outcome metric closely followed discharge CPC scores,
it is, nonetheless, limited due to lack of standardization. In addi-
tion, at our institution the use of brain MR imaging is part of a
multimodal prognostication protocol, together with other ancil-
lary tests for patients who do not recover consciousness after
TTM, possibly leading to a selection bias toward evaluating
patients with more severe brain injury. While quantitative analysis
of ADC data was not available for decision-making, clinicians
were not blinded to qualitative MR imaging interpretation;

therefore, brain injury burden likely contributed to self-fulfilling
prophecies related to WLST due to perceived poor neurologic
prognosis.”'>'* However, we did not detect any significant differ-
ence in the rates of WLST or brain death between patients who
were included versus excluded in the analysis. Finally, the rela-
tively small sample size and small proportion of patients with
good outcome limit our ability to generalize findings or draw con-
clusions about when WLST should be considered. Larger and pro-
spective studies focused on assessment of regional brain injury
will be needed to confirm the association of parieto-occipital
injury with poor clinical outcome.

CONCLUSIONS

Injury to the parieto-occipital region is associated with poor out-
comes following cardiac arrest. Involvement of the precentral
gyrus can be seen in both good and poor outcome groups; how-
ever, patients recovering from coma had a much lower burden of
brain injury. Regional and voxelwise analysis of quantitative ADC
may add value to multimodal neurologic prognostication in com-
bination with other established predictors®® and provide informa-
tion about the neuroanatomic regions determining the potential
for coma recovery.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Validity Assessment of an Automated Brain Morphometry
Tool for Patients with De Novo Memory Symptoms

F. Rahmani, “~'S. Jindal, “'C.A. Raji, ““/W. Wang, " A. Nazeri, ' G.G. Perez-Carrillo, ““'M.M. Miller-Thomas, “='P. Graner,
B. Marechal, ““A. Shah, “/M. Zimmermann, “~'C.D. Chen, "='S. Keefe, “*'P. LaMontagne, and “'T.L.S. Benzinger
=
ABSTRACT

BACKGROUND AND PURPOSE: Automated volumetric analysis of structural MR imaging allows quantitative assessment of brain at-
rophy in neurodegenerative disorders. We compared the brain segmentation performance of the Al-Rad Companion brain MR
imaging software against an in-house FreeSurfer 7.1.1/Individual Longitudinal Participant pipeline.

MATERIALS AND METHODS: Tl-weighted images of 45 participants with de novo memory symptoms were selected from the
OASIS-4 database and analyzed through the Al-Rad Companion brain MR imaging tool and the FreeSurfer 7.11/Individual
Longitudinal Participant pipeline. Correlation, agreement, and consistency between the 2 tools were compared among the absolute,
normalized, and standardized volumes. Final reports generated by each tool were used to compare the rates of detection of ab-
normality and the compatibility of radiologic impressions made using each tool, compared with the clinical diagnoses.

RESULTS: We observed strong correlation, moderate consistency, and poor agreement between absolute volumes of the main
cortical lobes and subcortical structures measured by the Al-Rad Companion brain MR imaging tool compared with FreeSurfer. The
strength of the correlations increased after normalizing the measurements to the total intracranial volume. Standardized measure-
ments differed significantly between the 2 tools, likely owing to differences in the normative data sets used to calibrate each tool.
When considering the FreeSurfer 7.1.1/Individual Longitudinal Participant pipeline as a reference standard, the Al-Rad Companion
brain MR imaging tool had a specificity of 90.6%-100% and a sensitivity of 64.3%-100% in detecting volumetric abnormalities. There
was no difference between the rate of compatibility of radiologic and clinical impressions when using the 2 tools.

CONCLUSIONS: The Al-Rad Companion brain MR imaging tool reliably detects atrophy in cortical and subcortical regions impli-
cated in the differential diagnosis of dementia.

ABBREVIATIONS: AD = Alzheimer disease; AIRC = Al-Rad Companion; CDR = Clinical Dementia Rating; DLB = dementia with Lewy bodies; FTD = fronto-
temporal dementia; FS = FreeSurfer; GDS = Geriatric Depression Scale; ICC = intraclass correlation coefficient; ILP = Individual Longitudinal Participant; OASIS =
Open Access Series of Imaging Studies; TIV = total intracranial volume

S tandard of care for any cognitive or memory issues includes MR imaging enables volumetric quantification of different brain

structural MR imaging of the brain." Beyond its utility to  structures that are affected by neurodegenerative diseases that

exclude anatomic or pathologic abnormalities, structural brain  cause cognitive impairment. FreeSurfer (FS; https://surfer.nmr.

mgh harvard.edu/) is the most commonly used volumetric anal-
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and subcortical regional volumes.*™*

Due to the detailed scale of the FS output, it is often incorporated
into further processing to summarize the results into meaningful
metrics for different diagnostic purposes, namely dementia. One
such pipeline is a 2-step processing pipeline consisting of FS Version
7.1.1 processing of structural T1 images followed by the Individual
Longitudinal Participant (ILP) software Version 2.0 (herein and after
referred to as the FS/ILP pipeline;’ for volumetric brain assessment.
The time-exhaustive nature of this research-standard pipeline, which
includes generation of the FS output (between 6 and 12 hours),
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visual inspection, and potential manual editing and recalculation
steps of the output, limits its applicability in high-throughput
clinical settings. Siemens has developed the FDA-cleared AI-Rad
Companion (AIRC; Siemens) brain MR software that enables
volumetric quantification of main cortical and subcortical struc-
tures in a scale of a few minutes (herein after referred to as the
AIRC tool). We therefore aimed to investigate the validity of the
AIRC tool in a clinical context through the following: 1) assess-
ment of the correlation, consistency, and agreement of volumetric
measurements generated by the AIRC tool versus those produced
by the FS/ILP pipeline; 2) assessment of the sensitivity of the
AIRC output in the detection of volumetric abnormalities associ-
ated with neurodegenerative causes of dementia, compared with
the output from the FS/ILP as a reference standard; and 3) assess-
ment of the potential effect of any discrepant finding between the
2 tools on the final impression made by a radiologist.

MATERIALS AND METHODS

Participants

Participants were randomly selected from the Open Access Series
of Imaging Studies 4 (OASIS-4) cohort, which is publicly accessi-
ble through the OASIS brain website: https://central.xnat.org/.
Participants were included under the following circumstances: 1)
They were referred for clinical assessment due to a de novo cog-
nitive symptom, 2) were 45 years of age or older, and 3) had a
structural T1-weighted MR imaging study within a maximum of
1 year of the initial assessment. Diagnosis of dementia was made
on the basis of the clinical assessment and a battery of cognitive
tests, including the Clinical Dementia Rating (CDR)® and Mini-
Mental State Examination.” If dementia was present, an etiologic
diagnosis was further determined on the basis of clinical practices
for Alzheimer disease (AD), posterior cortical atrophy, dementia
with Lewy bodies (DLB), frontotemporal dementia (FID), and
vascular cognitive impairment.®"! This diagnosis was made by a
neurologist clinician at the end of the recruitment visit and
before any imaging assessment. Reflecting the proportion of
each disease category in the OASIS-4 cohort, the current sample
comprised a random selection of 15 individuals with AD,
including 5 participants with early-onset AD; 10 participants
with non-neurodegenerative conditions; such as subjective cog-
nitive impairment in the absence of clinical dementia, mood dis-
orders, polypharmacy, and sleep disorders; 5 with posterior
cortical atrophy; 5 with DLB; 5 with FTD, and 5 with vascular
cognitive impairment (Online Supplemental Data). The 15-item
version of the Geriatric Depression Scale (GDS) was used to
screen participants for the presence of depressive symptoms in
which a cutoff score of 5 has shown 92% sensitivity (Online
Supplemental Data).'

This study was conducted using a research agreement between
Washington University School of Medicine in St. Louis and
Siemens Medical Solutions USA and was reviewed and approved
by the institutional review board of Washington University in
Saint Louis School of Medicine (IRB No. 201912172).

Image Data Collection

The 3D TIWI MPRAGE and T2-weighted FLAIR images were
acquired on a 3T scanner (Magnetom Skyra; Siemens) using a
TR/TE = 2300/2.95ms, TI = 900 ms, flip angle = 9°, section
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thickness = 1 mm, and FOV = 256 x 256 for the T1WI scans, and
a TR/TE = 900/81 ms, TI = 2500 ms, flip angle = 150°, section
thickness = 5 mm, within a 256 x 256 FOV for FLAIR scans. SWI
was performed in the same session and used the following param-
eters: TR/TE = 27/20ms, flip angle = 15°, section thickness =
2.4 mm, FOV = 256 x 256.

In all subsequent analyses, the absolute volumes refer to raw
estimates produced by each tool, normalized volumes refer to
absolute volumes divided by their corresponding estimated total
intracranial volume (TIV), and standardized volumes refer to z
scores calculated by comparing the normalized volumes with their
respective normative database.

AIRC Tool

The AIRC Brain MR tool creates brain morphometry reports
using a TIWI MPRAGE series and through a tissue-wise segmen-
tation model, resulting in a considerably reduced computation
time (2-5 minutes) compared with other segmentation software
such as FreeSurfer.>'® This tool produces volumes of 25 different
brain regions in both hemispheres (50 total) and compares them
with age- and sex-matched normative data from a healthy popu-
lation. Results are presented as a labeling report consisting of a
label map showing the segmentation results (Fig 1A); a deviation
report consisting of a deviation map and the corresponding
standardized volumes for each region; and a list of evaluated vol-
umes and their corresponding TIV-normalized measures dis-
played alongside the 10th-90th percentile normative ranges
based on the participant’s age and sex group. Regions with nor-
mative volumes that are outside this range are indicated by an as-
terisk (Fig 1B, -C)."> Once processed, a visual quality check of the
labeling and deviation results is performed to ensure consistent
delineation of different cortical and subcortical regions. All of the
45 scans passed this quality control.

Normative Range Analyses. The normative database for the
AIRC tool consists of T1-weighted MR images of 303 healthy
subjects, including 50.8% men (median age, 73.25years; age
range, 19-91 years). Scans were collected from 2 cohorts: 1) the
Alzheimer Disease Neuroimaging Initiative (ADNI; https://
adniloni.usc.edu/) using standard protocols for participant
selection and scanning protocol,'*'> and 2) Siemens collection
of the MR imaging scans following the ADNI selection
guidelines.

Normative ranges were calibrated on the respective healthy
absolute volumes estimated by the AIRC using a log-linear
regression model, taking into account the confounding effects
of age and sex as covariates.'> The deviation map offers a color-
coded preview of the amount of deviation based on z score esti-
mates of each structure.'?

The FS/ILP Pipeline

FS Segmentation. T1-weighted images were processed with FS
Version 7.1.1 and resampled to 1 x 1 X 1 mm resolution for volu-
metric segmentation and cortical reconstruction.® Regional vol-
umes and cortical thicknesses were derived for 68 cortical and 40
subcortical regions in the left and right hemispheres after quality
control of FS output through visual inspection.
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FIG 1. AIRC brain MR imaging tool volumetric output for a 60-year-old male participant with early-onset Alzheimer disease. Labeling map (A), deviation
map (B), and 1 page of the numeric report (C). Asterisk indicate values outside the normative 10th-90th percentile range for participants age and sex.

Normative Range Analyses and ILP Report Generation. Once
generated, FS volumes were compared with the ILP normative data
sets consisting of T1-weighted MR imaging scans of 383 cognitively
healthy participants assembled from 2 different sources: 1) 249 par-
ticipants 38 to 88years of age from the recently released publicly
available data in OASIS-3,'® and 2) 134 mutation-negative partici-
pants 18 to 58 years of age from the control group of the
Dominantly Inherited Alzheimer Network data set (https://dian.
wustl.edu/; previously published as a Normal Aging Cohort by
Koenig et al'?).

The ILP pipeline calculates a number of summary metrics based
on TIV-normalized volumes and cortical thicknesses from FS out-
put: frontal lobe cortical thickness, parietal lobe cortical thickness,
occipital lobe cortical thickness, left and right hippocampal volume,
left and right FTD cortical thickness (a summary measurement of
cortical regions affected by frontotemporal dementia), total lateral
ventricular volume, and the ratio of lateral ventricular volume to
cerebral volume (Online Supplemental Data). These summary met-
rics are then used to generate a regression model that demonstrates
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age-adjusted ranges for these volumes and thicknesses using the ILP
normative data sets, forming the ILP Report.s With each TIWI scan
processed through the FS/ILP pipeline, the above summary metrics
are calculated and plotted on their corresponding ILP graph, in
which the x-axis represents participants’ ages and the y-axis shows
the respective thickness or volume summary metric.

Analytical Approach and Statistics

Statistical analyses were performed by using R software Version
4.0.5 (http://www.r-project.org/). The purpose of these analyses
was the following: 1) to assess the magnitude of the correlation,
consistency, or agreement between measurements from each tool,
and 2) to evaluate the sensitivity and specificity of the AIRC tool
compared with FS/ILP as a reference standard. The Pearson corre-
lation and intraclass correlation statistics were used to compare
the absolute and normalized regional volumes and z scores derived
from the FS/ILP and AIRC tools and their respective normative
data sets. When necessary, a summation of various FS-based corti-
cal segmentation volumes was calculated to match the lobar corti-
cal volumes reported by the AIRC tool as detailed in the Online
Supplemental Data.'® The Pearson correlation coefficient and
intraclass correlation coefficients (ICCs) in agreement and consis-
tency and their respective P values were calculated by using the
“corr” and “icc” functions, respectively. Pearson correlation coef-
ficient values of <0.3, between 0.3 and 0.5, and >0.5 were con-
sidered to indicate small, moderate, and large correlations, while
ICC values <0.5, between 0.5 and 0.7, between 0.7 and 0.9, and
>0.9 were considered to indicate poor, moderate, good, and
excellent agreement or consistency.'*° Additional details on the
definition of these terms can be found in the Online Supplemental
Data. Normal distribution of the variables was tested using the
Kolmogorov-Smirnov goodness-of-fit test. P values < .05 after cor-
rection for multiple comparisons using the Benjamini-Hochberg
false-discovery-rate correction rejected the null assumption.”' We
further performed paired statistics to extract mean differences and
the resulting effect sizes between volumes measured by each tool,
as detailed in the Online Supplemental Data.

We compared the rates of detection of abnormal findings
through comparison of final reports generated by each tool and by
using the “chisq.test” function in R. The TIWI MPRAGE scans
were evaluated by 3 board-certified neuroradiologists (W.W., CAR,,
and A.N.) with or without additional volumetric information pro-
vided by the AIRC or FS/ILP tools. Each participant was rated
3 times with 3 different methods, once using only the T1-
weighted image (MPRAGE_Only), once after adding the FS/ILP
output (MPRAGE+ILP), and once after adding the AIRC out-
put (MPRAGE+AIRC). Raters independently assessed all 45
cases so that each participant was randomly evaluated by using
one of the above 3 methods by each rater. The raters were asked
to indicate radiologic impressions in a stepwise manner indicat-
ing the following: 1) whether there were any structural abnor-
malities related to the patient’s cognitive symptoms, 2) whether
the observed abnormalities were symmetric and lobar, and 3)
whether the abnormalities pointed to a specific neurodegenera-
tive entity (AD, posterior cortical atrophy, DLB, FID, vascular
cognitive impairment). The rate of compatibility between radio-
logic impressions and clinical diagnoses was calculated as
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percentages for each method as detailed in the Online
Supplemental Data and compared across methods using the
“aov” and “TukeyHSD” functions in R.

RESULTS

The Online Supplemental Data demonstrate a summary of clini-
cal and demographic features of the study population including
their cognitive status assessed through CDR, CDR sum of boxes
and the Mini-Mental State Examination scores, and the presence
or absence of depressive symptoms based on the 15-item GDS
score. The GDS score ranged between 0 and 6 across participants
in all diagnosis groups, while participants with non-neurodege-
nerative causes for their cognitive symptoms were more likely to
have a GDS score of =5, compared with participants diagnosed
with neurodegenerative conditions. Figure 2 demonstrates the
results of comparisons between the 2 tools based on the absolute,
normalized, and standardized regional volumes.

Absolute Volumes

There was a large, positive relationship (Pearson correlation coeffi-
cient) and excellent-to-good consistency (ICC-consistency) between
measured absolute volumes of the brain, cerebellum, lateral ven-
tricles, and putamen and between the AIRC tool and FS. Absolute
volumes of the frontal, parietal, occipital, and temporal lobes and
the hippocampal volumes demonstrated moderate-to-poor agree-
ment (ICC-agreement) and consistency between by the AIRC tool
and the FS/ILP pipeline. Thalamic absolute volumes demon-
strated the weakest consistency between the 2 tools and no signifi-
cant agreement (ICC-a) or correlation (ICC-c) (Fig 2).

Normalized Volumes

When we compared volumes normalized to the TIV, a large, posi-
tive correlation and moderate consistency were observed in both
cortical and subcortical regional volumes between the 2 tools, while
there was an increase in the correlation coefficients for most
regions (Fig 2). Normalized brain, cerebellum, and lateral ventricu-
lar volumes demonstrated an excellent consistency and agreement
when compared between the 2 tools. There was no significant
agreement (ICC-a) in the normalized volumetric measurements of
the bilateral frontal lobes, thalami, and putaminal regions (Fig 2).

Standardized Volumes

Once volumes were transformed to standardized z scores, correla-
tion and consistency were moderate among z scores of the 4 main
cortical lobes as well as the bilateral hippocampi (Fig 2). There was
no significant agreement (ICC-a) in the regional z scores except in
the bilateral pallidum, putamen, insula, and lateral ventricles (Fig 2).

Comparing the Diagnostic Utility of Outputs from the FS/ILP
versus the AIRC Tools

We compared the performance of the AIRC tool and FS/ILP
pipelines through comparison of the final report generated by
the 2 tools. Cutoff points indicating abnormal regional values
were either above +2 SDs (>97.5th percentile, for ventricular
volumes and the ventricle/cerebrum ratio) and below —2 SDs
(<2.5th percentile, for all other region/metrics) in the FS/ILP
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FIG 2. Comparing the Pearson and intraclass correlation between volumetric measurements produced by the AIRC-versus-FS/ILP tools. Panels
demonstrate correlation coefficients for raw volumes (top), volumes normalized to TIV (middle), and standardized (z score) volumes (bottom).
Blank cells demonstrate absence of statistically significant correlation between the 2 tools. ICC-c indicates Intraclass correlation coefficient-

consistency; ICC-a, ICC-agreement; PCC, Pearson’s correlation coefficient.

output, corresponding to >90th percentile (for ventricular vol-
umes and the ventricle/cerebrum ratio) and <10th percentile
(for all other region/metrics) in the AIRC tool output (Online
Supplemental Data).

The Online Supplemental Data show a comparison between
rates of detection of abnormal findings by the 2 tools, considering
the FS/ILP pipeline as a reference standard. Note that in this step
and for the main lobes (frontal, parietal, temporal, and occipital),
volume-based z scores from the AIRC were compared with thick-
ness-based z scores from the FS/ILP tool. This step was unlike the
previous steps in which volumes generated by each tool were com-
pared with each other. The AIRC tool had a high specificity in the
detection of volumetric abnormalities, ranging from 90.6% in
detecting enlarged lateral ventricles to 100% in detecting concur-
rent frontal and temporal atrophy (FTD thickness in FS/ILP out-
put). Sensitivity ranged between 64.3% and 100%, with the lowest
rate detected in the comparison between concurrent frontal and
temporal lobe atrophy in the AIRC output and FTD thickness in
the FS/ILP output. AIRC was 94.4% specific and 78% sensitive in
the detection of hippocampal atrophy compared with the FS/ILP
pipeline.

Equal Rate of Compatible Diagnoses Using the FS/ILP versus
AIRC Tools

Each participant was independently evaluated 3 times, each time based
on one of the following combinations of methods: MPRAGE _only,
MPRAGE+FS/ILP, and MPRAGE+ AIRC. Impressions made by the
neuroradiologists were then compared with the diagnoses made by
the clinician as the reference standard and marked as either compati-
ble or incompatible (Online Supplemental Data).

Our findings indicated no difference in the rate of compatibil-
ity with clinical impressions among radiologic impressions made
on the basis of the MPRAGE+ILP or MPRAGE+ AIRC methods
(x* P value > .05). Even among participants with a known neuro-
degenerative diagnosis (35 of 45), there were no significant differ-
ences in the rate of detection of abnormality, symmetric and lobar
atrophy, or the presence/absence of a neurodegenerative cause
between 2 methods (Online Supplemental Data). Finally, we could
not detect any difference in the rate of compatibility of the clinical
diagnoses with the radiologic impressions made on the basis of
either of the tools compared with the impressions made in the ab-
sence of quantitative volumetric assessment (based on the T1-
weighted structural image [MPRAGE_only]).

DISCUSSION

We compared the AIRC brain MR imaging tool, a commercially
available volumetric brain assessment software, with the standard
publicly accessible FS/ILP pipeline. We used a sample of 45 indi-
viduals with a de novo memory symptom to investigate the effect
of any potential discrepancy between the 2 tools. We found the
following: 1) volumetric measurements produced by the FS/ILP
and AIRC tools were largely correlated and moderately consistent
in most cortical and subcortical structures, a relationship that
improved in magnitude after normalization for TIV; 2) measure-
ments were overall more consistent than having precise agree-
ment; 3) agreement between standardized volumes was poor in
most regions; 4) compared with the output of the FS/ILP pipeline
as a reference standard, the AIRC algorithm had a high specificity
in flagging regional atrophy; and 5) use of the AIRC-versus-FS/
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ILP output did not result in any difference in the rate of detection
of neurodegenerative changes by the neuroradiologist clinicians.

Similar to the Pearson correlation, ICC estimates the strength
of the relationship between 2 continuous variables. However, the
Pearson correlation does not take the rater bias, which is part of
the systematic error, into account. This is an important element
that sets correlation apart from agreement* As a result, the
Pearson correlation is often paired with the intraclass correlation
to optimize the detection of bias between the 2 different mea-
surement tools. Optimized agreement requires not only a strong
correlation but also low rater bias and, as a result, minimized
systematic error between the 2 measurement tools. Therefore,
and suggesting the presence of non-negligible bias between the
2 tools, we observed higher Pearson correlation coefficients
compared with ICC-consistency and higher ICC-consistency
compared with ICC-agreement for most structures, indicating
the presence of rating bias among the tools (Fig 2).

Once standardized measurements were compared, the 4 main
cortical lobes as well as the hippocampus demonstrated poor
agreement between the FS/ILP pipeline and the AIRC tool.
Because these large effect sizes are only seen in the z scores but
not normalized volumes, they may be attributable to the differen-
ces in the composition of the normative cohort for each tool.
These discrepancies might also reflect heuristic differences in the
segmentation and labeling methods used by each tool. While the
surface-based processing stream used by FS provides accurate
delineation of white/gray matter and gray matter/CSF interfaces
(Online Supplemental Data), AIRC tissue-based labeling often
results in overestimation of cortical GM volumes compared with
FS.>'*2>%* Similarly, the AIRC often undersegments and hence
provides lower absolute volumes for subcortical nuclei compared
with FS (Online Supplemental Data).

Participants in the AIRC normative cohort were older com-
pared with those in the OASIS-3 group (part of the FS/ILP nor-
mative cohort, 73.25 versus 55.7 years). As a result, the normative
cohort used by the AIRC might be contaminated by individuals
with incipient AD pathology. This possibility is not true for
OASIS-3, in which participants were followed up and remained
cognitively healthy in the 3 years after the enrollment scan, on the
basis of the CDR status and amyloid PET cutoffs.>?>2° Moreover,
the AIRC normative cohort involves a relatively low number of
individuals between 45 and 65years of age, compared with
OASIS-3 (approximately 20 versus 103). Because more than one-
third of our participants were in this age range, the standardized
score estimates made by the AIRC might be less reliable com-
pared with those made by the FS/ILP pipeline. Given differences
in normal databases, users should identify whether their patient
population of interest overlaps with the age range of the norma-
tive database of any given software.

Most importantly and while FS can output both regional vol-
umes and thicknesses, the ILP algorithm projects only percentiles
calculated on the basis of regional thicknesses in the final output.
Because the AIRC output is based on cortical volumes, the per-
centiles from the FS/ILP final report were not directly compara-
ble with those in the AIRC report. As a result, the last step of
comparing the 2 tools was to match the rate of abnormal z score/
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percentile detection on the basis of the final reports (Online
Supplemental Data).

The radiologist’s evaluation of volumetric brain assessments is
performed on the basis of a digital report detailing the patient’s z
score/percentile for each region compared with his or her age-
and sex-specific normative range. For the main lobes, this evalua-
tion is done on the basis of cortical thicknesses from the FS/ILP
versus cortical volumes from the AIRC output which might be a
source of measurement bias. Not surprisingly, most of the false-
positive results (8 of the 10 region/participants)- i.e. detection of
abnormality in the ARIC tool in the absence of abnormal finding
in the FS/ILP output- were due to thresholding differences
among the tools because the FS/ILP tool has a more conservative
threshold for detection of abnormalities. As a future direction we
recommend a comprehensive comparison of all available FDA-
cleared programs on a common neuroimaging data set, given the
large number of them and that similar studies have already been
performed for AD fluid biomarkers.””*° Finally, in developing
the clinical applications of such volumetric tools additional diag-
noses that were not investigated in this study, such as normal
pressure hydrocephalus and primary progressive aphasia should
also be considered.

While volumetric processing based on FS has been successfully
used in both research and clinical settings for more than 2 decades,
it lacks the time and resource efficacy in processing to permit clini-
cal throughput in general and subspecialized radiology practices.
One major driver of the long processing time and high memory
usage is the reconstruction of white matter, pial, and dural surfa-
ces, allowing FS to generate cortical thicknesses alongside cortical
volumes. The AIRC output, being based on cortical volumes, has
shown high sensitivity and specificity compared with the FS/ILP
output, which is based on cortical volumes. On another note, rapid
and accurate generation of these volumetric brain results are
becoming increasingly important in high-throughput clinical set-
tings. These features are provided by the AIRC tool due to the
streamlined transfer of T1-weighted images from the PACS sys-
tem, which facilitates the generation of results within several
minutes and automated transfer of the results to the PACS system.

CONCLUSIONS

The AIRC brain MR tool detects volumetric changes in the main
cortical lobes and subcortical regions implicated in the differential
diagnosis of dementia, with sensitivity and specificity comparable
with those of the FS/ILP pipeline as the reference standard. Given
the much shorter processing time and streamlined user interface,
the AIRC has the potential for similar comparisons in larger
cohorts and further refinement of wider clinical use.
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SUMMARY: The 3D edge-enhancing gradient-echo (EDGE) MR imaging sequence offers superior contrast-to-noise ratio in the

detection of focal cortical dysplasia. EDGE could benefit from 7T MR imaging but also faces challenges such as image inhomogene-

ity and low acquisition efficiency. We propose an EDGE-MP2RAGE sequence that can provide both EDGE and Tl-weighted contrast,

simultaneously, improving data-acquisition efficiency. We demonstrate that with sequence optimization, EDGE images with suffi-

cient uniformity and Tl-weighted images with high gray-to-white matter contrast can be achieved.

ABBREVIATIONS: CNR = contrast-to-noise ratio; EDGE = edge-enhancing gradient-echo; FCD = focal cortical dysplasia; INV = inversion imaging

Focal cortical dysplasia (FCD) is the most commonly resected
epileptogenic lesion in children and the third most common
lesion in adults. A recently described MR imaging sequence,
3D-edge-enhancing gradient-echo (3D EDGE), offers superior
contrast-to-noise (CNR) in the detection of FCD.!* However,
the sequence has inherently low SNR and would theoretically be
advantageous at 7T. However, 7T MR imaging presents unique
challenges such as severe transmit B, field (B;+) inhomogene-
ity, which can greatly compromise image-contrast uniformity.
Additionally, the longitudinal T1s of brain tissues are prolonged
at 7T, which requires a longer time for the longitudinal magnet-
ization to recover. For EDGE, the longitudinal magnetization
has a substantial impact on overall image contrast and SNR.
Due to the prolonged T1, a longer TR may be necessary to
improve the SNR and image uniformity, though it decreases
data-acquisition efficiency and results in longer scan times.

We describe a new strategy to acquire the EDGE contrast to
improve the acquisition efficiency. Because high-resolution, 3D
T1-weighted imaging, such as an MPRAGE, is typically needed
in an epilepsy MR imaging protocol, simultaneous acquisition
of both T1-weighted and EDGE images in a single sequence can
improve data-acquisition efficiency while allowing a longer TR
to improve image uniformity and SNR. This acquisition strategy
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is accomplished by integrating a second acquisition window
into the EDGE sequence, resulting in an MP2RAGE sequence.’
In this study, we explore this strategy, EDGE-MP2RAGE, on
clinical 7T MR imaging and show that it is capable of producing
high-quality EDGE and T1-weighted images, which may be use-
ful for clinical epilepsy imaging at 7T.

TECHNIQUE

EDGE is a magnetization-prepared fast gradient-echo sequence
with its TT set at the time when the GM and WM longitudinal
magnetizations have comparable signal intensity but opposite
polarity, therefore offering a signal-cancellation effect at their
boundaries (Fig 14).> A long TR can lead to increased system
idle time during which no data are acquired, increasing the over-
all scan time. Figure 1B demonstrates the proposed EDGE-
MP2RAGE sequence, in which a second data-acquisition window
with a different TT is added to the same TR following the EDGE
acquisition. The 2 sets of raw inversion images (INV), INV 1 and
2, can be used to generate additional T1-weighted images similar
to those in conventional MP2RAGE. Such an approach allows 2
image contrasts to be generated from the same TR, thereby
improving data-acquisition efficiency while allowing a longer TR
to be used to boost image SNR.

For a conventional MP2RAGE sequence, the TIs of the 2
acquisitions are typically optimized for the GM-WM CNR in the
final T1-weighted images.3 With EDGE-MP2RAGE, however,
sequence optimization is more complicated due to the require-
ment to adjust the INV1 to yield an EDGE contrast with suffi-
cient SNR. Meanwhile, additional consideration is needed to
improve the EDGE contrast uniformity across the brain, which
can be compromised by the high B;+ inhomogeneity at 7T.
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FIG 1. Examples of WM and GM longitudinal magnetizations (Mz) evolution in a repetition period (TR) for the EDGE (A) and EDGE-MP2RAGE (B)
sequences. With EDGE contrast (A), the center of the data-acquisition window, which coincides with the k-space center (ie, k = 0), is placed
when WM and GM have comparable signal intensity but opposite polarity. With EDGE-MP2RAGE (B), the first acquisition (ie, INV 1) is designed

to provide the EDGE contrast. A.U. indicates arbitrary unit.

EDGE-MP2RAGE sequence parameters

Acquisition Plane TR (Sec) TI,/Tl, (Sec) FA,/FA,

BW (Hz/px) Acceleration

FOV (mm?) Matrix Resolution (mm?)

Sagittal 4.5 0.8/2.7 5°/4° 200

3x 230 x 230 x 154 296 x 296 x 192 0.8 x 0.8 x 0.8

Note:—FA indicates flip angle; BW, bandwidth.

The proposed EDGE-MP2RAGE accounts for these challenges
by optimizing the sequence parameters to accomplish 2 objectives
simultaneously, ie, to provide INV1 with EDGE contrast of suffi-
cient SNR and image uniformity and to provide calculated T1-
weighted images of sufficient GM-WM CNR. To achieve these
objectives, we performed numeric simulations based on Bloch
equations to determine the optimal pulse sequence parameters.
The signal intensities of GM and WM in the INV1, INV2, and
T1-weighted images were calculated on the basis of Bloch simula-
tions, assuming different combinations of sequence parameters
(ie, TI, TR, flip angle, echo spacing, and acquisition bandwidth).
From this analysis, a group of parameter combinations that allow
comparable GM/WM signal intensities in INV1 across a range of
B,+ inhomogeneity at 7T was determined.® Finally, within this
group, we selected the combination of parameters that were opti-
mized simultaneously for both the SNR in the INV1 and the GM-
WM CNR in the T1-weighted image.

The optimized sequence was then implemented on a clinical
7T Magnetom Terra MR imaging (Siemens) scanner with an
8Tx/32Rx head coil (Nova Medical) operating in single-transmit
mode (TrueForm). Following an institutional review board-
approved protocol, EDGE-MP2RAGE images were acquired on a
healthy subject (a 17-year-old girl).

RESULTS

The Table shows the sequence parameters determined from the
Bloch simulation analysis, which were designed assuming an isotropic
resolution of 0.8 mm, giving a total scan time of 9 minutes. The full
scan protocol can be found in the Online Supplemental Data.

Examples of EDGE (INV1) images acquired using the pro-
posed EDGE-MP2RAGE sequences are shown in Fig 2, together
with the T1-weighted images. The INV1 (A-C) show that WM
and GM have comparable signal intensities, consistent with the
EDGE contrast. For quantitative analysis, the cortical WM and
GM signal intensities were measured from the EDGE images
using ROIs across the brain in 3 orthogonal planes. The results
show that the mean WM and GM signal levels are nearly identical
(78 [SD, 12] versus 77 [SD, 10], respectively), confirming the vis-
ual analysis. Figure 2 also shows that high-quality T1-weighted
images with good GM-WM contrast can be generated from the
same acquisition. The EDGE image SNR, calculated as previously
described for a single EDGE acquisition, measures 59.1 compared
with approximately 30 reported for 3T EDGE.*

DISCUSSION

In this work, we developed and optimized a new EDGE-
MP2RAGE sequence for use in MR imaging studies of epilepsy at
7T. Compared with lower fields, 7T allows higher-resolution
imaging due to the high intrinsic SNR. However, due to the high
B, + inhomogeneity and longer tissue T1 values, it is challenging
to implement the EDGE contrast at 7T. To improve SNR and
contrast uniformity, one can use a longer TR; however, this sub-
stantially reduces data-acquisition efficiency. By means of the
EDGE-MP2RAGE sequence, an additional T1-weighted contrast
can be generated from the same acquisition, and the average time
spent on acquiring each contrast is effectively reduced by 50%,
making it feasible to be implemented in clinical examinations.
As demonstrated in the results section, EDGE contrast with
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At 7T, the advantages of MP2RAGE
over MPRAGE are even greater due
primarily to the severe nonuniformities
in the transmit field (B,+), which is
reduced in MP2RAGE.” Within our
framework, we have shown how the
sequence parameters can be simultane-
ously optimized for EDGE contrast as
part of the first TI image, while also
optimizing the resulting TI1-weighted
image (also known as UNI image) of
MP2RAGE.

One limitation of this study, how-
ever, is that a direct technical compari-
son between the new sequence and the
standard ones has not been made, and
this could be the object of future works.

CONCLUSIONS
We describe an optimized protocol for
simultaneous EDGE-MP2RAGE imag-
ing at 7T and show that this protocol
could be useful for imaging drug-resist-
ant focal epilepsy.

FIG 2. Examples of EDGE (INV 1, A—C) images and Tl-weighted (Tlw) images (D—F) acquired with the

EDGE-MP2RAGE reformatted into sagittal, axial, and coronal planes. The ROI (red circles in A—C)

for WM and GM signal intensity measurements are also shown.

acceptable image uniformity can be achieved with this approach
using carefully selected sequence parameters despite well-known
high B, inhomogeneity at 7T, and T1-weighted images with high
GM-WM contrast can also be produced from the same acquisi-
tion. Note that the protocol described in this work is designed for
7T imaging and is not directly applicable to lower fields, such as
3T, because the longitudinal T1s of various brain tissues are dif-
ferent at other field strengths.

EDGE MR imaging has been shown to produce a substantial
increase in CNR in the setting of FCD compared with traditional
sequences such as MP2RAGE, FLAIR, and double inversion recov-
ery.” The added SNR from 7T allows higher image resolution (0.8
versus 1.0 mm) while still achieving nearly twice the SNR of 3T
EDGE. Additionally, a 3D T1-weighted image is also a hallmark of
epilepsy protocols, allowing detailed assessment of brain anatomy.
At 3T, the application of 2 TTs to generate an MP2RAGE image has
been shown to be superior to MPRAGE for evaluation of epilepsy.®
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Leptomeningeal Interfoliar Enhancement on Vessel Wall MR
Imaging as a Unique Radiologic Finding of Susac Syndrome

P. Cardozo,

ABSTRACT

H. Chaves

M. Marrodan, ““'A. Gilmore, ““'M.P. Fiol, and

SUMMARY: Susac syndrome is a rare disorder affecting the brain, retina, and inner ear, probably triggered by an immune-mediated

endotheliopathy. Diagnosis is based on clinical presentation and ancillary test findings (brain MR imaging, fluorescein angiography,

and audiometry). Recently, vessel wall MR imaging has shown increased sensitivity in the detection of subtle signs of parenchymal,

leptomeningeal, and vestibulocochlear enhancement. In this report, we describe a unique finding identified using this technique in

a series of 6 patients with Susac syndrome and discuss its potential value for diagnostic work-up and follow-up.

ABBREVIATIONS: SuS = Susac syndrome; VW-MRI = vessel wall MR imaging

S usac syndrome (SuS) is a rare disorder affecting the brain, ret-
ina, and inner ear.! Although the underlying pathogenesis is
not clear, it is thought to be an immune-mediated endotheliop-
athy affecting precapillary arterioles, causing microvascular occlu-
sion and multiple microinfarcts in involved territories.”

It predominantly affects young adults, particularly women.” The
classic clinical triad comprises encephalopathy, with or without
focal neurologic deficits; sensorineural hearing loss; and visual dis-
turbance secondary to branch retinal artery occlusions. However,
the complete triad is present in only 13%-27% of patients at disease
onset.’

SuS$ diagnosis is based on clinical presentation and evidence of
brain, retinal, and vestibulocochlear involvement on brain MR
imaging, fluorescein angiography, and audiometry.* The main
neuroimaging findings are multifocal, T2 FLAIR hyperintense
white matter lesions with hallmark imaging patterns known as

» « » o .

“snowballs,” “spokes,” “icicles,” and “string of pearls.”5 Fluorescein
angiography shows arterial wall hyperfluorescence and branch ret-
inal artery occlusions, and audiometry detects sensorineural hear-
ing loss even in asymptomatic patients.*®

Vessel wall MR imaging (VW-MR imaging) is based on
black-blood 3D T1-weighted sequences, enabling selective sup-
pression of blood signal with high spatial resolution and a high

contrast-to-noise ratio.’ Although initially developed to depict
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intracranial vessel walls, it has demonstrated greater sensitivity in
showing subtle leptomeningeal as well as parenchymal and vesti-
bulocochlear enhancement, compared with gradient-echo and
spin-echo sequences.””

The aim of this study was to assess findings on contrast-
enhanced VW-MR imaging in a cohort of patients with SuS. To
this end, we reviewed institutional electronic medical records
(between July 1, 2017, and October 1, 2022) in search of patients
with definite or probable SuS according to the criteria proposed
by Kleffner et al,'” who had at least 1 contrast-enhanced VW-MR
imaging study acquired at any stage of the disease. Of the 6
patients included, 4 had definite and 2 had probable SuS diagno-
ses (3 women and 3 men; mean age, 36.3 years; age range, 19—
57 years). All patients were subject to extensive work-up to exclude
other possible conditions such as demyelinating syndromes, en-
cephalitis, and vasculitis. VW-MR images were evaluated blinded
to clinical data, by a fourth-year resident (P.C.) and a neuroradiol-
ogist (H.C.) with >10years’ experience, who has read >130 VW-
MR imaging studies in the past 5 years.

Main demographic, clinical, and VW-MR imaging findings
are summarized on in the Online Supplemental Data. MR
imaging scanner characteristics and T1-weighted vessel wall
imaging sequence parameters are summarized on in the Online
Supplemental Data. Contrast enhancement on VW-MR imaging
was visible in 5 patients, with different patterns and distributions
(Fig 1 and Online Supplemental Data). In 4 patients, multiple,
short, linear foci of leptomeningeal interfoliar enhancement were
observed in both cerebellar hemispheres (Fig 2). Additionally,
contrast enhancement was more conspicuous on VW-MR imag-
ing compared with 3D-FLAIR and 3D gradient-echo T1-weighted
images (Online Supplemental Data). In one patient who had
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FIG 1. Different patterns of enhancement on VW-MR imaging: punctuate (A), focal (arrowhead, B), perivascular (arrows, C), leptomeningeal
(D and E), and pachymeningeal (arrowhead, F). Images A, B, D, and E correspond to patient 2, and C and F, to patient 1.

FIG 2. Interfoliar leptomeningeal enhancement on VW-MR imaging. Multiple thin, short, enhancing foci scattered along the folia of the cerebel-
lar vermis and hemispheres. Patient 1(A), patient 2 (B and E), patient 3 (C), and patient 6 (D and F).
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treatment initiated before the MR imaging acquisition, no
enhancement was detected, and in another patient, follow-up
VW-MR imaging after 1year of treatment showed complete
remission of parenchymal and leptomeningeal enhancement
observed at symptom onset (Online Supplemental Data).

DISCUSSION

Existing evidence describes classic neuroimaging features of SuS
as white matter lesions, microinfarcts, and central callosal lesions.
Gadolinium enhancement has also been considered a recurrent
feature, presenting different patterns, including punctate or focal,
and locations: perivascular, leptomeningeal, pachymeningeal,
and cochleovestibular.''?

Although previous literature has demonstrated the higher
reliability of contrast-enhanced FLAIR compared with contrast-
enhanced T1, no study to date has examined the diagnostic per-
formance of VW-MR imaging in patients with SuS.">"'* Only a
limited number of reports have found that VW-MR imaging
had higher sensitivity in distinguishing cases of SuS from other
vascular conditions.'"'?'® Several authors have, however,
described the greater sensitivity of VW-MR imaging compared
with gradient-echo and spin-echo sequences for the detection of
leptomeningeal and subtle parenchymal enhancement in other
pathologies.””

Leptomeningeal enhancement is a recurrent feature of SuS.
Most interesting, we detected a unique pattern of diffuse, infra-
tentorial, interfoliar enhancement in 4 patients, not previously
described in other conditions, consisting of multiple thin, short,
enhancing foci scattered along the folia of the cerebellar vermis
and hemispheres. Cerebellar leptomeningeal enhancement seen
in meningitis or carcinomatosis differs from this pattern, tending
to be more contiguous and/or thicker.

Additionally, a recent report by Baskin et al' presented a case
of gadolinium-enhancement resolution of VW-MR imaging after
immunotherapy. We observed 2 similar cases, one with no
enhancement on VW-MR imaging in a patient already receiving
corticosteroid therapy and another in whom parenchymal and
leptomeningeal enhancement resolved after immunosuppressive
therapy.

No patient in this series or in other published reports showed
arterial vessel wall enhancement, possibly because SuS affects
small-caliber vessels (precapillary arterioles) not detected using
current VW-MR imaging techniques.

Taken together, this evidence suggests that acute inflamma-
tion could be the pathologic substrate underlying VW-MR imag-
ing findings, and leptomeningeal enhancement could represent a
marker of disease activity. It remains unclear whether an associa-
tion exists between this enhancement pattern and severity or
even triggering of the disease.

On the basis of the increased sensitivity and presumed high
specificity of VW-MR imaging, we believe that this imaging tech-
nique will improve both the SuS diagnosis and monitoring of
treatment response during follow-up. Larger diagnostic accuracy
studies will, however, be needed to confirm this hypothesis, given
the limited number of patients included in our study.

Although evidence on VW imaging in SuS remains scarce,
emerging data showing similar findings from different groups
worldwide support the use of this sequence as a diagnostic tool
for SuS.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Identification of the Language Network from Resting-State
fMRI in Patients with Brain Tumors: How Accurate Are
Experts?

SK. Gujar, ““K. Manzoor, ). Wongsripuemtet, “~'G. Wang, “~'D. Ryan, “='S. Agarwal, ““'M. Lindquist, “'B. Caffo, “~')J. Pillai,
and ““H.l. Sair
* =

ABSTRACT

BACKGROUND AND PURPOSE: Resting-state fMRI helps identify neural networks in presurgical patients who may be limited in their
ability to undergo task-fMRI. The purpose of this study was to determine the accuracy of identifying the language network from
resting-state-fMRI independent component analysis (ICA) maps.

MATERIALS AND METHODS: Through retrospective analysis, patients who underwent both resting-state-fMRI and task-fMRI were
compared by identifying the language network from the resting-state-fMRI data by 3 reviewers. Blinded to task-fMRI maps, these
investigators independently reviewed resting-state-fMRI ICA maps to potentially identify the language network. Reviewers ranked
up to 3 top choices for the candidate resting-state-fMRI language map. We evaluated associations between the probability of cor-
rect identification of the language network and some potential factors.

RESULTS: Patients included 29 men and 14 women with a mean age of 4lyears. Reviewer 1 (with 17 years’ experience) demon-
strated the highest overall accuracy with 72%; reviewers 2 and 3 (with 2 and 7 years’ experience, respectively) had a similar per-
centage of correct responses (50% and 55%). The highest accuracy used ICA50 and the top 3 choices (81%, 65%, and 60% for
reviewers 1, 2, and 3, respectively). The lowest accuracy used ICA50, limiting each reviewer to the top choice (58%, 35%, and
42%).

CONCLUSIONS: We demonstrate variability in the accuracy of blinded identification of resting-state-fMRI language networks across
reviewers with different years of experience.

ABBREVIATIONS: BOLD = blood oxygen level-dependent; ICA = independent component analysis; rs = resting-state

esting-state (rs) fMRI has emerged as a novel tool to analyze  arbitrary and depends on the specific threshold used to define a

brain function. In contrast to traditional task-fMRI, no explicit  network; nevertheless, a relatively consistent set of major networks

task is required in rs-fMRI while blood oxygen level-dependent  hagbeen reliably demonstrated in many studies."

(BOLD) images are acquired. Owing to an assortment of naturally Although clinical use of rs-fMRI is currently not widespread,

occurring fluctuations of BOLD activity in various regions of the
brain, a set of intrinsic brain networks can be identified by examin-
ing spatially distinct, however temporally synchronous, BOLD sig-
nals at rest. The number of discrete brain networks is somewhat
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potentially partly due to the variability of brain networks when
examined at the single-subject level,” there was considerable
effort to translate this technique into clinical practice. Thus, the
most promising use of rs-fMRI currently seems to be in the do-
main of presurgical brain mapping.®> While task-fMRI has been
successfully used to identify critical brain regions for preoperative
planning, task-fMRI requires compliance in performing behav-
ioral paradigms necessary for determining brain activation. This
compliance may be limited or absent in many cases, for example,
in the pediatric population or in the elderly; in patients with lan-
guage barriers, visual or hearing impairment, or cognitive/mem-
ory impairment that may preclude language task performance; or
in those with physical debilitation limiting movement for per-
forming motor tasks. Given the lack of a task, therefore, the use
of rs-fMRI is attractive as an alternative technique to assess brain
function. Furthermore, rs-fMRI may potentially require less time
compared with task-fMRI to obtain comparable data.
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FIG 1. Flow diagram of inclusion and exclusion criteria. SWG indicates
Silent Word Generation; SC, Sentence Completion.

As 1 example, rs-fMRI-derived motor networks have been
shown to be comparable with motor regions activated during
task-fMRI as well as motor regions identified during direct corti-
cal stimulation.” The concordance between rs-fMRI-derived lan-
guage networks and task-fMRI-activated language regions is more
variable. Earlier reports suggested moderate concordance;” how-
ever, more recent reports have demonstrated high subject-level
variability.*” While motor networks are relatively easily identified
from rs-fMRI due to the relative invariance of the anatomic-func-
tional relationship of the motor system across individuals, identifi-
cation of the language network may be more challenging due to
relatively high variance in localization of language areas across
individuals® and the similarity of elements of the language net-
work to the spatial distribution of other networks such as the ven-
tral attention network.’

If rs-fMRI is to be used as an alternative to task-fMRI, the accu-
racy of identification of the language network solely from rs-fMRI
must be assessed when one is presented with multiple network
correlation maps, ie, the output generated from commonly used
methods of rs-fMRI analysis such as independent component
analysis (ICA). While automated methods of network identifica-
tion are currently being developed, we were interested in the ability
of humans to correctly identify the language network. We exam-
ined the human accuracy of identifying subject-level rs-fMRI lan-
guage networks using their task-fMRI language activation maps as
the reference standard. We hypothesize that there is low accuracy
in human identification of rs-fMRI language networks when lan-
guage-related task-fMRI activation maps are unavailable.

MATERIALS AND METHODS

Participants

The radiology information system was interrogated for any
patient who underwent fMRI for presurgical brain mapping
between January 1, 2009, and July 1, 2015. Seventy-nine patients
with intracranial neoplasms were identified for whom both lan-
guage task-fMRI and rs-fMRI were available in the same

imaging session. Twenty-one patients had a history of an inva-
sive intracranial procedure (surgery and/or biopsy) and were
excluded to minimize confounding the effect of susceptibility.
Because individual language paradigms commonly activate only
subsets of the global language system, we included only patients
who had completed 3 different language tasks (Silent Word
Generation, Sentence Completion, and Rhyming) during the
same session. Patients who had suboptimal activation on any 1
of the 3 language task-fMRIs, assessed subjectively as is routine
in clinical fMRI cases, were excluded (15 patients). This exclu-
sion was determined by lack of the expected localization of acti-
vation with excessive spurious activation in nonbrain regions
with subject-specific statistical thresholding. After exclusion,
data from 43 subjects were available for analysis (Fig 1).

Handedness
The Edinburgh Handedness Inventory was used to determine
patient handedness.'

Imaging

Images were acquired on 3T Tim Trio MR imaging system
(Siemens) using a 12-channel head matrix coil. For both task-
fMRI and rs-fMRI, T2*-weighted BOLD images were acquired
using 2D gradient-echo echo-planar imaging: TR = 2000 ms,
TE = 30 ms, flip angle = 90°, FOV = 24 cm, acquisition matrix =
64 x 64 x 33, section thickness = 4mm, section gap = 1 mm,
interleaved acquisition. Instructions for rs-fMRI were the follow-
ing: Keep your eyes closed, don’t move, and don’t think of any-
thing in particular. One hundred eighty volumes were acquired for
rs-fMRI (6 minutes). We also obtained 3D T1-weighted structural
images: TR = 2300 ms, TI = 900 ms, TE = 3.5 ms, flip angle = 9°,
FOV = 24 cm, acquisition matrix = 256 x 256 X 176, section
thickness = 1 mm.

Task-fMRI Paradigms

As is routine at our institution, we instructed the patients and
performed practice sessions outside the scanner before fMRI to
ensure that patients understood the tasks. Real-time fMRI maps
were monitored by the neuroradiologist administering the study
to assess global data quality. Any task with suboptimal activa-
tion assessed subjectively was repeated per our protocol; for
final analysis, the single best run of each task was chosen. The
Prism Software Suite was used for stimulus presentation (Prism
Clinical Imaging). A block design of either 30 (rhyming) or 20
(Silent Word Generation, Sentence Completion) seconds of al-
ternative tasks and control blocks was used for an imaging time
of 3 (Rhyming) or 4 minutes (Silent Word Generation, Sentence
Completion).

Image Processing and Analysis

Statistical Parametric Mapping (SPM) Version 8 (http://www.fil.ion.
uclac.uk/spm/software/spm12) and custom Matlab (MathWorks)
scripts were used to process the fMRI.

Task-fMRI

Task-fMRI underwent slice timing correction followed by
motion correction. Images were normalized to a Montreal
Neurological Institute-152 template and spatially smoothed using
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a 6-mm full width at half maximum Gaussian kernel. A general
linear model analysis was performed using a canonical hemody-
namic response function convolved with the boxcar function for
each task, without using model derivatives or global intensity
normalization. A 128-second high-pass filter was used. An
autoregressive was used to account for temporal autocorrelations.
No confound matrix was used. A contrast design matrix set to
detect activation across all 3 tasks compared with rest was used
for each subject. SPM T-contrast maps were generated without
clustering or multiple comparison correction, which is the
approach that we use routinely for clinical language mapping
because clustering is usually not necessary at the selected thresh-
olds and correction for multiple comparisons would be too strin-
gent for such single-subject language-activation analysis.

Rs-fMRI
Rs-fMRI underwent slice timing correction followed by motion
correction. The ArtRepair toolbox (https://www.nitrc.org/projects/
art_repair/)"" was then used to detect volumes with large shifts in
global average signal intensity related to scan-to-scan motion; both
the outlier volumes and additional volumes recommended for de-
weighting were tagged for subsequent removal from analysis (ie,
for “scrubbing”). Rs-fMRI was linearly detrended, and following
coregistration of rs-fMRI and T1-weighted images, physiologic
nuisance regression of rs-fMRI was performed using component-
based noise correction (CompCor method)'? using signal extracted
from eroded white matter and CSF masks. After bandpass filtering
from 0.01 to 0.1 Hz, smoothing was performed with a 6-mm full
width at half maximum Gaussian kernel. Finally, images tagged by
ArtRepair were removed (scrubbed) from the rs-fMRI volumes.
The Group Independent Component Analysis of fMRI
Toolbox (GIFT, Medical Image Analysis Lab, http://mialab.mrn.
org/software/gift) was used to generate ICA maps for each subject
using 20 (ICA20) and 50 (ICA50) target components, using the
InfoMax algorithm with ICASSO" set at 5 repeats. The language
network was identified by first sorting the ICA components using
multiple regression in GIFT, with the task-fMRI SPM T-maps as
the reference template. Then, the component that demonstrated
the highest spatial overlap with the task-fMRI maps localized to
Broca and Wernicke activation was selected as the rs-fMRI lan-
guage network. Of note, in all cases, there was 1 ICA component
that best represented the primary language network for both ICA
orders. This ICA component was labeled the rs-fMRI language
network map for each subject.

Rs-fMRI Language Network Identification

Three participants independently reviewed the rs-fMRI ICA
maps to identify the potential language network. All were blinded
to the task-fMRI activation maps. The reviewers ranged in fMRI
experience: 17years (neuroradiologist), 7years (neuroradiolo-
gist), and 2 years (neuroimaging postdoctoral researcher). Each
of the raters had similar previous exposure to rs-fMRI and had
experience in interpreting rs-fMRI network maps. Images were
presented to each reviewer using the orthogonal viewer in
FSLView (Version 3.1; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FslView/UserGuide) with each subject’s rs-fMRI maps overlaid
on their T1-weighted images. Review was performed independently

276 Gujar Mar 2023 www.ajnr.org

for ICA20 and ICA50. The reviewers were allowed to modify
image contrast and thresholds. Reviewers ranked up to 3 top
choices for the candidate rs-fMRI language map, as well as their
confidence in their assessment ranging from 1 (highly confident)
to 5 (not confident).

Statistical Tests

We aimed to discover the association between the probability of
correct identification of the language network and some potential
factors including the reviewers, ICA type, and each selection
scenario.

We modeled this study using generalized linear mixed-effects
models similar to studies of measurement reproducibility. Yij
denoted the correctness of identification for subject i by reviewer
j using ICA type k and top choices L. Yj; takes values 1 or 0, indi-
cating whether the identification is correct. The cross-sectional
structure motivates the generalized mixed-effects model as
follows:

logit(P(Yiju = 1)) = a4 u; + Bj+xx+z+hi(1),

where the u; is mutually independent normally distributed,
N(0, o?), random intercepts. The covariate f3; represents the
fixed effect of reviewer j. The effect of ICA20 and ICA50 is
denoted by x; and x ,, respectively. The covariates z, 2, z3
denote the effect of 3 different selection scenarios (top 1 choice,
top 2 choices, and top 3 choices). The term h; denotes the hand-
edness for subject i. To ensure the identifiability of the model,
we introduced constraints 8, = 0,x; = 0,z; = 0.

We performed likelihood ratio tests to investigate interaction
terms between each pair of the fixed effects. The resulting tests
were nonsignificant. We also found that the effect of ICA type
and handedness does not help to improve the model fit, so the
associated terms were excluded. In other words, there was no sig-
nificant effect for the ICA type and handedness, given the other
variables. We also performed the test for necessity of random
intercept effect (Hy : 0> = 0 versus H; : 2> 0) by parametric
bootstrapping. We found improvement in model fit (boot-
strapped P value estimated to be 0) by fitting the model, account-
ing for the subject-specific random effects.

To further explore the association between the probability of
correct identification and the confidence rating or the location of
lesions, adjusted for the effect of each reviewer, ICA types, and
selection scenarios, we fit a similar generalized mixed-effects
model, accounting for these effects. Tumor location was recorded
for involvement of the frontal lobe, parietal lobe, temporal lobe,
occipital lobe, or deep (subcortical) areas, with additional specific
tags for involvement of the left inferior frontal gyrus and right in-
ferior frontal gyrus (either of them potentially involving the
Broca areas) and of the left posterior temporal lobe and right pos-
terior temporal lobe (either of them potentially involving the
Wernicke areas).

The final model we fit is the following:

lOgit(P(Y,'jkz = 1|ui)) =a+u+ ﬁ;‘ +z (2),

where u; follows the normal distribution, N(0, &), independ-
ently. This is the simplified version of model 1 after a sequence of
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Table 1: Correctness percentage by reviewer and ICA target component

RESULTS

Patients included 29 men and 14

Reviewer ICA Component Top Choices No. (% Correctness) 95% Cls

1 Overall 72.09% 66.12%—77.39%
1 20 Top1 28 (65.12%) 49.01%—78.55%
1 20 Top 2 32 (74.42%) 58.53%—85.96%
1 20 Top 3 33 (76.74%) 61.00%—87.72%
1 50 Top1 25 (58.14%) 42.21%-72.63%

1 50 Top 2 33 (76.74%) 61.00%—87.72%
1 50 Top 3 35 (81.40%) 66.08%—91.08%
2 Overall 50.39% 44.13%-56.63%
2 20 Top 1 16 (37.21%) 23.39%-53.28%
2 20 Top 2 23 (53.49%) 37.83%—68.53%
2 20 Top 3 24 (55.81%) 40.01%—70.59%
2 50 Top1 15 (34.88%) 21.45%-50.99%
2 50 Top 2 24 (55.81%) 40.01%-70.59%
2 50 Top 3 28 (65.12%) 49.01%—78.55%
3 Overall 55.04% 48.74%—61.18%

3 20 Top 22 (5116%) 35.68%—66.44%
3 20 Top 2 26 (60.47%) 44.45%—74.63%
3 20 Top 3 26 (60.47%) 44.45%74.63%
3 50 Top 18 (41.86%) 27.37%-57.79%
3 50 Top 2 24 (55.81%) 40.01%—70.59%
3 50 Top 3 26 (60.47%) 44.45%—74.63%

women with a mean age of 41years
(minimum 18 and maximum 69
years). Thirty-three patients are right-
handed, 8 were left-handed, and 2 were
ambidextrous.

Tables 1 and 2 illustrate the mar-
ginal association between correctness
percentage and the reviewers, ICA
type, and selection scenarios. Table 1
and the Online Supplemental Data
demonstrate the percentage correct
for each reviewer for ICA20 and
ICA50, assessing their top choice (1),
the top 2 choices (1 + 2), or the top 3
choices (1 +2+3), with Fig 2 graphi-
cally depicting the overall compari-
sons. Reviewer 1, with 17 years of fMRI

Table 2: Difference in correctness percentages comparing the top choice with the top 2

and 3 choices

experience, demonstrated the highest
overall accuracy with 72% (95% CI,
66.1%-77.4%) correct responses across
all conditions. Reviewers 2 and 3, with
2 and 7 years of experience respectively,

had overall similar percentages of cor-

Reviewer ICA Pair Comparison Number (Percentage Differences) P Value*

1 20 Top 1vs top 2 4 (8.30%) 063 rect responses (50% [95% CI, 44.1%—
20  Toplvstop3 5 (1.63%) 031 56.6%] and 55% [95% CI, 48.7%-
20 Top 2 vs top 3 1(2.33%) .500 61.2%]). For each reviewer, the highest

1 28 IOP } vs top ; ](8) (125;622:/;) <~88?: accuracy was obtained using ICA50
<0 ng 2"22)’; 3 5 §4 6‘57;’) '250 and top 3 choices (81%, 65%, and 60%

\% X () . . .

5 2 Top 1vs top 2 7 (16.28%) 008? for reviewers 1, 2, and 3, respectively).
20 Top 1vs top 3 8 (18.60%) 0042 Conversely, the lowest accuracy was
20 Top 2 vs top 3 1(2.32%) .500 also obtained using ICA50, however

2 gg ¥0p } vs top § 12 ggg;"f)) -8812: limiting each reviewer to the top choice

op 1vs top .23%, <. 0 0 o

50  Top2vstop3 4(9.30%) 063 (58%, 35%, and 42%).

3 20 Top 1vs top 2 4(9.30%) 063 Significant differences in accuracy
20 Top 1vs top 3 4(9.30%) 063 were seen between selecting only the
20 Top 2 vs top 3 0(0.00%) 1.0 top choice versus selecting the top 3

3 28 1op 1 Vs top§ ngig{;) 810643 choices (Table 2), with the exception
50 ng Z\QSst‘fCZ)F;) 3 ) E4 657;) '250 of ICA20 for reviewer 3. In both ICA

2P value from the 1-sided sign test.

tests, as described above and will be used for inference and inter-
pretation. From model 2, we can see that the probability of cor-
rect identification is associated with the subject-specific effect,
reviewer-specific effect, and the selection scenarios.

A conditional logistic regression model given the subject-
specific effect was constructed to explore the association between
the probability of correct identification and the confidence rating
adjusted for the effect of each reviewer and ICA type. No signifi-
cant association resulted. To measure the concordance of rs-fMRI
language network map identification among and within the 3
reviewers, we calculated intrarater and interrater k statistics.

All statistical analyses were performed in R statistical and
computing software, Version 3.6.2 (http://www.r-project.org/).

conditions and across all raters, no
significant difference in accuracy was
seen between the selection of the top
2 choices versus the top 3 choices.
When we compared the single top choice with the top 2
choices, mixed findings were noted between ICA orders and
raters. Across the raters, inclusion of 3 choices compared with
1 choice improved the accuracy by 13% for ICA and 20% and
24% for ICA50. When examining the converse problem,
whether ICA order increases accuracy, no significant differ-
ence was found for any of the reviewers in any of the 3 choice
conditions (Online Supplemental Data). Figure 3 demon-
strates, averaged across all subjects, the spatial distribution of
task-fMRI language activation, correctly selected rs-fMRI lan-
guage component, and incorrectly selected rs-fMRI.

K statistics (Table 3) demonstrated an overall fair concord-
ance between reviewer 1 and reviewers 2 and 3 (k = 0.35-0.40).
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FIG 2. Correctness percentage by reviewer and ICA target components with their corresponding confidence intervals.
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FIG 2. Continued.

Poor concordance was observed between reviewers 2 and 3 (k =
0.16). When we limited analysis to the top choice, again reviewer
1 demonstrated fair concordance with reviewers 2 and 3 (k =
0.21-0.47), and there was poor concordance between reviewers 2
and 3 (x = 0.028). Similar findings were seen when analyzing the
concordance of any of the top 3 choices (reviewer 1 versus 2 and
3 [k = 0.31-0.42], and reviewer 2 versus 3 [k = 0.12]).

On the basis of model 2, conditional on subject, the odds
of correct identification for reviewer 2 were 0.26 (95% CI,
0.17-0.41) times the odds of reviewer 1, given the same selec-
tion scenario. Similarly, the OR of reviewer 3 against reviewer
1 was 0.34 (95% CI, 0.22-0.53), and the OR of reviewer 3
against reviewer 2 was 1.31 (95% CI, 0.86-1.99). Note that
there was no significant difference between odds of reviewer 2
and reviewer 3, given the same selection scenario conditional
on the subject.

From the same model, the odds of correct identification
for selecting the top 2 choices were 2.39 (95% CI, 1.56-3.69)
times the odds of the top 1 choice, given the same reviewer
and conditional on subject. The OR of selecting the top 3
choices against the top 1 choice was 3.05 (95% CI, 1.98-4.76),
and the OR of including the top 3 choices against the top 2
was 1.28 (95% CI, 0.83-1.98). The difference between the
odds of selecting the top 3 and top 2 choices is not statistically
significant.

Regarding the association between the probability of cor-
rect identification and the confidence rating or the location
of lesions, the likelihood ratio test informs us that there is no
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significant effect by the confidence rating and lesion locations
(P value = .365).

DISCUSSION

Rs-fMRI is being increasingly used in the setting of presurgical
brain mapping.®'*'> Despite the potential subject level variabili-
ty of data accuracy,®” nevertheless in select cases, rs-fMRI may
be considered a viable option for presurgical brain mapping;
indeed, at least 1 institution has included rs-fMRI in their pre-
surgical brain mapping paradigm without obtaining task-
fMRL>'® For this purpose, obtaining highly accurate intrinsic
brain network data is paramount to avoid adverse outcomes fol-
lowing surgery.

Two widely used methods of rs-fMRI analysis are associ-
ated with unique limitations. Seed-based analysis necessitates
placing ROIs in selected areas of the brain, depending on the
network to be defined. The advantage of this method is that
anatomy can guide placement of ROIs to target specific net-
works if clear landmarks for ROI placement are available, such
as for the motor network. However, in the setting of presurgi-
cal language mapping, several confounds appear. First, pri-
mary language areas are more widely distributed anatomically
across subjects;® thus, placement of an ROI in the inferior por-
tion of the pars opercularis, for example, may work for 1
patient but not another. Second, often there are anatomic dis-
tortions in expected language regions in patients with large
brain lesions, making it difficult to determine the correct
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FIG 3. Comparison of task- versus rs-fMRI averaged across subjects. Green denotes average
task-fMRI activation of the language system across all subjects. Red denotes the average spa-
tial map of the rs-fMRI component correctly selected across subjects by all reviewers. Blue
represents the average spatial map of the incorrectly selected rs-fMRI component across
subjects by all reviewers. Overlays are additive: Yellow denotes overlapping voxels between
green (task-fMRI) and red (correct rs-fMRI component). The white area in the inferior frontal
gyrus along the inferior frontal sulcus denotes overlap across task-fMRI, incorrect rs-fMRI,
and correct rs-fMRI. While some overlap is noted here, which may be a function of spatial
smoothing, there is a clear distinction between the correct rs-fMRI versus incorrect rs-fMRI

distribution.

Table 3: Interrater (between reviewers) k statistic by top choice
groups

Reviewer 1 2 3

Overall

1 1.0 0.35 0.40

2 0.35 1.0 0.16

3 0.40 0.16 10
Top choice

1 1.0 0.47 0.21

2 0.47 1.0 0.028

3 0.21 0.028 1.0
Top 2 choices

1 1.0 0.37 0.37

2 0.37 1.0 0.27

3 037 0.27 1.0
Top 3 choices

1 10 0.31 0.42

2 0.31 1.0 0.12

3 0.42 0.12 1.0

anatomic landmarks. Damage to primary language regions due
to tumor infiltration or prior surgery may also cause reorganiza-
tion of language networks,'”'® further limiting accurate ROI
placement. Finally, neurovascular uncoupling may adversely
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affect seed placement due to lack of
expected BOLD fluctuations in net-
work subregions."®

The alternative is to use a data-
driven approach such as ICA. Here,
rs-fMRI time-series typically at the
voxel level is separated into maximally
independent components. The result-
ant component maps each may repre-
sent one of the various intrinsic brain
networks, or nuisance. To determine
relevant maps, one may use auto-
mated methods such as template-
matching; however as is the case with
seed-based analysis in patients with
large lesions, anatomic distortion or
network reorganization may impede
its accuracy. More commonly, rele-
vant network maps are selected by
visual inspection, taking into consid-
eration potential changes in network
topology.

Aside from (however related to)
the problem of choosing the ideal
number of target components in ICA
(ie, ICA order), for which there is no
clear paradigm,® the issue of catego-
rizing networks derived from ICA can
be especially challenging due to several
factors. First, network maps do not
necessarily break evenly across compo-
nents, and using low ICA orders may
cause merging of one or more net-
works (or even networks and noise),
and using high ICA orders may result
in fragmentation of networks into subnetworks. For our study,
using task-fMRI maps as the target, we found that a single
component for ICA20 and ICA50 best matched the target,
with no fragmentation at these levels of ICA orders. The gen-
eral range of optimum ICA order is affected by several tech-
nical factors, including hardware, length of the scan, and
postprocessing. The rs-fMRI output maps, therefore, may
need to be evaluated in each unique experimental condition
to optimize the general range of target ICA orders. At our
institution for example, an ICA order of 50 appears to be
ideal for use when rs-fMRI is included as part of the presur-
gical brain mapping protocol in addition to task-fMRI, the
scanning of which is limited to 1 scanner. However, empiri-
cally, a higher target order has been necessary when the rs-
fMRI protocol is used on a different scanner, at least partially
due to differences in contrast to noise.

Despite having a relatively long clinical and research fMRI
career of 17 years, the first rater’s accurate identification of rs-
fMRI language maps peaked at 72% across any condition; this
fact should be noted by those who are using this method for
research or clinical reasons. Limiting the choice to the best
guess decreased accuracy to about 65%. With fewer years of



experience, the accuracy was overall not better than chance
(50%). Caution, therefore, is advised when identification of
language maps is a critical component of management, for
example, to decide on an operative approach or the potential
extent of tumor resection. Confirmation of the selected lan-
guage component with additional methods (eg, task-fMRI or
intraoperative mapping) would be critical.

Automated methods of network identification may, therefore,
be necessary when task-fMRI is not available. Using a multilayer

1?! demonstrated that

perceptron (a neural network), Mitchell et a
reliable intrinsic brain networks could be characterized in 13
patients with distorted brain anatomy with electrocortical stimu-
lation as the criterion standard. Further validation in larger sam-
ple sizes would be necessary to ensure that methods such as this
have high reliability and reproducibility. Finally, a measure of in-
herent reliability of the rs-fMRI maps would be important to
develop.

There are several limitations in our study. We used task-
fMRI as the reference standard for ground truth, due to a lack
of availability of consistent intraoperative mapping. While
intraoperative mapping with direct cortical stimulation itself
has specific limitations such as a potential lack of specificity,
generally, it is considered superior to task-fMRI for functional
localization.

We limited ICA orders to 20 and 50 empirically, on the ba-
sis of the optimum number of target components based on
prior analysis of this data set. In this specific case, the language
component was seen in a single component for both ICA20
and ICA50 as noted above. However, especially in lower ICA
orders, rs-fMRI language networks may have been mixed with
other networks, confounding the labeling of the ICA compo-
nent to the correct network. In the setting of using data-driven
approaches to ICA estimation (eg, as is implemented in the
MELODIC tool in FSL, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
MELODIC) or setting the ICA order to an arbitrary higher
number, mixing (due to low order) or fragmentation (due to
higher order) may result in greater challenges in detecting the
language network.

Finally, while potential distortion of language networks was
addressed in this study, the contribution of technical and physi-
ologic factors that result in further deviation of the networks
from the expected appearance could introduce further difficulty
in identification of the network. For example, the presence of
hemorrhage or prior surgery may result in susceptibility arti-
facts masking certain components of the network. Similar loss
of detection of network subcomponents may occur in the pres-
ence of neurovascular uncoupling.

CONCLUSIONS

We demonstrate the variability of the accuracy of blinded
identification of rs-fMRI language networks across raters and
different years of fMRI experience, using task-fMRI language
activation maps as the reference. In addition to rs-fMRI-based
brain mapping, additional confirmatory methods to supple-
ment this information such as through task-fMRI or intraoper-
ative stimulation may be necessary. Further work is needed to

determine the diagnostic utility of rs-fMRI using a more reli-
able criterion standard.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Reconstruction of the Corticospinal Tract in Patients with
Motor-Eloquent High-Grade Gliomas Using Multilevel Fiber
Tractography Combined with Functional Motor Cortex
Mapping

A. Zhylka, ““'N. Sollmann, “='F. Kofler, “~'A. Radwan, "~ A. De Luca, “'). Gempt, “= B. Wiestler, ““'B. Menze, "~ A. Schroeder,
C. Zimmer, “~J.S. Kirschke, “~'S. Sunaert, "~ A. Leemans, ““'S.M. Krieg, and ““'J. Pluim

4 =

ABSTRACT

BACKGROUND AND PURPOSE: Tractography of the corticospinal tract is paramount to presurgical planning and guidance of intraopera-
tive resection in patients with motor-eloquent gliomas. It is well-known that DTI-based tractography as the most frequently used technique
has relevant shortcomings, particularly for resolving complex fiber architecture. The purpose of this study was to evaluate multilevel fiber
tractography combined with functional motor cortex mapping in comparison with conventional deterministic tractography algorithms.

MATERIALS AND METHODS: Thirty-one patients (mean age, 61.5 [SD, 12.2] years) with motor-eloquent high-grade gliomas underwent
MR imaging with DWI (TR/TE = 5000/78 ms, voxel size = 2 X 2 x 2 mm>, 1 volume at b = 0 s/mm?, 32 volumes at b = 1000 s/mmz)‘
DTI, constrained spherical deconvolution, and multilevel fiber tractography—based reconstruction of the corticospinal tract within the
tumor-affected hemispheres were performed. The functional motor cortex was enclosed by navigated transcranial magnetic stimulation
motor mapping before tumor resection and used for seeding. A range of angular deviation and fractional anisotropy thresholds (for
DTI) was tested.

RESULTS: For all investigated thresholds, multilevel fiber tractography achieved the highest mean coverage of the motor maps (eg,
angular threshold = 60°; multilevel/constrained spherical deconvolution/DTI, 25% anisotropy threshold = 71.8%, 22.6%, and 11.7%)
and the most extensive corticospinal tract reconstructions (eg, angular threshold = 60°; multilevel/constrained spherical deconvolu-
tion/DTI, 25% anisotropy threshold = 26,485 mm?®, 6308 mm?®, and 4270 mm3).

CONCLUSIONS: Multilevel fiber tractography may improve the coverage of the motor cortex by corticospinal tract fibers com-
pared with conventional deterministic algorithms. Thus, it could provide a more detailed and complete visualization of corticospi-
nal tract architecture, particularly by visualizing fiber trajectories with acute angles that might be of high relevance in patients with
gliomas and distorted anatomy.

ABBREVIATIONS: ADT = angular deviation threshold; CSD = constrained spherical deconvolution; CST = corticospinal tract; FAT = fractional anisotropy
threshold; FOD = fiber orientation distribution; MLFT = muiltilevel fiber tractography; nTMS = navigated transcranial magnetic stimulation

liomas are the most prevalent malignant brain tumors in  Contemporary treatment combines neurosurgical tumor resection
adults, and particularly anaplastic astrocytoma and glioblastoma ~ with extended focal radiation therapy and adjuvant chemother-
as representatives of high-grade gliomas have poor prognoses.'”  apy.*® Specifically, a maximum extent of resection correlates to
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prolonged survival and improved quality of life.”” However, a max-
imum extent of resection needs to be weighed against the risk of
surgery-related functional decline such as persistent paresis or
aphasia, which may arise from tumor resection in or near function-
ally eloquent structures such as the motor or language cortex.'®"!
Additionally, subcortical WM pathways such as efferent fibers that
interconnect certain brain areas or course down to the periphery
may need to be respected to avoid lasting functional deficits.'>"

Imaging and mapping of brain function are essential for a max-
imum safe resection combined with a high extent of resection and
a low-risk profile for permanent functional deterioration.'*'¢ In
the preoperative setup, DWI with tractography is used for delinea-
tion of WM architecture, which can then be visualized and
respected during tumor resection.'”'® Particularly, DTI-based trac-
tography is commonly applied to reconstruct certain fiber tracts,
relating to its comparatively wide availability and low false-positive
rate.'” However, despite its frequent application in the preoperative
work-up of patients with glioma, the technique has relevant short-
comings that render the accuracy of the method questionable.”**'
Specifically, major issues relate to potential underrepresentation of
fiber branching or crossing fibers, which are difficult to resolve by
DTI-based tractography.”** Alternatives to DTI-based tractogra-
phy exist, including methods such as constrained spherical decon-
volution (CSD)—tractography, which has shown improved
specificity compared with DTI-based tractography, given that
CSD-based tractography is determined by higher angular resolu-
tion and the possibility of also disentangling more complex fiber
configurations.”?® In CSD, multiple fibers passing through a voxel
with distinct orientations can be estimated, depending on the fiber
orientation distribution (FOD).2>?

Multilevel fiber tractography (MLFT) has been developed
from CSD-based tractography and similarly propagates fiber
pathways on the basis of FOD peaks, with the main advancement
that MLFT proposes that FOD peaks do not solely reflect crossing
fibers but may also reflect high angular deviation of fibers or their
branching.”*® A previous study has demonstrated that MLFT
improved reconstruction of the corticospinal tract (CST) in
patients with motor-eloquent high-grade gliomas by generating
fiber bundles with higher radial extent (ie, delineation of CST
fanning with a wider range) compared with DTI as well as CSD-
based deterministic CST tractography, thus potentially showing a
more complete picture of the actual CST architecture.”” Yet,
without optimal seeding of the ROI for tractography, MLFT
would be at considerable risk of reconstructing false-positive
WM pathways, given that it can also include acute angles of fiber
courses, which might be particularly frequently observed among
patients with brain tumors due to the space-occupying effect that
may lead to fiber diversion and compression.””

The issue of optimal ROI seeding for CST reconstruction may
be addressed by combining MLFT with preoperative functional
mapping, such as navigated transcranial magnetic stimulation
(nTMS). In essence, nTMS can target neurostimulation to the
brain with subcentimeter precision and enables the spatial identi-
fication and demarcation of the motor cortex in relation to a
lesion.*>?® Particularly, nTMS-based motor mapping has been
frequently used in the preoperative setup and for guidance of
intraoperative resection in patients with motor-eloquent brain
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tumors.>*>? The approach has been shown to result in cortical
motor maps similar to those generated by intraoperative direct
electrical stimulation as the reference standard for functional
cortical mapping.*®>> More recently, combinations of tractogra-
phy with nTMS have been used to establish function-based trac-
tography of the CST, which is based on the definition of the
nTMS-derived cortical motor map as an ROL>**

Against this background, the purpose of the present study was
to combine MLFT for reconstruction of the CST with nTMS for
enclosing the functional motor cortex in patients with motor-
eloquent gliomas. We hypothesized that MLFT may show higher
coverage of the nTMS motor map (ie, the highest percentage of
fibers of the CST being connected to the motor cortex) compared
with deterministic DTI-based and CSD-based tractography.

MATERIALS AND METHODS

Study Design and Patient Cohort

This study was approved by the local institutional review board
(Ethikkommission Technische Universitit Miinchen) and was con-
ducted in accordance with the Declaration of Helsinki. The require-
ment for written informed consent for this study was waived due to
the retrospective design.

Eligible patients were identified by chart review, covering the
time interval from February 2019 to February 2020. Inclusion cri-
teria were the following: 1) older than 18 years of age, 2) availabil-
ity of preoperative 3T MR imaging, including diffusion-weighted
sequences, 3) diagnosis of a high-grade glioma (based on imaging
findings and later confirmation by histopathologic evaluation of
biopsy probes or tumor tissue harvested during surgical resec-
tion), 4) suspected motor-eloquent tumor location according to
preoperative. MR imaging, and 5) availability of preoperative
nTMS-based motor mapping of the tumor-affected hemisphere.

Overall, 31 patients (mean age, 61.5 [SD, 12.2] years; age range,
34.4-85.1 years; 12 women) matched the inclusion criteria and
were considered for this study. Three patients were diagnosed with
World Health Organization grade III gliomas, and 28 patients
with World Health Organization grade IV gliomas, and the right
hemisphere was affected by the tumor volume in 19 patients.

Data Acquisition

MR Imaging. Preoperative MR imaging was performed on two 3T
scanners (Achieva dStream or Ingenia; Philips Healthcare) using
a 32-channel head coil. The imaging protocol included a 3D
FLAIR sequence (TR/TE = 4800/277 ms, 1-mm” isotropic voxels
covering the whole head), an axial T2-weighted sequence (TR/
TE = 3396/87 ms, voxel size = 0.36 x 0.36 x 4 mm3), a diffusion-
weighted sequence (TR/TE = 5000/78 ms, voxel size = 2 x 2 x
2 mm?>, 1 volume at b=0 s/mm?, 32 volumes at b=1000 s/mmz),
and a 3D T1-weighted turbo field echo sequence (TR/TE =
9/4ms, 1-mm”> isotropic voxels covering the whole head) without
and with intravenous injection of a contrast agent using a dose of
0.2mL per kg body weight of gadoteric acid (Dotagraf, 0.5 mmol/
mL; Jenapharm).

NnTMS. Preoperative motor mapping of the tumor-affected hemi-
sphere was performed using nTMS (NBS system 4.3 or 5.0;
Nexstim). For neuronavigation, the preoperatively acquired



contrast-enhanced 3D T1-weighted turbo field echo sequence was
used. Motor mapping was performed according to a standardized
protocol using a figure-of-eight stimulation coil and a biphasic
pulse wave application.’®*! Both representations of upper and
lower extremity muscles were mapped within the tumor-affected
hemisphere using an intensity of 105%-110% of the individual
resting motor threshold for the upper extremity and an intensity
of at least 130% of the resting motor threshold for the lower ex-
tremity muscles.>*! Motor-positive nTMS points were identified
during post hoc analysis, which were required to show an ampli-
tude of motor-evoked potentials of =50 uV, with motor-evoked

potential onset latencies within the typical ranges.*>*>*?

Image Segmentation and Processing of DWI Data. Before image
segmentation, all MR imaging data were transferred to Montreal
Neurological Institute space (with an isotropic voxel size of 1 mm?>).
Given that commonly used parcellation pipelines may not produce
robust segmentations in the presence of brain tumors, lesion filling
was performed using the Virtual Brain Grafting toolkit (https://
github.com/KUL-Radneuron/KUL_VBG/).**** This approach
replaces the tumor volume with synthetic healthy tissue.*

As a prerequisite for lesion filling, lesion segmentation was per-
formed using the BraTS$ toolkit (https://github.com/neuronflow/
BraTS-Toolkit).*** The BraTS toolkit was provided with TI-
weighted images, both noncontrast and contrast-enhanced, as well
as FLAIR and T2-weighted images, to perform the lesion segmenta-
tion.***” The segmentation differentiates between the tumor core
(necrotic center and contrast-enhancing tumor parts) and FLAIR-
hyperintense zones (edema/tumor infiltration).

All diffusion-weighted data sets were preprocessed by per-
forming motion and eddy current corrections.*® To estimate
FODs, we used recursive calibration of the response function.*
Given the number of acquired diffusion-weighted volumes, the
order of spherical harmonics describing FODs was set to
Lonaximum = 6. All processing was performed in ExploreDTI
(Version 4.8.6; http://www.exploredti.com/).

Because nTMS was performed as a separate acquisition,
nTMS points had to be transferred to the space of the TI-
weighted and diffusion imaging data sets, achieved by performing
registration of the contrast-enhanced T1-weighted images to the
masks containing all motor-positive nTMS points of the tumor-
affected hemisphere. All n'TMS points were enlarged using a hull
of 2-mm radius by default to provide the final motor cortex seed
mask.*** All image coregistrations and segmentations were visu-
ally inspected for quality and manually corrected, when neces-
sary, by a trained neuroradiologist.

Tractography Algorithms. Three tractography algorithms were
used for CST reconstruction: DTI-based tractography, CSD-
based tractography, and MLFT. MLFT has been recently intro-
duced and is a bundle-specific algorithm that reconstructs fiber
bundles as multilevel structures.””*® The algorithm requires seed
and target regions (ie, the ipsilateral anterior pontine brainstem
level and the n'TMS-derived cortical motor map) and a maximum
number of levels.>”*® At each iteration, streamline propagation is
performed using a deterministic CSD-based algorithm. At the
end of each iteration, FOD peaks of the points along pathways

that did not reach the target region are used as initial directions
at the following iteration. Thus, the potential of the peaks to rep-
resent branches is explored.

The angular deviation threshold (ADT) is aimed at maintaining
smoothness and physical plausibility of the fiber pathways because
it prevents propagation into directions highly deviating from the
previous step direction. However, the threshold may impact the ac-
curacy of the reconstruction, depending on the voxel and angular
resolution of the data. Thus, each tractography algorithm was run
with 3 different ADTs, namely 20°, 45° and 60°. For DTI-based
tractography, 3 levels of the fractional anisotropy threshold (FAT)
were used by setting the individual fractional anisotropy to a maxi-
mum value that enables reconstructing a minimum fiber course (ie,
100% FAT). For CSD-based tractography as well as MLFT, the
FOD peak threshold was set to 0.08.>”*® The tractography step size
was set to half the voxel size, and the number of iterations for
MLFT was set to 2.

Statistical Analysis. Statistical testing was performed using SPSS
(Version 26.0; SPSS Statistics for Windows; IBM) and the SciPy
library (Version 1.3.1; https://www.scipy.org). The threshold for
statistical significance was set at a = .05.

To assess and compare reconstructions of the CST, we com-
puted the ratio of the visited voxels of the nTMS mask to the
reconstructed fibers for each parameter configuration (ADT =
20°, 45° and 60° FAT = 25%, 50%, and 75%) and algorithm
(DTI-based tractography, CSD-based tractography, and MLFT).
This computation provides an estimate of how much of the
nTMS mask (ie, cortical motor-positive nTMS points) is covered
and, consequently, how complete the reconstruction is according
to the function-based reference (n'TMS mask). Additionally, vol-
umes of the reconstructed bundles were computed as the accu-
mulated volume of all the voxels visited by at least 1 fiber
pathway. Only the bundle part between the seed and target region
was taken into account. To compare the nTMS coverage as well
as the volumes of the reconstructions as obtained by the different
algorithms depending on the FAT as well as ADT, we performed
paired 1-sided Wilcoxon tests. Furthermore, the nTMS coverage
achieved by the same algorithm at different ADT settings was
compared using paired 2-sided Wilcoxon tests.

RESULTS

Tractography using MLFT was capable of reconstructing fiber
bundles with higher volumes (on average 10,367, 19,567, and
26,485 mm> for ADTs of 20°, 45° and 60°) than what was
achieved by the DTI- and CSD-based algorithms, true for all used
ADTs and FATs (Fig 1 and Online Supplemental Data). DTI-
based tractography reconstructed statistically significant smaller
bundles than CSD-based tractography at 25% (P =.54, .99, and 1
for 20°, 45°, and 60° ADT), 50% (P=.97, 1, and 1 for 20°, 45°,
and 60° ADT) and 75% FAT (P =1 for all ADTs) based on 1-
sided Wilcoxon tests.

Compared with the other approaches, MLFT reconstructions
of the CST achieved the highest coverage of the nTMS motor
map, which amounted to 38.7%, 60.8%, and 71.8%, on average,
for ADTs of 20°, 45° and 60° respectively (Fig 2 and Online
Supplemental Data). MLFT also achieved higher coverage in
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FIG 1. The nTMS-based motor map (green indicates single motor-positive nTMS points with a 2-
mm hull) was used as the target region for reconstruction of the CST within the tumor-affected
hemisphere (red indicates the tumor core). MLFT shows higher nTMS mask coverage compared
with DTI- and CSD-based results, including cases of tumor-induced bundle deformation (subject

No. 28).

case of tumor-induced bundle deformations (Fig 1). CSD-based
tractography achieved higher coverage of the nTMS motor map
than DTI-based tractography, regardless of the settings for ADT
and FAT (Fig 2). This finding was also confirmed by comparing
reconstructions obtained with the same ADTs with 1-sided
Wilcoxon tests (P> .95 for all comparisons, Online Supplemental
Data).

The change of the ADT led to statistically significant changes in
nTMS motor map coverage (P < .01) based on 2-sided Wilcoxon
tests, which can also be observed in an exemplary patient case
(Fig 3). Only when using 75% FAT for DTI-based reconstruction
was a statistically nonsignificant difference observed between recon-
structions obtained with 20° and 60° ADT as well as 45° and 60°
ADT.

DISCUSSION
We combined MLFT with motor mapping for CST reconstruc-
tion based on nTMS motor maps used for ROI placement in
patients with motor-eloquent gliomas. Tractography results were
compared against deterministic DTI-based and CSD-based trac-
tography, given that these techniques are commonly used for
clinical tractography in patients with brain tumors. The main
findings are as follows: 1) MLFT enabled CST reconstruction
with higher bundle volumes, and 2) MLFT yielded higher cover-
age of the n'TMS motor map (e, a higher percentage of the nTMS
points reached by the reconstructed CST).

The MLFT algorithm we used was developed from CSD-based
tractography, and it similarly reconstructs fiber pathways on the
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basis of FOD peaks.””*® However, in
contrast to CSD-based tractography,
MLFT suggests that FOD peaks may
also be reflective of high angular devia-
tion of fibers or their branching and
may not only stem from fiber cross-
ings.27’28 Hence, reconstruction of the
CST with MLFT may produce bundles
with higher radial extent; thus, the
delineation of CST fanning with a
wider range by also reconstructing fiber
courses with acute angles becomes pos-
sible.””?® Zhylka et al”’ have shown
this feature in a previous study among
patients with motor-eloquent high-
grade gliomas, but the motor cortex
mask was defined using a parcellation
mask of the precentral, postcentral, and
paracentral gyri combined with a cross-
section of the brainstem at the pontine
level.

Given that MLFT may naturally
reconstruct bundles with higher fiber
count due to inclusion of fibers that
course with acute angles, the potential
risk of increasing the false-positive rate
(ie, proportion of fibers that are visual-
ized but do not connect to the actual
functional motor cortex) is present. Specifically, to avoid a high
false-positive rate, MLFT would require well-defined ROI seed-
ing, and if certain pathways do not connect to the ROI, the
algorithm checks to see if any deviation at the previous recon-
struction points would allow connection to the ROI, thus provid-
ing some control over specificity while potentially improving
sensitivity.”””*® In this regard, motor maps from preoperative
nTMS were used as the target ROIs, given that nTMS motor
mapping has shown high agreement with intraoperative direct
electrical stimulation as the reference standard for functional
mapping in patients with brain tumor.**>> Furthermore, nTMS
has also been effectively combined with DTI-based tractography
in the past, allowing DTI-based reconstruction of the CST using
functional data for ROI seeding, which could improve tracking of
fibers for preparation and guidance of tumor resection and strati-
fication for perioperative functional deficits.*****° In this context,
compared with conventional seeding without functional data (eg,
manual delineation of the brainstem for ROI generation), nTMS-
based tractography of the CST has been shown to result in a lower
number of aberrant tracts (ie, tracts not belonging to the CST), and
it changed the surgical strategy in more than twice as many
patients.*®° Furthermore, detailed somatotopic CST reconstruc-
tions might become possible when using nTMS motor maps as
ROIs, with greater spatial overlap between the motor cortex and the
cortical end region of the CST compared with conventional ana-
tomic seeding for tractography.*

Reconstructions of the CST using MLFT showed the highest
bundle volume for the CST, combined with the highest coverage
of the nTMS motor map compared with deterministic DTI- or
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FIG 2. nTMS motor map coverage derived from CST reconstructed with DTI-based (with 25%, 50%, and 75% of the individual FAT), CSD-based,
and MLFT tractography. Changes of ADTs appear to only have visible effect on the result of CSD-based tractography and MLFT.

CSD-based tractography. This result may indicate that a more  fibers, which may, in part, be lost to reconstruction when using
complete reconstruction of the CST can be achieved with MLFT, =~ DTI- or CSD-based approaches (Fig 1). The higher coverage of
which is most likely due to reconstruction of fibers with higher =~ nTMS maps when applying MLFT could increase confidence
radial extents. Glioma may cause considerable deviation of CST  because the fibers reconstructed from MLFT are actually
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FIG 3. DTl-based reconstructions of the CST with the nTMS-based
motor map (green indicates single motor-positive nNTMS points with a
2-mm hull) with varied ADT (rows) and FAT levels in subject No. 30.

representative of the motor system (Fig 2), given that higher
nTMS coverage is suggestive of more fibers being connected to
the actual functional motor cortex. Of note, preoperatively
enclosing the functional motor cortex with nTMS allows defini-
tion of its individual extent and location, which can be drastically
aberrant to the structural landmark anatomy due to shifts related
to the space-occupying effects and, most notably, due to plastic
reshaping of functional motor representations in response to the
presence and growth of glioma.>' ">

A more complete reconstruction of fibers belonging to the
CST is of clinical merit when achieving an optimal onco-func-
tional balance because their visualization could help avoid
surgery-induced damage and, thus, occurrence of lasting periop-
erative paresis. Specifically, CST reconstruction with broader fan-
ning by MLFT could also generate laterally coursing and
marginal fibers, which could be at particular risk of damage when
approaching a maximized extent of resection. The higher CST
bundle volumes may likely also result in pathways with a smaller
lesion-to-tract distance, having potential impact on resection
planning. Previous work using nTMS motor mapping combined
with DTI-based tractography of the CST has proposed the
lesion-to-tract distance as a parameter for presurgical stratifica-
tion of the risk of permanent motor function decline, with lower
lesion-to-tract distances being associated with a higher risk for
lasting deficits.***”>° Application of MLFT instead of DTI-
based tracking might potentially allow refined results for lesion-
to-tract distances, with a potential definition of more realistic
lesion-to-tract distances that may facilitate improved surgical
outcome in terms of the extent of resection and the patient’s
functional status.
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A major limitation of this study is that tractography results
were not confirmed by intraoperative direct electrical stimulation
as the reference standard for functional mapping. Due to the ret-
rospective character of this study, this confirmation was not pos-
sible but may be achieved in future studies. Hence, potential
overrepresentations of fibers when using the MLFT algorithm
cannot be fully excluded. Another limitation of MLFT relates to
FOD accuracy, given that a high number of diffusion directions
and high b-values are not routinely acquired for clinically used
diffusion-weighted MR imaging sequences. As a consequence,
the accuracy of the fitted diffusion models could be restricted
because FODs have to be represented by lower-order spherical
harmonics. Furthermore, the FOD algorithm used does not esti-
mate separate response functions for different tissues. However,
using acquisitions with multiple diffusion-weightings (eg, multi-
shell imaging) over the sequence we used would facilitate apply-
ing FOD algorithms that can differentiate multiple tissues.>*

CONCLUSIONS

Compared with routinely used deterministic DTI-based and
CSD-based tractography of the CST, MLFT may enable CST
reconstructions with a higher bundle volume paired with higher
coverage of the functional motor cortex. Thus, MLFT could pro-
vide a more detailed visualization of CST architecture by also vis-
ualizing fiber courses with acute angles, which might be of
particular relevance in patients with gliomas and distorted anat-
omy of the motor system. However, prospective confirmation of
tractography results from MLFT by intraoperative direct electri-
cal stimulation as the reference standard for functional mapping
is required for validation purposes.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES

1. Ostrom QT, Bauchet L, Davis FG, et al. The epidemiology of glioma
in adults: a state of the science review. Neuro Oncol 2014;16:896-
913 CrossRef Medline

2. Ostrom QT, Cote DJ, Ascha M, et al. Adult glioma incidence and
survival by race or ethnicity in the United States from 2000 to
2014. JAMA Oncol 2018;4:1254-62 CrossRef Medline

3. Miller KD, Ostrom QT, Kruchko C, et al. Brain and other central
nervous system tumor statistics, 2021. CA Cancer ] Clin 2021;71:
381-406 CrossRef Medline

4. Stupp R, Mason WP, van den Bent MJ; et al; National Cancer
Institute of Canada Clinical Trials Group. Radiotherapy plus con-
comitant and adjuvant temozolomide for glioblastoma. N Engl |
Med 2005;352:987-96 CrossRef Medline

5. Martinez-Garcia M, Alvarez-Linera J, Carrato C, et al. SEOM clinical
guidelines for diagnosis and treatment of glioblastoma (2017).
Clin Transl Oncol 2018;20:22—-28 CrossRef Medline

6. Sanai N, Berger MS. Surgical oncology for gliomas: the state of the
art. Nat Rev Clin Oncol 2018;15:112-25 CrossRef Medline

7. Lacroix M, Abi-Said D, Fourney DR, et al. A multivariate analysis
of 416 patients with glioblastoma multiforme: prognosis, extent
of resection, and survival. | Neurosurg 2001;95:190-98 CrossRef
Medline

8. Brown PD, Maurer MJ, Rummans TA, et al. A prospective study of
quality of life in adults with newly diagnosed high-grade gliomas:
the impact of the extent of resection on quality of life and survival.
Neurosurgery 2005;57:495-503 CrossRef Medline


http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/March%202023/0377.pdf
http://www.ajnr.org
http://dx.doi.org/10.1093/neuonc/nou087
https://www.ncbi.nlm.nih.gov/pubmed/24842956
http://dx.doi.org/10.1001/jamaoncol.2018.1789
https://www.ncbi.nlm.nih.gov/pubmed/29931168
http://dx.doi.org/10.3322/caac.21693
https://www.ncbi.nlm.nih.gov/pubmed/34427324
http://dx.doi.org/10.1056/NEJMoa043330
https://www.ncbi.nlm.nih.gov/pubmed/15758009
http://dx.doi.org/10.1007/s12094-017-1763-6
https://www.ncbi.nlm.nih.gov/pubmed/29086250
http://dx.doi.org/10.1038/nrclinonc.2017.171
https://www.ncbi.nlm.nih.gov/pubmed/29158591
http://dx.doi.org/10.3171/jns.2001.95.2.0190
https://www.ncbi.nlm.nih.gov/pubmed/11780887
http://dx.doi.org/10.1227/01.NEU.0000170562.25335.C7
https://www.ncbi.nlm.nih.gov/pubmed/16145528

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

. Molinaro AM, Hervey-Jumper S, Morshed RA, et al. Association of

maximal extent of resection of contrast-enhanced and non-con-
trast-enhanced tumor with survival within molecular subgroups of
patients with newly diagnosed glioblastoma. JAMA Oncol 2020;6:
495-503 CrossRef Medline

Duffau H, Mandonnet E. The “onco-functional balance” in surgery
for diffuse low-grade glioma: Integrating the extent of resection
with quality of life. Acta Neurochir (Wien) 2013;155:951-57
CrossRef Medline

Bush NAO, Chang SM, Berger MS. Current and future strategies
for treatment of glioma. Neurosurg Rev 2017;40:1-14 CrossRef
Medline

Stadlbauer A, Nimsky C, Buslei R, et al. Diffusion tensor imaging
and optimized fiber tracking in glioma patients: histopathologic
evaluation of tumor-invaded white matter structures. Neuroimage
2007;34:949-56 CrossRef Medline

Bello L, Gambini A, Castellano A, et al. Motor and language DTI
fiber tracking combined with intraoperative subcortical mapping
for surgical removal of gliomas. Neuroimage 2008;39:369-82 CrossRef
Medline

Hervey-Jumper SL, Berger MS. Maximizing safe resection of low-
and high-grade glioma. ] Neurooncol 2016;130:269-82 CrossRef
Medline

Villanueva-Meyer JE, Mabray MC, Cha S. Current clinical brain tu-
mor imaging. Clin Neurosurg 2017;81:397-415 CrossRef Medline
Carrete LR, Young JS, Cha S. Advanced imaging techniques for
newly diagnosed and recurrent gliomas. Front Neurosci 2022;16:
787755 CrossRef Medline

Henderson F, Abdullah KG, Verma R, et al. Tractography and the
connectome in neurosurgical treatment of gliomas: the premise,
the progress, and the potential. Neurosurg Focus 2020;48:E6
CrossRef Medline

Yeh FC, Irimia A, de Almeida Bastos DC, et al. Tractography meth-
ods and findings in brain tumors and traumatic brain injury.
Neuroimage 2021;245:118651 CrossRef Medline

Maier-Hein KH, Neher PF, Houde JC, et al. The challenge of map-
ping the human connectome based on diffusion tractography. Nat
Commun 2017;8:1349 CrossRef Medline

Duffau H. Diffusion tensor imaging is a research and educational
tool, but not yet a clinical tool. World Neurosurg 2014;82:e43-45
CrossRef

Azad TD, Duffau H. Limitations of functional neuroimaging for
patient selection and surgical planning in glioma surgery. Neurosurg
Focus 2020;48:E12 CrossRef Medline

Behrens TE, Berg HJ, Jbabdi S, et al. Probabilistic diffusion trac-
tography with multiple fibre orientations: what can we gain?
Neuroimage 2007;34:144-55 CrossRef Medline

Farquharson S, Tournier JD, Calamante F, et al. White matter fiber
tractography: why we need to move beyond DTI. ] Neurosurg
2013;118:1367-77 CrossRef Medline

Jeurissen B, Leemans A, Tournier JD, et al. Investigating the preva-
lence of complex fiber configurations in white matter tissue with
diffusion magnetic resonance imaging. Hum Brain Mapp 2013;34:
2747-66 CrossRef Medline

Tournier JD, Calamante F, Connelly A. Robust determination of the
fibre orientation distribution in diffusion MRI: non-negativity
constrained super-resolved spherical deconvolution. Neuroimage
2007;35:1459-72 CrossRef Medline

Jeurissen B, Leemans A, Jones DK, et al. Probabilistic fiber tracking
using the residual bootstrap with constrained spherical deconvolu-
tion. Hum Brain Mapp 2011;32:461-79 CrossRef Medline

Zhylka A, Sollmann N, Kofler F, et al. Tracking the corticospinal
tract in patients with high-grade glioma: clinical evaluation of
multi-level fiber tracking and comparison to conventional deter-
ministic approaches. Front Oncol 2021;11:761169 CrossRef Medline
Zhylka A, Leemans A, Pluim JP, et al. Anatomically informed multi-
level fiber tractography for targeted virtual dissection. Magn Reson
Mater Phy 2022 Jul 29. [Epub ahead of print] CrossRef Medline

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

AINR Am J Neuroradiol 44:283—-90 Mar 2023  www.ajnr.org

Ruohonen J, Karhu J. Navigated transcranial magnetic stimulation.
Neurophysiol Clin 2010;40:7-17 CrossRef Medline

Sollmann N, Krieg SM, Sdisinen L, et al. Mapping of motor function
with neuronavigated transcranial magnetic stimulation: a review
on clinical application in brain tumors and methods for ensuring
feasible accuracy. Brain Sci 2021;11:897 CrossRef Medline
Lefaucheur JP, Picht T. The value of preoperative functional corti-
cal mapping using navigated TMS. Neurophysiol Clin 2016;46:125-
33 CrossRef Medline

Haddad AF, Young JS, Berger MS, et al. Preoperative applications of
navigated transcranial magnetic stimulation. Front Neurol 2021;
11:628903 CrossRef Medline

Forster MT, Hattingen E, Senft C, et al. Navigated transcranial mag-
netic stimulation and functional magnetic resonance imaging:
advanced adjuncts in preoperative planning for central region
tumors. Neurosurgery 2011;68:1317-24 CrossRef Medline

Krieg SM, Shiban E, Buchmann N, et al. Utility of presurgical navi-
gated transcranial magnetic brain stimulation for the resection of
tumors in eloquent motor areas: clinical article. ] Neurosurg
2012;116:994-1001 CrossRef Medline

Tarapore PE, Tate MC, Findlay AM, et al. Preoperative multimodal
motor mapping: a comparison of magnetoencephalography
imaging, navigated transcranial magnetic stimulation, and direct
cortical stimulation: clinical article. ] Neurosurg 2012;117:354-62
CrossRef Medline

Sollmann N, Wildschuetz N, Kelm A, et al. Associations between
clinical outcome and navigated transcranial magnetic stimulation
characteristics in patients with motor-eloquent brain lesions: a
combined navigated transcranial magnetic stimulation-diffusion
tensor imaging fiber tracking approach. J Neurosurg 2018;128:800-
10 CrossRef Medline

Sollmann N, Zhang H, Fratini A, et al. Risk assessment by presurgi-
cal tractography using navigated TMS maps in patients with highly
motor- or language-eloquent brain tumors. Cancers (Basel) 2020;12:
1264 CrossRef Medline

Frey D, Strack V, Wiener E, et al. A new approach for corticospinal
tract reconstruction based on navigated transcranial stimulation
and standardized fractional anisotropy values. Neuroimage 2012;
62:1600-09 CrossRef Medline

Rosenstock T, Grittner U, Acker G, et al. Risk stratification in motor
area-related glioma surgery based on navigated transcranial mag-
netic stimulation data. ] Neurosurg 2017;126:1227-37 CrossRef
Medline

Conti A, Raffa G, Granata F, et al. Navigated transcranial magnetic
stimulation for “somatotopic” tractography of the corticospinal tract.
Operative Neurosurgery 2014;10:542-54; discussion 554 CrossRef Medline
Krieg SM, Lioumis P, Mékeld JP, et al. Protocol for motor and lan-
guage mapping by navigated TMS in patients and healthy volun-
teers: workshop report. Acta Neurochir (Wien) 2017;159:1187-95
CrossRef Medline

Sdisdnen L, Julkunen P, Niskanen E, et al. Motor potentials evoked
by navigated transcranial magnetic stimulation in healthy subjects.
J Clin Neurophysiol 2008;25:367-72 CrossRef Medline

Sollmann N, Bulubas L, Tanigawa N, et al. The variability of motor
evoked potential latencies in neurosurgical motor mapping by
preoperative navigated transcranial magnetic stimulation. BMC
Neurosci 2017;18:5 CrossRef Medline

Fischl B. FreeSurfer. Neuroimage 2012;62:774-81 CrossRef Medline
Radwan AM, Emsell L, Blommaert J, et al. Virtual brain grafting: en-
abling whole brain parcellation in the presence of large lesions.
Neuroimage 2021;229:117731 CrossRef Medline

Menze BH, Jakab A, Bauer S, et al. The multimodal Brain Tumor
Image Segmentation Benchmark (BRATS). IEEE Trans Med
Imaging 2015;34:1993-2024 CrossRef Medline

Kofler F, Berger C, Waldmannstetter D, et al. BraTS Toolkit: trans-
lating BraTS brain tumor segmentation algorithms into clinical
and scientific practice. Front Neurosci 2020;14:125 CrossRef Medline

289


http://dx.doi.org/10.1001/jamaoncol.2019.6143
https://www.ncbi.nlm.nih.gov/pubmed/32027343
http://dx.doi.org/10.1007/s00701-013-1653-9
https://www.ncbi.nlm.nih.gov/pubmed/23447053
http://dx.doi.org/10.1007/s10143-016-0709-8
https://www.ncbi.nlm.nih.gov/pubmed/27085859
http://dx.doi.org/10.1016/j.neuroimage.2006.08.051
https://www.ncbi.nlm.nih.gov/pubmed/17166744
http://dx.doi.org/10.1016/j.neuroimage.2007.08.031
https://www.ncbi.nlm.nih.gov/pubmed/17911032
http://dx.doi.org/10.1007/s11060-016-2110-4
https://www.ncbi.nlm.nih.gov/pubmed/27174197
http://dx.doi.org/10.1093/neuros/nyx103
https://www.ncbi.nlm.nih.gov/pubmed/28486641
http://dx.doi.org/10.3389/fnins.2022.787755
https://www.ncbi.nlm.nih.gov/pubmed/35281485
http://dx.doi.org/10.3171/2019.11.FOCUS19785
https://www.ncbi.nlm.nih.gov/pubmed/32006950
http://dx.doi.org/10.1016/j.neuroimage.2021.118651
https://www.ncbi.nlm.nih.gov/pubmed/34673247
http://dx.doi.org/10.1038/s41467-017-01285-x
https://www.ncbi.nlm.nih.gov/pubmed/29116093
http://dx.doi.org/10.1016/j.wneu.2013.08.054
http://dx.doi.org/10.3171/2019.11.FOCUS19769
https://www.ncbi.nlm.nih.gov/pubmed/32006948
http://dx.doi.org/10.1016/j.neuroimage.2006.09.018
https://www.ncbi.nlm.nih.gov/pubmed/17070705
http://dx.doi.org/10.3171/2013.2.JNS121294
https://www.ncbi.nlm.nih.gov/pubmed/23540269
http://dx.doi.org/10.1002/hbm.22099
https://www.ncbi.nlm.nih.gov/pubmed/22611035
http://dx.doi.org/10.1016/j.neuroimage.2007.02.016
https://www.ncbi.nlm.nih.gov/pubmed/17379540
http://dx.doi.org/10.1002/hbm.21032
https://www.ncbi.nlm.nih.gov/pubmed/21319270
http://dx.doi.org/10.3389/fonc.2021.761169
https://www.ncbi.nlm.nih.gov/pubmed/34970486
http://dx.doi.org/10.1007/s10334-022-01033-3
https://www.ncbi.nlm.nih.gov/pubmed/35904612
http://dx.doi.org/10.1016/j.neucli.2010.01.006
https://www.ncbi.nlm.nih.gov/pubmed/20230931
http://dx.doi.org/10.3390/brainsci11070897
https://www.ncbi.nlm.nih.gov/pubmed/34356131
http://dx.doi.org/10.1016/j.neucli.2016.05.001
https://www.ncbi.nlm.nih.gov/pubmed/27229765
http://dx.doi.org/10.3389/fneur.2020.628903
https://www.ncbi.nlm.nih.gov/pubmed/33551983
http://dx.doi.org/10.1227/NEU.0b013e31820b528c
https://www.ncbi.nlm.nih.gov/pubmed/21273929
http://dx.doi.org/10.3171/2011.12.JNS111524
https://www.ncbi.nlm.nih.gov/pubmed/22304452
http://dx.doi.org/10.3171/2012.5.JNS112124
https://www.ncbi.nlm.nih.gov/pubmed/22702484
http://dx.doi.org/10.3171/2016.11.JNS162322
https://www.ncbi.nlm.nih.gov/pubmed/28362239
http://dx.doi.org/10.3390/cancers12051264
https://www.ncbi.nlm.nih.gov/pubmed/32429502
http://dx.doi.org/10.1016/j.neuroimage.2012.05.059
https://www.ncbi.nlm.nih.gov/pubmed/22659445
http://dx.doi.org/10.3171/2016.4.JNS152896
https://www.ncbi.nlm.nih.gov/pubmed/27257834
http://dx.doi.org/10.1227/NEU.0000000000000502
https://www.ncbi.nlm.nih.gov/pubmed/25072115
http://dx.doi.org/10.1007/s00701-017-3187-z
https://www.ncbi.nlm.nih.gov/pubmed/28456870
http://dx.doi.org/10.1097/WNP.0b013e31818e7944
https://www.ncbi.nlm.nih.gov/pubmed/18997630
http://dx.doi.org/10.1186/s12868-016-0321-4
https://www.ncbi.nlm.nih.gov/pubmed/28049425
http://dx.doi.org/10.1016/j.neuroimage.2012.01.021
https://www.ncbi.nlm.nih.gov/pubmed/22248573
http://dx.doi.org/10.1016/j.neuroimage.2021.117731
https://www.ncbi.nlm.nih.gov/pubmed/33454411
http://dx.doi.org/10.1109/TMI.2014.2377694
https://www.ncbi.nlm.nih.gov/pubmed/25494501
http://dx.doi.org/10.3389/fnins.2020.00125
https://www.ncbi.nlm.nih.gov/pubmed/32410929

48.

49.

50.

51.

290

Mohammadi S, Méller HE, Kugel H, et al. Correcting eddy cur-
rent and motion effects by affine whole-brain registrations:
evaluation of three-dimensional distortions and comparison
with slicewise correction. Magn Reson Med 2010;64:1047-56
CrossRef Medline

Tax CM, Jeurissen B, Vos SB, et al. Recursive calibration of the fiber
response function for spherical deconvolution of diffusion MRI
data. Neuroimage 2014;86:67-80 CrossRef Medline

Krieg SM, Buchmann NH, Gempt J, et al. Diffusion tensor imaging
fiber tracking using navigated brain stimulation: a feasibility
study. Acta Neurochir (Wien) 2012;154:555-63 CrossRef Medline
Southwell DG, Hervey-Jumper SL, Perry DW, et al. Intraoperative
mapping during repeat awake craniotomy reveals the functional

Zhylka Mar 2023 www.ajnr.org

52.

53.

54.

plasticity of adult cortex. ] Neurosurg 2016;124:1460-69 CrossRef
Medline

Conway N, Wildschuetz N, Moser T, et al. Cortical plasticity of
motor-eloquent areas measured by navigated transcranial mag-
netic stimulation in patients with glioma. J Neurosurg 2017;127:
981-91 CrossRef Medline

Gibb WR, Kong NW, Tate MC. Direct evidence of plasticity within
human primary motor and somatosensory cortices of patients with
glioblastoma. Neural Plast 2020;2020:8893708 CrossRef Medline

De Luca A, Guo F, Froeling M, et al. Spherical deconvolution with tis-
sue-specific response functions and multi-shell diffusion MRI to esti-
mate multiple fiber orientation distributions (mFODs). Neuroimage
2020;222:117206 CrossRef Medline


http://dx.doi.org/10.1002/mrm.22501
https://www.ncbi.nlm.nih.gov/pubmed/20574966
http://dx.doi.org/10.1016/j.neuroimage.2013.07.067
https://www.ncbi.nlm.nih.gov/pubmed/23927905
http://dx.doi.org/10.1007/s00701-011-1255-3
https://www.ncbi.nlm.nih.gov/pubmed/22270529
http://dx.doi.org/10.3171/2015.5.JNS142833
https://www.ncbi.nlm.nih.gov/pubmed/26544767
http://dx.doi.org/10.3171/2016.9.JNS161595
https://www.ncbi.nlm.nih.gov/pubmed/28106500
http://dx.doi.org/10.1155/2020/8893708
https://www.ncbi.nlm.nih.gov/pubmed/33029127
http://dx.doi.org/10.1016/j.neuroimage.2020.117206
https://www.ncbi.nlm.nih.gov/pubmed/32745681

ORIGINAL RESEARCH
INTERVENTIONAL

Persistent Opacification of the Woven EndoBridge Device: A
Conebeam CT Analysis of the Bicétre Occlusion Scale Score 1
Phenomenon

). Caroff, ““'S.D. Popescu, ““'C. Mihalea, ““'D.A. Popica, “~L. Ikka, “*'S. Gallas, “’A. Ozanne, “~'V. Chalumeau, “~'J. Moret,
). Cortese, and “'L. Spelle
|
ABSTRACT

BACKGROUND AND PURPOSE: Some Woven EndoBridge devices present a persistent intradevice opacification at imaging follow-up,
described as the Bicétre Occlusion Scale Score 1 (BOSS 1) phenomenon. The clinical implications remain unknown. We aimed here to
analyze the factors influencing this occurrence and to precisely describe the evolution of BOSS 1 with time using conebeam CT.

MATERIALS AND METHODS: We retrospectively analyzed a prospectively maintained Woven EndoBridge database at our tertiary
center and included all patients with isolated BOSS 1 and BOSS 1 associated with small neck remnant (BOSS 1+ 2).

RESULTS: Two hundred sixty-seven aneurysms were treated with a Woven EndoBridge device between July 2012 and December 2021.
Follow-up with DSA was available for 220 aneurysms (median, 5months), among which BOSS 1 and 1+ 2 were found in 9.1% (20/220)
(95% Cl, 5.5%—12.7%). A second DSA follow-up (median, 17 months) was performed in 15 of these 20 aneurysms, which revealed that
40% had evolved to complete Woven EndoBridge occlusion, 33% showed a decreased persistent opacification, and 27% remained sta-
ble. BOSS 1 was significantly associated with postoperative antiplatelet medication, a lower aneurysm aspect ratio, and the use of the
Woven EndoBridge 17 (P <.05). The average Woven EndoBridge shape modification was less pronounced in the BOSS 1 population
(P <.02). None of the BOSS 1 or 1+ 2 aneurysms required retreatment or were associated with hemorrhage occurrence.

CONCLUSIONS: Isolated persistent flow inside the Woven EndoBridge device at follow-up is rare and notably associated with anti-
platelet prescription. It seems to present a benign course in most cases.

ABBREVIATIONS: BOSS 1 = Bicétre Occlusion Scale Score T, CBCT = conebeam CT; FU = follow-up; WShM = WEB shape modification; WEB = Woven

EndoBridge

he Woven EndoBridge (WEB; MicroVention) has been used

in the treatment of wide-neck intracranial ruptured and
unruptured aneurysms for >10years."> Once implanted within
the aneurysmal sac, this device induces progressive thrombosis
by disrupting the blood flow at the level of the neck. Flow
decrease and stagnation of blood then trigger the thrombosis cas-
cade inside the WEB, leading to aneurysm healing on endotheli-
alization of the WEB struts.

In a small proportion of patients, this process appears either
inhibited or very much delayed.*® Evidence of contrast filling
inside the WEB at follow-up (FU) of such patients reflects a
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persisting blood flow, yet the underlying mechanisms of this
incomplete thrombosis remain unclear.

Such isolated persistent intra-WEB opacification is described
as Bicétre Occlusion Scale Score 1 (BOSS 1) (Fig 1).5 While this
phenomenon appears in a relatively small number of cases,*” its
immediate clinical impact or long-term evolution remains unde-
termined. In the literature, such cases have been referred to as
adequate occlusion®® or sometimes as an aneurysm remnant.”®
Our unique systematic use of conebeam CT (CBCT)® during FU
allowed us to conduct a precise analysis of this phenomenon.

MATERIALS AND METHODS

Ethical Statement

The French Ethical Committee for Research in Medical Imaging
(CERIM) approved this study (institutional review board No.
CRM2101-127). Informed consent was obtained for every
patient.

Study Design and Population

We retrospectively analyzed demographic, clinical, and imaging
data from patients prospectively included between July 2012 and
December 2021 in a prospectively maintained WEB database.
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For the purpose of this study, the
BOSS 1 category was subdivided into
3 subtypes: BOSS 1°*%, referring to
opacification of 1%-33% of the WEB
device; BOSS 1°°% for 34%-66%; and
BOSS 1'%* for 67%-100% at FU
(Fig 2).

As previously described,'' WEB
shape modification (WShM) was quanti-
tatively defined as a ratio (percentage)

and was obtained by standardized meas-

FIG 1. A saccular aneurysm of the right ICA terminus was treated with a WEB device (A and D).
The 4-month DSA and VasoCT FU demonstrated a persistent intra-WEB opacification ie, BOSS 1
(B and E). The 1-year FU revealed complete occlusion of the aneurysm (F). lllustration of the BOSS

1 phenomenon (C).

Inclusion criteria were the following: patients with intracra-
nial unruptured or ruptured aneurysms treated with a WEB de-
vice and who had at least 1 FU cerebral DSA, including CBCT,
with 1 of the 2 following imaging features at first FU: an isolated
residual opacification inside the WEB device (BOSS 1) or a small
neck remnant + residual opacification inside the WEB device
(BOSS 1+ 2).

All patients presenting with an aneurysm remnant + residual
opacification inside the WEB device (BOSS 1 + 3) were excluded
from the study.

Embolization Procedure and Medication Protocols
Each elective patient scheduled for embolization with the WEB
was premedicated with dual antiplatelet therapy,'® for which the
most frequently used combination was ticagrelor (90 mg twice
daily) and aspirin (160 mg daily) on the day before the interven-
tion. Ruptured aneurysms were not premedicated.

Following the intervention, only in cases of important WEB
protrusion or adjuvant stent deployment was antiplatelet therapy
prescribed at the operator’s discretion.

DSA FU and Analysis

We systematically used both DSA and CBCT (SmartCT Vaso;
Philips Healthcare) as imaging methods to assess the aneurysmal
occlusion and intra-WEB opacifications.” In general, the first fol-
low-up DSA for ruptured aneurysms was performed 3 months af-
ter treatment, while for unruptured aneurysms, it was performed
6 months postembolization. Images were analyzed by 2 neurora-
diologists, and discrepancies were resolved by discussion and
agreement. Angiographic outcome was assessed on the basis of
the BOSS scale.
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uring of the distance between the proxi-
mal and distal WEB markers on cross-
sectional images obtained with conebeam
CT performed after WEB detachment
and again at last FU.

Statistical Analysis

Continuous variables were reported as
the mean * standard deviation (SD) if
normally distributed, or as the median
(interquartile range), while categoric
variables were expressed as a frequency
(%). Confidence intervals were based on
the Wald statistic. As appropriate, a x*
or Fisher exact test was used to evaluate
qualitative factors, and a Student ¢ test or Wilcoxon U test to
assess quantitative variables. P values < .05 were considered
statically significant. All statistical analyses were performed
using R 3.6.1 for Windows (https://cran.r-project.org/bin/
windows/base/old/3.6.1/).

RESULTS

BOSS 1 Assessment

A total of 267 aneurysms were treated with a WEB device between
July 2012 and December 2021 (Table). A cerebral DSA FU was
available in 220 of these cases (82%), 27.4% of which were rup-
tured aneurysms.

The BOSS 1 phenomenon was found in 20 cases (9.1%; 95%
CIL, 5.5%-12.7%) at first DSA FU (median, 5 months; interquartile
range, 3-6 months). These were subdivided into BOSS 1>** for
15%, BOSS 1% for 25%, and BOSS 1'*” for 60% (Fig 3).

More than 1 DSA was available for 75% of cases presenting
with the BOSS 1 phenomenon (15/20). At the last FU (median,
16.9 months; interquartile range, 7-20 months), 40% of these
BOSS 1 cases had evolved to complete WEB occlusion; BOSS 1
persisted in the remaining 60% (9/15), though the level of intra-
device opacification had decreased in 60% (5/9) of these com-
pared with the initial FU. At the last FU, persistent opacifications
were subdivided into BOSS 17*” for 44%, BOSS 1% for 33%,
and BOSS 1'°” for 22%.

Factors Associated with BOSS 1 Persistence

Fifteen of the 20 patients (75%) presenting with the BOSS 1 phe-
nomenon received an antiplatelet medication for at least 1 month
after the intervention (11 single and 4 dual antiplatelet therapies).
BOSS 1 was significantly associated with postoperative antiplate-
let medication (OR = 3.52; 95% CI, 1.31-11.16; P < .02).


https://cran.r-project.org/bin/windows/base/old/3.6.1/
https://cran.r-project.org/bin/windows/base/old/3.6.1/

-

D E

FIG 2. An MCA bifurcation aneurysm was treated with a WEB device. A progressive occlusion was depicted, from BOSS

BOSS 0

F

7100% opacification of

67%-100% of the WEB volume (A and D), to BOSS 166%, opacification of 33%-66% of the WEB volume (B and E), and then BOSS 0, complete

occlusion (C and F).

BOSS 1 phenomenon was also associated with use of the WEB
17 generation (OR = 3.33; 95% CI, 1.07-14.59; P < .05) and with
the aneurysm aspect ratio (OR = 0.23; 95% CI, 0.06-0.75;
P<.02).

The average WShM of 30% (95 CI, 9%-36%) at last FU was
lower in the BOSS 1 and 1 + 2 scores compared with the 39% (95
CI, 21%-52%) in the other scores (P < .02).

None of the aneurysms presenting with BOSS 1 or 1+ 2
required retreatment, and no hemorrhage occurred during the
FU period.

DISCUSSION

Here we have highlighted the unique capacity of VasoCT to ana-
lyze the BOSS 1 phenomenon; we believe it should be used sys-
tematically as the criterion standard technique to assess WEB
treatment success.

Persistent filling of the WEB device cannot be assessed using
MR imaging,'” and the assessment is impossible in most cases
with CT."® Differentiating between aneurysm remnants and BOSS
1 is sometimes disputable, even using projection imaging (DSA),
yet this distinction is fundamental to allow the correct manage-
ment. Indeed, a retreatment should probably be considered in
cases in which blood flow is depicted in the sac around the WEB.
CBCT also allowed a precise quantitative assessment of intrade-
vice opacification.’

Our series shows a relatively rare occurrence of the BOSS 1
phenomenon at early follow-up, with a rate of 9.1% (95% CI,

5.5%-12.7%). Previous smaller series have reported 6.3%-16%
BOSS 1 rates at midterm FU.**

Favorable Angiographic Evolution of BOSS 1

We observed a reduction in persistent opacification inside the
WEB device between the first and last FU in 73% of cases, dem-
onstrating a progressive thrombosis with time.

BOSS 1 remained at last FU in 60% of cases, but no patient
experienced a worsening of angiographic status (ie, no evolu-
tion to BOSS 3) or aneurysmal rupture, and no BOSS 1 or 1 + 2
aneurysms required retreatment during the FU period. This
result would suggest a benign course for this angiographic
phenomenon.

Impact of Antiplatelet Therapy on BOSS 1

While the use of antiplatelet medication after WEB implantation
has already been hypothesized to favor persistent opacification,”
here we have provided the first evidence of prolonged antiplate-
let therapy (>1 week after the intervention) being significantly
associated with an increased risk of BOSS 1 aneurysms at FU
(OR = 3.52; 95% CI, 1.31-11.16). We believe that antiplatelet
drugs can be responsible for delayed aneurysm thrombosis and
neck endothelialization.

In our study, 75% of patients with BOSS 1 received an anti-
platelet medication for at least 1 month after WEB placement
(versus 45% in the control group). Concordantly, Nguyen et al*
reported dual antiplatelet therapy intake for at least 1 month
postintervention in 7 of 8 patients with BOSS 1, and Nawka
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Characteristics of patients, aneurysms, and treatments according to the initial angiographic follow-up®

Characteristics BOSS 1(n = 20) BOSS 0,0/,2,3,and 3 +1(n = 200) P Value
Patient
Age (mean) (yr) 56.8 (SD, 10.9) 55.7 (SD, 113) 669
Female 14 (70) 129 (65) 623
Current smoker 3/18 (17) 70/185 (38) .074
Aneurysm
Acutely ruptured 4 (20) 57 (29) 418
Irregular 10 (50) 97 (49) .90
Maximum diameter (mean) (mm) 6.4 (SD, 1.8) 6.4 (SD, 2.4) 904
Height (mean) (mm) 4.8 (SD, 17) 5.3 (SD, 2.2) 21
Neck (mean) (mm) 4.4 (SD, 1.6) 3.8(SD, 12) n3
Width (mean) (mm) 5.3 (SD, 1.5) 5.0 (SD, 1.8) 448
Aspect ratio (height/neck) (mean) 111 (SD, 0.44) 1.38 (SD, 0.53) .016
Width/neck ratio (mean) 123 (SD, 0.27) 1.31(SD, 0.30) 220
Location
MCA 12 (60) 89 (44.5) Ref?
AcomA 3 (15) 60 (30) 137
TCarotid 3(15) 9 (4.5) 218
BA 0(0) 17 (8.5) 992
Other 2 (10) 25 (12.5) 512
Treatment
Type of WEB
WEB-SL 16 (80) 152 (76) Ref?
WEB-DL 1(5) 13(7) 770
WEB-SLS 3(15) 35 (18) 754
WEB 17 17 (85) 126 (63) 049
Additional stent 2 (10) 8(4) 227
Antiplatelet therapy (>1week) 15 (75) 92 (46) .013
WShM (%) 30 (9-36) 39 (21-52) 014

Note:—AcomA indicates anterior communicating artery; TCarotid, internal carotid artery terminus; BA, basilar artery; WEB-SL, WEB single-layer; WEB-DL, WEB dual-layer;
WEB-SLS, WEB single-layer sphere; BOSS O, no residual flow inside the aneurysm or the WEB; 0’, opacification of the proximal recess of the WEB; 1, residual flow inside
the WEB; 2, neck remnant; 3, aneurysm remnant; 1+ 3, contrast agent media depicted inside and around the device.®

?Data are presented as number (%) for qualitative variables and as the mean (SD) or as the median (interquartile range) for quantitative variables (according to their distri-

bution). Smoking status was missing for 17 patients.

et al’ reported antiplatelet therapy for at least 6 weeks in all
patients with BOSS 1.

With the oversizing paradigm,'’ moderate WEB protrusions
in the parent artery are more common, and operators tended to
prescribe postoperative antiplatelet medications in those situa-
tions. Operators should, however, also consider the potential
delay in aneurysmal thrombosis and endothelial repair caused by

the antiplatelet therapy.'*'?

Other Predictive Factors of BOSS 1

Web 17 Generation. The latest generation of the WEB device
(WEB 17) can be delivered through 0.017-inch microcatheters.'
The smaller-sized devices were achieved by reducing the number
of wires used in braiding. While this change in design does not
seem to modify the “adequate occlusion” rates,'” the higher po-
rosity at the level of the neck could be responsible for higher
BOSS 1 rates. In our series, this last generation of WEB was sig-
nificantly associated with BOSS 1 occurrence, and 85% of BOSS 1
corresponded to WEB 17 devices.

Aspect Ratio. The aneurysm dimensions and conformation play
an important role in BOSS 1 occurrence. In our study, lower as-
pect ratio aneurysms (ie, shallow aneurysms) were significantly
associated with BOSS 1 at FU. We hypothesized that these aneur-
ysms were more likely to have a delayed intra-aneurysm throm-
bosis due to the larger surface area of the WEB, requiring
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endothelial cell covering in the neck region, similar to that
observed with the negative impact of larger neck size on the
angiographic outcomes of flow-diverter stents.'®

Ruptured Aneurysms. We found no significant differences in
terms of BOSS 1 occurrence between ruptured and unruptured
aneurysms."”

WShM and BOSS 1

The mechanisms behind WShM are not well-understood, though
clot retraction is suspected to be a major cause,”® with a water
hammer effect potentially acting as a minor associated cofactor.”’

The thrombosis process inside the WEB is initially induced
by flow disruption. After endothelialization of the WEB surface,
the aneurysm is completely excluded from the circulation, and
progressive collagen deposition and subsequent contraction
occur.”

We observed a significantly lower WShM among the BOSS 1
population compared with other categories, supporting the
notion of an impact of clot formation on WEB retraction; the
lower intra-WEB thrombus volumes could be hypothesized to
lead to less retraction.

Limitations
We acknowledge some limitations in our study, the first being
its retrospective and monocentric nature; however, we believe
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FIG 3. Evolution of the degrees of WEB volume opacifications (in percentages) for all BOSS 1aneurysms at early FU (median, 5 months) and at

last follow-up (median, 17 months).

that our unique systematic use of VasoCT was mandatory to
conduct the precise analysis presented. Second, the number of
patients could be viewed as limited; however, we present here
one of the largest series of patients presenting with the BOSS 1

rare phenomenon. Finally, the lack of very long-term FU pre-
vents us from drawing any definite conclusions on the outcome
of all patients with BOSS 1; however, our data provide evidence
in favor of the progressive evolution toward occlusion.
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CONCLUSIONS
Isolated persistent flow inside the WEB device at follow-up is

rare and notably associated with antiplatelet prescription; it seems

to present a benign course in most cases.

Disclosure forms provided by the authors are available with the full text and

PDF

of this article at www.ajnr.org.
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Embolic Agent Choice in Middle Meningeal Artery
Embolization as Primary or Adjunct Treatment for Chronic
Subdural Hematoma: A Systematic Review and Meta-analysis

J.C. Ku, ““ AA. Dmytriw, ““'M.A. Essibayi,

ABSTRACT

M.A. Banihashemi,
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BACKGROUND: Middle meningeal artery embolization is an emerging treatment option for chronic subdural hematomas.

PURPOSE: Our aim was to assess outcomes following middle meningeal artery embolization by different techniques, including in

comparison with traditional surgical methods.

DATA SOURCES: We searched the literature databases from inception to March 2022.

DATA SELECTION: We selected studies reporting outcomes after middle meningeal artery embolization as a primary or adjunctive

treatment for chronic subdural hematoma.

DATA ANALYSIS: We analyzed the risk of recurrence of chronic subdural hematoma, reoperation for recurrence or residual hematoma,

complications, and radiologic and clinical outcomes using random effects modeling. Additional analyses were performed on the basis
of whether middle meningeal artery embolization was used as the primary or adjunct treatment and by embolic agent type.

DATA SYNTHESIS: Twenty-two studies were included with 382 patients with middle meningeal artery embolization and 1373 surgical

patients. The rate of subdural hematoma recurrence was 4.1%. Fifty (4.2%) patients underwent a reoperation for a recurrent or re-

sidual subdural hematoma. Thirty-six (2.6%) experienced postoperative complications. The rates of good radiologic and clinical out-

comes were 83.1% and 73.3%, respectively. Middle meningeal artery embolization was significantly associated with decreased odds

of subdural hematoma reoperation (OR = 0.48; 95% Cl, 23.4-99.1; P = .047) compared with surgery. The lowest rates of subdural

hematoma radiologic recurrence, reoperation, and complications were observed among patients receiving embolization with Onyx,

whereas good overall clinical outcome occurred most commonly with combined polyvinyl alcohol and coils.

LIMITATIONS: A limitation was the retrospective design of studies included.

CONCLUSIONS: Middle meningeal artery embolization is safe and effective, either as a primary or adjunctive treatment. Treatment

using Onyx seems to yield lower rates of recurrence, rescue operation, and complications whereas particles and coils produce

good overall clinical outcomes.

ABBREVIATIONS: cSDH = chronic subdural hematoma; MMA = middle meningeal artery; PVA = polyvinyl alcohol; SDH = subdural hematoma

hronic subdural hematomas (cSDHs) are a commonly
encountered intracranial pathology, occurring in 1-20.6 per
100,000 person-years." The incidence is expected to rise as the
population ages worldwide. Surgical evacuation of the hematoma

Received August 21, 2022; accepted after revision January 24, 2023.

From the Division of Neurosurgery (.C.K.), Department of Surgery and Institute of
Medical Science (M.A.B.), University of Toronto, Toronto, Ontario, Canada;
Neuroendovascular Program (A.A.D., JEV, RW.R, CJ.S., AB.P.), Massachusetts
General Hospital, Harvard Medical School, Boston, Massachusetts; Departments of
Radiology (M.A.E,, 5.G.), Mayo Clinic, Rochester, Minnesota; Department of
Neurosurgery (M.A.E., D.A.), Montefiore Medical Center, Albert Einstein College of
Medicine, New York, New York; Nuffield Department of Primary Care Health
Sciences and Department for Continuing Education (EBHC program) (S.G.), Oxford
University, Oxford, UK; and Neurointerventional Program (A.A.D., V.X.D.Y.),
Department of Clinical Neurological Sciences & Medical Imaging, Schulich School
of Medicine, Western University, London, Ontario, Canada.

via burr-hole or craniotomy has remained the mainstay of treat-
ment for many years." However, the rate of recurrence or residual
hematoma requiring an additional operation has been reported
to be as high as 36.4%.

Recently, there has been increasing interest in using middle
meningeal artery (MMA) embolization as a treatment option for
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cSDH, because it targets the suspected underlying pathophysiology
of ¢SDH. Although the mechanisms of ¢SDH accumulation are
not fully understood, neovascularization from the MMA is
thought to play an important role in c¢SDH propagation.’
Following accumulation of blood, usually from minor trauma, in
the potential subdural space, the influx of inflammatory cells and
proliferation of damaged dural border cells lead to neomembrane
formation,* neovascularization of the outer membrane, and
recruitment of MMA feeders connecting to these neovessels of
the outer membrane. Furthermore, these neovessels are leaky and
allow continued exudation of blood products, causing further
blood accumulation.* Embolizing the MMA to eliminate the
blood supply and source of ¢SDH accumulation has been pro-
posed as both a primary and adjunctive treatment for cSDH,’
particularly in the elderly who have medical comorbidities and
are on antithrombotic medications. However, as an emerging
treatment, differences in technical aspects of the procedure
abound, including in the choice of embolic agent.® Particles, liq-
uid embolic agents, coils, and a combination of these agents
have all been tried in MMA embolization with varying results.
Currently, there is no FDA approval for any of these agents spe-
cifically for this indication, though several industry-sponsored
prospective trials are currently underway (NCT04402632,
NCT04816591, NCT04065113, NCT04410146;
gov).

A previous meta-analysis reported low rates of recurrence,

clinicaltrials.

surgical rescue, and in-hospital complications associated with
MMA embolization; indeed, they were lower than those associ-
ated with conventional treatment (either surgery or conservative
management).5 However, the authors were unable to examine
technical nuances such as the choice of embolization agent due
to insufficient data, and their assessment of MMA embolization
as a primary or adjunctive treatment was also self-reportedly
limited.” Since that time, several additional double-arm studies
have been published. Our study aimed to provide an updated
meta-analysis to assess the outcomes following MMA emboliza-
tion, including traditional surgical evacuation, and determine
whether specific technical nuances, such as the choice of emboli-
zation agent, affect the postprocedural outcomes.

MATERIALS AND METHODS

Search Strategy

The search protocol, including research questions and inclusion
and exclusion criteria, was developed a priori according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.

We queried the Ovid MEDLINE, EMBASE, Web of Science,
and Cochrane Library databases from inception to March 2022 to
identify studies reporting outcomes in patients with cSDH treated
with MMA embolization (Online Supplemental Data). In addi-
tion, the references of included publications were searched man-
ually for other relevant studies. The following keywords were
used in combination, “subdural hematoma,” “cSDH,” “SDH,”
“middle meningeal artery,” “MMA,” and “embolization, ” to iden-
tify relevant articles. The search was limited to articles studying
humans with patients 18 years of age or older, and in English.
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Studies were included if they were randomized or had an
observational prospective or retrospective study design and
reported outcomes following MMA embolization in patients with
cSDH. There were no restrictions on the size of the ¢cSDH or the
clinical status of the patients for inclusion. Both single- and dou-
ble-arm studies were included. Exclusion criteria included case
reports, case series with less than 5 patients, review articles, confer-
ence abstracts, animal studies, and non-peer-reviewed publications.

Primary MMA embolization was defined as MMA emboliza-
tion without surgery. Adjunct MMA embolization was defined as
planned MMA embolization with surgery; this could occur before
or following surgery, as long as the procedures occurred within
48 hours of each other.

Outcomes

Outcomes were initially analyzed as a single group including
both MMA embolization alone and MMA embolization and sur-
gery groups. Further subgroup analysis dividing outcomes
between both groups and additionally by the embolization agent
was performed.

The primary outcomes of interest were rates of cSDH recur-
rence and ¢SDH rescue surgery following MMA embolization.
Recurrence was defined as the re-accumulation of ¢SDH, as
defined by the study authors, with or without the need for repeat
surgery. Reoperation was defined as the need for surgical evacua-
tion (or re-evacuation) of the ¢SDH following MMA emboliza-
tion, either due to recurrence of cSDH or unsatisfactory results
from the index procedure.

The complication rate following MMA embolization was also
collected, and this included procedural-related complications or
general complications that occurred during the follow-up inter-
val, as reported by the study authors. Radiologic outcome at last
follow-up was collected and dichotomized as good or poor out-
come. A good outcome included >50% hematoma resolution,
<10-mm residual hematoma width, or improvement on the last
CT scans as defined by the study authors. When available,
change in hematoma volume or width between the initial and
last follow-up CT was also collected. Clinical outcome was col-
lected and dichotomized as good or poor outcome. A good out-
come included MR spectroscopy 0-2, Glasgow Outcome Score
4-5, Glasgow Outcome Scale-Extended 5-8, and improvement
in neurologic or functional status or neurologic deficit at the last
follow-up.

Data Extraction

The following data were extracted from each study: study design,
country of origin, patient eligibility, inclusion/exclusion criteria,
sex and age of patients, medical comorbidities, presenting neuro-
logic status, presenting size of the ¢SDH, indication for MMA
embolization, primary or adjunctive use of MMA embolization,
and embolic agent. In addition, the outcomes of recurrence rates,
surgical rescue, complications, radiologic outcome, and clinical
outcome were also extracted.

Evaluation of Quality and Risk-of-Bias Assessment for
Individual Studies

The Newcastle-Ottawa Quality Assessment Scale Case-Control
Studies tool was used after modification to assess the risk of bias in
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our included studies. The quality of all eligible studies was eval-
uated independently and in duplicate by 2 reviewers (J.C.K. and
M.AE.), using the 2011 Oxford Center for Evidence-Based
Medicine levels of evidence.

Statistical Analysis

All studies that reported outcomes following MMA embolization
in patients with cSDH were pooled for meta-analysis of outcomes
via pooled weighted proportions or pooled weighted means for
continuous outcomes. The results were pooled using ORs in stud-
ies that compared outcomes in MMA embolization versus sur-
gery versus conservative management. Additional analyses were
performed for MMA embolization as a primary or adjunctive
treatment and to compare embolization approaches.

The Q-statistics test and calculation of I> were used to assess
heterogeneity between studies. P values < .05 and I* values of
>50% were defined as significant heterogeneity between studies.
Pair-wise and subgroup meta-analyses were performed using a
random effects model using the Freeman-Tukey transformed pro-
portion and the DerSimonian-Laird approach. A P value < .05
was set for statistical significance. Assessment for risk of publi-
cation bias was performed using the Egger regression test for
funnel-plot asymmetry for all variables that included data from
=10 studies. If the Egger regression test demonstrated that there
was a significant risk of publication bias (P < .05), the trim-and-
fill approach was used to calculate the adjusted value. The meta-
analysis was performed by using the OpenMeta-Analyst open
source software (https://abstracts.cochrane.org/2010-keystone/
openmeta-analyst-open-source-cross-platform-software-advanced-
meta-analysis) and the MAJOR tool (metafor package) of Jamovi
R-based statistical software (https://www.jamovi.org/).

RESULTS

Search Results

The search strategy returned 536 total and 291 deduplicated
results, as seen in the PRISMA diagram (Online Supplemental
Data). Following abstract screening and full-text review, 22
articles were included for analysis (Online Supplemental Data),®*’
totaling 382 patients who underwent MMA embolization,
compared with 1373 patients who underwent surgery. Overall,
133 of 757 (17.6%) patients had bilateral SDHs. The mean fol-
low-up ranged between 2 and 26.3 months among studies.
Three studies did not report any information on follow-up
(Online Supplemental Data).

Study Characteristics

All studies included for analysis were case series, retrospective
reviews, or prospective studies compared with a retrospective
cohort. There were no prospective randomized trials. All retro-
spective studies were graded as level 4, and prospective studies
with historical controls were graded as level 3, based on the
Oxford Center for Evidence-Based Medicine 2011 levels of evi-
dence. The risk of bias was low in 7, moderate in 14 studies, and
high in 1 study. Twenty studies were retrospective, and 2 were
prospective. The smallest study included 5 patients, and the

largest included 138 patients (Online Supplemental Data).
Thirteen studies with 457 patients reported the outcomes strati-
fied by treatment technique, 9 studies with 243 patients reported
outcomes of patients receiving embolization only, and 10 studies
reported outcomes of 278 patients undergoing combined surgery
and embolization. Nine studies with 431 patients had no out-
comes separated by treatment technique. Overall, 7 studies
reported the outcomes of patients receiving embolization with
polyvinyl alcohol (PVA); 4, with n-BCA; 3, with PVA = coils;
and 2, with Onyx (Medtronic) embolization.

Single-Arm Overall Outcomes

Opverall, 397 of 421 (96%; 95% CI, 93.4%-98.7%) patients demon-
strated intraprocedural complete embolization of the MMA
(Online Supplemental Data). The rate of subdural hematoma
(SDH) recurrence was 4.1% (95% CI, 2.8%-5.4%) in 50 of 898
patients following MMA embolization (both primary and adjunct
treatment) (Online Supplemental Data). On person-time analysis,
the rate of SDH recurrence over time was 0.6% (95% CI, 0.3%—
1%) per month (Online Supplemental Data). Fifty of 888 patients
(4.2%; 95% CI, 2.9%-5.5%) underwent a reoperation for a recur-
rent or residual SDH (Online Supplemental Data). Thirty-six of
890 patients (2.6%; 95% CI, 1.2%-3.9%) experienced postopera-
tive complications (Online Supplemental Data). These included 2
groin complications (1 groin hematoma, 1 femoral artery occlu-
sion), 3 procedural complications (rupture of the MMA, 1 tran-
sient bradycardia during embolization), 4 postprocedural infarcts
(clinical or radiologic), 10 medical complications (urinary tract
infection, pneumonia, deep vein thrombosis, pulmonary embo-
lism), and 15 seizures or new neurologic deficits or complications
otherwise not specified.

The rates of good radiologic and clinical outcomes were
83.1% (382 of 518; 95% CI, 74.6%-91.5%) and 73.3% (292 of 372;
95% CI, 60%-86.6%), respectively (Online Supplemental Data).
On follow-up, the SDH volume decreased with a mean reduction
of 542mL (95% CI, 46.3-62 mL) (Online Supplemental Data)
and a mean reduction in SDH width of 9.9 mm (95% CI, 7.5-12.2
mm) (Online Supplemental Data).

Embolization Alone versus Adjunct to Surgery

The rates of SDH recurrence were comparable between patients
who received embolization only (6.3%; 95% CI, 3.3%-9.3%) and
those who received a combination of embolization and surgery
(5.3%; 95% CI, 2.7%-7.9%; P = .976). On person-time analysis,
the risk of SDH recurrence during follow-up in the embolization-
only group was 1.7% (95% CI, 0.7%-2.6%) per month compared
with 0.3% in the combined embolization and surgery group (95%
CL, 0%-0.6%; P = .035). SDH reoperation was required in 5.4%
(95% CI, 2.6%-8.2%) of patients undergoing embolization alone
and in 4.6% (95% CI, 2%-7.2%; P = .912) of patients with com-
bined embolization and surgery. Eight (2.2%; 95% CI, 0.4%-4%)
of 243 patients with embolization alone and 22 (5.5%; 95% CI,
1.5%-9.5%; P = .025) of 280 patients with combined emboliza-
tion and surgery experienced postoperative complications. Good
radiologic resolution was reported in 94.1% (95% CI, 84.8%-
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100%) of embolization alone and in 92.1% (95% CI, 85.8%-
98.5%; P = .187) of combined embolization and surgery cohorts.
Rates of good clinical outcomes were similar in the embolization
alone (81.2%; 95% CI, 66.7%-95.6%) and combined embolization
and surgery groups (75.3%; 95% CI, 36%-100%; P = .569).

Embolization Comparing Agent Choice

SDH recurred with a rate of 4.7% (95% CI, 1.5%-8%) in patients
treated with PVA, 3.5% (95% CI, 0%-8.1%) with n-BCA, 2.2%
(95% CI, 0%-5.1%) with PVA = coils, and 2% (95% CI, 0%-
6.4%) in patients receiving Onyx. The SDH reoperation rate was
4.2% (95% CI, 1.2%-7.3%) for PVA, followed by 4.1% (95% CI,
1%-7.3%) for PVA = coils, 3.7% (95% CI, 0%-8.2%) for n-BCA,
and 2% (95% CI, 0%-6.4%) in patients receiving Onyx. The rate
of complications was 5.6% (95% CI, 1.1%-10.1%) for PVA, 3%
(95% CI, 0%-6.9%) for n-BCA, 2% (95% CI, 0%-6.4%) in
patients receiving Onyx, and 1.4% (95% CI, 0%-3.7%) in patients
receiving PVA = coils. Good radiologic outcomes were similar
comparing embolization agents (Onyx: 82%; 95% CI, 57%-100%
versus PVA = coils: 84.4%; 95% CI, 63.9%-100%). Rates of good
clinical outcomes were 85.2% (95% CI, 68.1%-100%) for PVA *=
coils, 78.5% (95% CI, 55.9%-100%) for n-BCA, and 75.7% (95%
CI, 63.8%-87.5%) in patients receiving Onyx. Detailed outcomes
by treatment technique and embolization agent are available in
the Online Supplemental Data.

Pair-Wise Meta-analysis Outcomes

On a pair-wise meta-analysis, there was no significant difference
between MMA embolization alone and combined surgery with
MMA embolization in terms of SDH recurrence (OR = 0.36;
95% CI, 0.12-1.09; P = .071). MMA embolization alone signifi-
cantly decreased the odds of SDH reoperation (OR = 0.48; 95%
CI, 23.4-99.1; P = .047) compared with surgery alone. No other
significant differences were noted in other safety, radiologic, and
clinical outcomes. Detailed outcomes of the 2-arm meta-analysis
by treatment technique and embolization agent is available in the
Online Supplemental Data.

Heterogeneity and Risk of Bias

Among the results of single-arm meta-analysis, high heterogene-
ity (I* > 50%) was noted in the following outcomes: good radio-
logic outcomes (85.03%), good clinical outcomes (92.37%), and
SDH width decrease (93.99%). Among pair-wise meta-analysis
outcomes comparing MMA embolization with combined MMA
embolization and surgery, there were good radiologic (I* =
94.51%) and good clinical (I = 51.01%) outcomes; and among
those comparing MMA embolization with conservative treat-
ment, SDH reoperation outcome (1> = 88.16%) showed high het-
erogeneity. A sensitivity analysis was performed taking into
consideration the embolization agent used or by exclusion of
individual studies thought to be the source of heterogeneity.
Grouping good radiologic outcomes by treatment type led to a
decrease in I” to null, supporting this as a reason for the high het-
erogeneity (Online Supplemental Data). I for good clinical out-
comes decreased from 93.37% to 71.81% and 64.98% following
stratification of outcomes by treatment and embolization agent,
respectively. Three studies were identified as main sources of
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heterogeneity, including Enriquez-Marulanda et al,'® Okuma
et a,?® and Wagqas et al,2® which may relate to their inclusion of
different treatment approaches (both embolization and com-
bined) and different embolization agents (PVA and PVA+ coils).
Following exclusion of these studies, I decreased to 21.38%, and
the rate of good clinical outcomes increased from 73.3% (95% CI,
60%-86.6%) to 87.8% (95% CI, 83.2%-92.5%). The low number
of studies (2-3) included in the pair-wise meta-analyses (good
radiologic and clinical outcomes after MMA embolization com-
pared with a combined approach, SDH reoperation outcomes af-
ter MMA embolization versus conservative management, and
SDH width outcomes) was thought to be the main source of
heterogeneity.

Publication bias was determined to be present for only good
radiologic outcomes (83.1%; 95% CI, 74.6%-91.5%; P value=
.0023) (Online Supplemental Data). The adjusted outcome based
on the trim-and-fill approach was 73.9% (95% CI, 59.1%-86.7%).

DISCUSSION

Our systematic review and meta-analysis summarize the most
recent literature reporting MMA embolization for patients with
¢SDH in comparison with surgical interventions and draw atten-
tion to the importance of the choice of embolization agent for
treatment success, in addition to the baseline patient clinical sta-
tus, anatomic variations of the MMA, and experience of the neu-
rointerventionalist. Most patients receiving MMA embolization
achieved good clinical outcomes with an excellent rate of good
radiologic outcomes and low recurrence and reoperation rates.
There were no differences in outcomes comparing embolization-
only and combined embolization with surgery except for reopera-
tion and complication rates, which were significantly higher in
the combined approach. Patients receiving embolization via PVA
accompanied by coils had relatively improved radiologic (84.4%)
and clinical outcomes (85.2%) but slightly higher reoperation
rates (4.1%), whereas patients embolized with Onyx had the low-
est rates of SDH recurrence (2%), reoperation (2%), and compli-
cations (2%).

Surgical evacuation of ¢SDH is associated with high rates of
recurrence and complications.28 Therefore, it may be a less desir-
able option for elderly patients with poor baseline clinical status
and significant underlying comorbidities. On the other hand, it
may also be unnecessary for patients with favorable clinical and
radiologic status.>® The use of less invasive treatment based on a
better understanding of the pathophysiology of SDH will likely
improve the outcomes. Thus, surgical evacuation may be reserved
for those likely to benefit most, highlighting the need for optimi-
zation of treatment selection. Embolization of the MMA has
gained considerable popularity in the past 2 decades.*'**® Most
patients having undergone MMA embolization in this study
achieved excellent clinical and radiologic outcomes, compared
with the surgery cohort.

MMA embolization and surgery could have synergistic goals
when used in a combined approach appropriately for patients
with mass-effect symptoms. Surgery can alleviate those symp-
toms, whereas MMA embolization can decrease the recurrence
of SDH. However, we did not observe a significant difference
between the 2 approaches (MMA embolization alone versus MMA



embolization with surgery) in these outcomes. This result may be
due to selection bias related to the retrospective nature of most of
the included studies, in which patients undergo embolization alone
or embolization with surgery based on their clinical presentation
and the operator’s decision-making. Furthermore, considerable
heterogeneity exists in follow-up periods among studies, which
was validated by the significant difference in the SDH recurrence
rate per month between MMA embolization alone (1.7%/month)
and combined embolization and surgery (0.3%/month). Thus, the
combined approach might be associated with better radiologic out-
comes but was not found to positively affect the clinical outcomes
in this study. Unsurprisingly, this combined approach might add
more morbidity related to the higher complication rates (5.5%)
reported compared with embolization alone (2.2%). The 2-stage
nature of the combined approach explains the higher complication
rate of embolization accompanied by surgery because each proce-
dure has its own risks.

Reoperation rates were lower in the MMA embolization cohort
compared with surgery alone, emphasizing the role of embolization
in decreasing the overall morbidity in elderly patients and efficacy
in the management of cSDH. Covariates, such as age, hematoma
side (unilateral, bilateral), and other hematoma characteristics, and
clinical comorbidities play a crucial role in the selection of the
optimal treatment for cSDH. The choice of embolization agent is
a crucial factor that was demonstrated to affect outcomes on the
basis of experimental and a few observational studies. Shapiro et
al,? in a comprehensive review of the pathoanatomy of SDH, sum-
marized the theoretic advantages and disadvantages of different
embolization agents. PVA may have better penetration distally
but higher recurrence rates compared with liquid agents, related
to delayed recanalization. Liquid agents, such as Onyx or n-BCA,
may be associated with a lower penetration profile but a more sta-
ble occlusion. Furthermore, coils are highly thrombogenic and
can be deployed, commonly into the more proximal artery, along
with PVA, leading to a more stable and permanent occlusion.

Operator experience and comfort level with a specific embolic
agent also play a role in its safety and efficacy. Rates of radiologic
and clinical outcomes of patients receiving MMA embolization
were comparable among the embolization agents. However, high
recurrence rates were reported after PVA alone but not with
PVA and coils, emphasizing the benefit of combining agents to
achieve better stability. Most interesting, reoperation was noted
to be slightly higher in patients treated with PVA alone but also
in those treated with PVA and coils. PVA was nonsignificantly
associated with a slightly higher complication rate. This finding
warrants further study but may be related to its higher risk of
penetrating into collaterals, such as those to the ophthalmic ar-
tery. Across all agents, Onyx was associated with the lowest recur-
rence, reoperation, and complication rates.

Conservative care with observation and medical management
may be preferable for patients with an asymptomatic presentation
or those with very severe symptoms and poor baselines in which
neither surgery nor MMA embolization is likely to offer benefit.*®
Catapano et al,® in a propensity-adjusted comparison of 35
patients receiving MMA embolization versus 196 patients treated
conservatively, reported no difference in clinical outcomes; how-
ever, conservative treatment was much more commonly associated

with treatment failure (OR = 13; 95% CI, 1.7-99; P = .01) and
incomplete hemorrhage resolution (OR = 5.4; 95% CI, 2.5-12;
P <.001). Still, data available about outcomes of conservative
management compared with MMA embolization are scarce, and
further studies are warranted. Furthermore, treatment-selection
criteria must be better defined on the basis of clinical status and
radiographic characteristics. Thus, large multicenter cohort stud-
ies stratifying outcomes after these different approaches (MMA
embolization, surgery alone, combined approach, and conserva-
tive approach) by anatomic characteristics of SDH and baseline
clinical characteristics are needed to identify the patient-specific
optimal treatment and develop clinical treatment guidelines.

Limitations

As with most systematic reviews and meta-analyses, this study
was limited by the number of studies meeting the inclusion crite-
ria and the quality of those studies. There were no randomized
controlled trials. Nevertheless, this does represent the largest
cohort of patients studied to date. Additionally, our meta-analysis
showed considerable heterogeneity in several outcomes, particu-
larly clinical and radiologic outcomes, which had additionally
low report rates, with only 11 of 22 studies reporting their out-
comes. This considerable heterogeneity was likely due to hetero-
geneous procedural details (embolization alone versus combined
treatment, choice of different embolic agents), so while these out-
comes provide a broad overview of the potential for MMA embo-
lization, the outcomes from the additional analyses comparing
agents may be more applicable to specific patient situations.
There may also be substantial variations among individual studies
with regard to treatment selection for MMA embolization versus
surgery alone versus a combined approach. Patients undergoing
surgery may have more severe symptoms based on ¢SDH mass
effect requiring decompression. We were unable to assess the
effect of this variable on postprocedural outcomes, and future
clinical trials should consider this for patient treatment selection.

CONCLUSIONS

MMA embolization appears to be a safe and effective intervention
for cSDH, either as a primary or adjunctive treatment. The com-
bined approach may be best used for patients with large hemor-
rhages to alleviate mass effect while decreasing the risk of
recurrence. PVA alone may have higher rates of recurrence, but the
addition of coils with PVA improved stability rates. Embolization
using Onyx seems to lead to lower rates of recurrence, rescue opera-
tions, and complications. Further large multicenter studies and
randomized trials evaluating safety, radiologic outcomes, and clini-
cal outcomes are warranted to better understand the characteristics
associated with the benefit of different embolization agents and to
set updated management guidelines for the treatment of cSDH.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Endovascular Recanalization of Symptomatic Chronic ICA
Occlusion: Procedural Outcomes and Radiologic Predictors

C. Zhou, ““'Y.-Z. Cao, ““'Z.-Y. Jia, ““'L-B. Zhao, “*'S.-S. Lu, ““'H.-B. Shi, and “'S. Liu

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular recanalization has been attempted in patients with symptomatic chronic ICA occlu-
sion, however, the heterogeneity of recanalization outcomes and the perioperative complications present challenges for the clinical
application. Our aim was to evaluate the safety and efficacy of endovascular recanalization for symptomatic chronic ICA occlusion
and identify potential predictors for successful recanalization.

MATERIALS AND METHODS: This study included 47 consecutive patients with symptomatic chronic ICA occlusion who underwent
endovascular recanalization at our institution. Patients’ clinical information, radiologic characteristics, procedural results, and out-
comes were recorded. Factors related to technical success were analyzed by univariate and multivariate analyses.

RESULTS: The technical success rate was 74.5% (35/47); 12.8% of patients (6/47) experienced intraoperative complications, but none
had permanent neurologic deficits. Three months after recanalization, 21 of the 29 recanalized patients (72.4%) and 3 of the 10
failed patients (30.0%) demonstrated improved mRS scores. Restenosis or re-occlusion occurred in 12.9% of patients (4/31) with suc-
cessful recanalization. Multivariate analysis showed that tapered or blunt stump (P = .016), distal ICA occlusion segment (below the
cavernous segment versus at or above the ophthalmic segment, P = .003; at the cavernous or clinoid segment versus at or above
the ophthalmic segment, P = .027), and radiologic occlusion to recanalization of =3 months (P = .044) were significantly associ-
ated with successful recanalization. Patients were assigned points according to the coefficients of the prediction model, and the
technical success rates were 0%, 46.2%, 90.5%, and 100% in patients with 1, 2, 3, and 4 points, respectively.

CONCLUSIONS: Endovascular recanalization is a safe and effective treatment for symptomatic chronic ICA occlusion in selected
patients. A residual stump, low levels of the distal ICA occlusion segment, and a short radiologic occlusion time were identified as
positive predictors of technical success.

ABBREVIATIONS: AUC = area under the curve; CICAO = chronic ICA occlusion; HR-MRI = high-resolution MR imaging

M ost patients with chronic internal carotid artery occlusion
(CICAO) can be treated successfully with aggressive medi-
cal management. However, some patients (6%-20%) remain at
risk of recurrent TIA or ipsilateral ischemic stroke,”* which are
mainly caused by impaired cerebral perfusion or a carotid stump
embolism in the downstream circulation.™*

The optimal treatment for symptomatic CICAO is unclear,
especially in patients refractory to aggressive medical management.
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According to previous research, surgical revascularization with
extracranial-intracranial artery bypass is not superior to medical
therapy in patients with hemodynamic impairment and does not
reduce the risk of recurrent cerebrovascular events.>® Some stud-
ies have demonstrated that carotid endarterectomy can success-
fully revascularize a short extracranial ICA occlusion but is
ineffective for long segmental and intracranial lesions.”® Hybrid
surgery seems to compensate for these drawbacks, but it is associ-
ated with increased perioperative stroke and mortality rates
because of the complicated postoperative management related to
open surgery and intensive antiplatelet or anticoagulant proto-
cols.’ In recent years, some case series on endovascular recanaliza-
tion monotherapy have been published. However, the procedure
is technically demanding, has varying success rates (ranging from
53.3% to 93.3%), and carries a high risk of perioperative complica-
tions, such as dissection, distal embolization, and hyperperfusion
syndrome.'™!! Moreover, research is limited by the small number
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of cases; therefore, the preoperative radiologic predictors of suc-
cessful recanalization for symptomatic CICAO have not been
thoroughly investigated.

Hence, we performed a retrospective study to evaluate the
success rate and outcomes of endovascular recanalization for
symptomatic CICAO at our center. Furthermore, we identified
potential radiologic predictors of successful recanalization, which
will help clinicians select appropriate candidates for this procedure.

MATERIALS AND METHODS

Study Population

This study retrospectively analyzed 47 patients with symptomatic
CICAO who underwent endovascular recanalization at our insti-
tution from January 2018 to December 2021. All treatment choices
were made according to the multidisciplinary consultation of the
doctors in the neurology, neurosurgery, vascular surgery, and
interventional radiology departments, along with the treatment
wishes of patients and families. Chronic occlusion was considered
as =4 weeks after onset. The inclusion criteria were as follows: 1)
atherosclerotic CICAO, defined as 100% cross-sectional truncation
of the vessel lumen observed by CTA or MRA and confirmed by
DSA, 2) aggravation or recurrence of neurologic symptoms (TTA
or stroke) despite aggressive medical treatment, and 3) hypoperfu-
sion in the CICAO territory confirmed by preoperative CTP or
MR perfusion imaging. The following exclusion criteria were
applied: 1) acute occlusion of the carotid artery; 2) asymptomatic
lesions; 3) nonatherosclerotic or dissection occlusion, including
Moyamoya disease, vasculitis, and trauma; 4) neurologic symptom
aggravation or recurrence due to hemorrhagic transformation of
infarction, a new infarction in the nonoccluded vessel territory, hy-
povolemia or systemic hypotension, heart and kidney insuffi-
ciency, severe infection, or high fever; 5) occurrence of a bleeding
disorder in the past 3 months; and 6) allergies or contraindications
to contrast media, heparin, or anesthesia. This study was approved
by the ethics committee of our institution and conducted in ac-
cordance with the mandates of the Declaration of Helsinki (2008).
Because of the retrospective nature of the study, the requirement
for patients to provide informed consent was waived.

Clinical and Radiologic Assessment

Patients’ clinical information, including the mRS score, was
recorded. Two independent neuroradiologists performed all image
assessments, and discrepancies were resolved by consensus. Brain
CTP or MR perfusion was performed to evaluate cerebral hemody-
namics and perfusion-diffusion mismatch. Cerebral hypoperfusion
ipsilateral to the ICA occlusion was defined as delayed perfusion
throughout the ipsilateral hemisphere with delayed TTP, increased
MTT, and decreased regional CBF.'* High-resolution MR imaging
(HR-MRI) was used to analyze the occlusion etiology, proximal
stump morphology, distal ICA occlusion segment, occlusion length,
and luminal thrombosis. Several patients had poor-quality HR-
MRI or did not have HR-MRI; these patients underwent preopera-
tive vascular assessment by multiple simulated CTA images, which
were reconstructed from the CTP images. Occlusion length was
automatically calculated by the software after manual tracing of the
longitudinal axis of the occluded vasculature."® Segments of the
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ICA were evaluated according to the classification criteria proposed
by Bouthillier et al."*

Endovascular Treatment

Patients received aspirin, 100 mg/day, and clopidogrel, 75 mg/day,
for at least 5days before the procedure; subsequently, a
thromboelastogram was used to evaluate platelet reactivity.
Aspirin resistance was defined as <50% inhibition of arachidonic
acid-induced platelet aggregation, and clopidogrel resistance was
defined as <30% inhibition of adenosine diphosphate-induced
platelet aggregation. No cases of aspirin resistance were observed,
whereas 4 patients showed clopidogrel resistance and were treated
with ticagrelor, 90 mg twice a day. All angiographic procedures
and angioplasties were performed with the patient under general
anesthesia by experienced neurointerventionalists. Intravenous
heparin boluses were administered to maintain an activated clot-
ting time of 250-300 seconds during the procedures.

Femoral access was achieved with an 8F sheath introducer
and an 8F guiding catheter (Envoy, Codman Neuro) placed into
the common carotid artery proximal to the occluded segment.
Using roadmap guidance, the surgeon first attempted to pass a
0.035-inch Radifocus Guide Wire M (Terumo) in combination
with a 4F vertebral angiographic catheter (Cordis) through the
tapered stump or vulnerable area to the distal cervical ICA. Then,
a 300-cm 0.014-inch exchange microwire (Transend or Synchro,
Stryker) and an Echelon microcatheter (Medtronic) were used to
advance further into the occluded segment and were navigated
into the intracranial ICA. Thereafter, angiographic projections
were performed to confirm the position of the microcatheter in
the true lumen, assess the extent of the ICA thrombus, and con-
firm the patency of intracranial vessels. A SpiderFX embolic pro-
tection device (Medtronic) was typically used if short occlusions
without tandem lesions and an adequate landing zone were iden-
tified. The Mo.Ma occlusion system (Medtronic) was sporadically
used to protect against embolization in cases with suspected
unstable thrombosis.

On the preoperative HR-MRI, high intraluminal signals on the
unenhanced T1-sampling perfection with application-optimized
contrasts by using different flip angle evolution (SPACE) sequence
(Siemens) beyond the cervical occlusion site might have suggested
intraluminal unstable thrombosis, and the procedure was com-
monly initiated by direct aspiration first. Otherwise, the procedure
was initiated by predilation through the occlusive section with a
small-diameter angioplasty balloon (2-3 mm), followed by closed-
cell stent insertion, if appropriate. An open-cell stent was deployed
for extremely tortuous vascular structures. A Wallstent (Boston
Scientific), Precise stent (Cordis), or Protégé stent (Medtronic)
was deployed for cervical ICAs. An Enterprise stent (Codman),
LEO Plus stent (Balt), or Neuroform EZ stent (Stryker) was
deployed for distal lesions.

If =2 stents were needed, they were deployed from the distal to
the proximal region. The stent size was selected according to the
proximal and distal diameters of the lesion and the length of the
occluded segment. Postoperative angiography was performed to
confirm patency and assess residual stenosis and distal perfusion.
Post-balloon dilation was performed if residual stenosis within the
stent was >50%. Successful recanalization was considered when
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FIG 1. Patient flow diagram. CCA indicates common carotid artery.

the occlusion segment was stented with a final residual diameter
stenosis of <<30% and TICI grade 3 antegrade flow was established
after intervention.

After the procedure, brain CT was performed immediately to
rule out potential intracranial hemorrhage. Systolic blood pressure
was strictly maintained at 100-120mm Hg or decreased by
20% of the baseline value to prevent hyperperfusion syndrome.
Regular dual-antiplatelet agents (aspirin, 100 mg/day, and clopi-
dogrel, 75 mg/day), proper control of risk factors, and effective
rehabilitation training were also prescribed.

Follow-up Outcomes

After discharge, dual-antiplatelet therapy was maintained for
3 months, and life-long aspirin or clopidogrel monotherapy was
continued thereafter. Patients were also treated with statins and
other medications to control risk factors. CTA or DSA was rou-
tinely performed 3 months after successful recanalization proce-
dures and annually thereafter or when restenosis was suspected.
Restenosis and re-occlusion were defined as a stenosis diameter of
>50% and total occlusion of the target artery segment, respectively.
Follow-ups were completed by clinic visits or telephone every
3 months until the end of April 2022. New neurologic deficits (TIA
or stroke), intracranial hemorrhages, and deaths were recorded.

Statistical Analysis
All statistical analyses were performed with SPSS 25.0 (IBM).
Categoric data are presented as counts and percentages. Continuous

data are expressed as the mean (SD) or as the median and inter-
quartile range. Univariate analysis was performed by the Fisher
exact or x” tests for categoric data and 2-sample ¢ tests or Mann-
Whitney U tests for continuous data. To identify the factors inde-
pendently associated with successful recanalization, we per-
formed multivariable logistic regression; all variables with a
P value of <.2 in the univariate analysis were included. ORs
and their 95% confidence intervals were calculated. Then, a
score-based prediction model was constructed with a regres-
sion coefficient-based scoring method. The points assigned to
each variable were proportional to the regression coefficients
of the variable rounded to the nearest integers. Statistical sig-
nificance was set at a 2-sided P value of < .05.

RESULTS

Baseline Characteristics

A total of 47 patients (42 men; mean age, 63.6 [SD, 9.6] years)
with symptomatic CICAO were enrolled (Fig 1). Many patients
had chronic comorbidities such as hypertension (66.0%), diabe-
tes mellitus (34.0%), hyperlipidemia (10.6%), and cardiac dis-
ease (14.9%). In addition, 23 (48.9%) had a history of smoking,
and 15 (31.9%) had a history of drinking. Preoperative vascular
assessment by HR-MRI was performed in 38 patients (80.9%),
and 9 patients (19.1%) were assessed by simulated multiple CTA
images, which were reconstructed from the CTP images. The
detailed patient characteristics and angiographic findings are
presented in Table 1.

Procedural Outcomes and Follow-up

A total of 35 (74.5%) patients achieved successful recanalization.
After the wires crossed the occlusion, embolic-protection devices
were used in 34.3% (12/35) of patients: Ten patients received the
SpiderFX device and 2 received the Mo.Ma occlusion system.
The overall intraoperative complication rate was 12.8% (6/47); 1
patient had a slight subarachnoid hemorrhage followed by micro-
wire perforation, 3 patients had asymptomatic dissection (2 of
whom were treated with stent implantation), and 2 patients had
distal embolization. Neither of the latter 2 patients exhibited new
neurologic symptoms with successful mechanical thrombectomy.
The rate of stroke or death within 30 days was 6.4% (3/47). One
older adult patient died of massive reperfusion hemorrhage 1 day
after the procedure. The other 2 patients developed new neuro-
logic symptoms 2 and 10 days after their procedures (their mRS
scores were 2 and 4, respectively). CTP revealed significant hypo-
perfusion on the recanalization side, and CTA showed in-stent
thrombosis. The symptoms of both patients improved after emer-
gency mechanical thrombectomy (local arterial thrombolysis
combined with balloon dilation) and subsequent drug and reha-
bilitation treatment. No strokes or deaths occurred during hospi-
talization in the failed recanalization group.

The median follow-up period was 13.0 months (range, 2.3-
51.8 months). At the 3-month follow-up, 21 of 29 patients having
undergone recanalization (72.4%) with preoperative mRS scores
of =1 showed improvement in their mRS scores, whereas only 3
of 10 patients (30.0%) with failed recanalization and preoperative
mRS scores of =1 showed improvement in their mRS scores.
Restenosis or re-occlusion occurred in 12.9% of recanalized
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Table 1: Baseline characteristics of the studied patient population as stratified by failed or successful recanalization

Characteristics Total (n = 47) Successful (n = 35) Failed (n = 12) P Value
Mean age (yr) 63.6 (SD, 9.6) 643 (SD, 9.8) 618 (SD, 9.2) 443
Male sex (No.) (%) 42 (89.4%) 31(88.6%) 1 (917%) 1
Risk factors
Hypertension (No.) (%) 31(66.0%) 23 (65.7%) 8 (66.7%) 1
Diabetes mellitus (No.) (%) 16 (34.0%) 14 (40.0%) 2 (16.7%) 263
Hyperlipidemia (No.) (%) 5 (10.6%) 4 (11.4%) 1(8.3%) 1
Cardiac disease (No.) (%) 7 (14.9%) 6 (17.1%) 1(8.3%) 787
Smoking history (No.) (%) 23 (48.9%) 17 (48.6%) 6 (50.0%) 932
Drinking history (No.) (%) 15 (31.9%) 12 (25.5%) 3 (25.0%) 813
Neurologic symptoms 1
TIA (No.) (%) 8 (17.0%) 6 (17.1%) 2 (16.7%)
Stroke (No.) (%) 39 (83.0%) 29 (82.9%) 10 (83.3%)
Preoperative mRS score (median) (IQR) 1(1-2) 1(1-2) 1(1-1) 497
Radiologic characteristics
Right-sided recanalization (No.) (%) 20 (42.6%) 16 (45.7%) 4 (33.3%) 454
ICA stump morphology 181
Tapered or blunt stump (No.) (%) 36 (76.6%) 29 (82.9%) 7 (58.3%)
No stump (No.) (%) 1 (23.4%) 6 (17.1%) 5 (417%)
Level of distal ICA occlusion segment .004
Below the cavernous segment (No.) (%) 17 (36.2%) 16 (45.7%) 1(8.3%)
At the cavernous or clinoid segment (No.) (%) 21 (44.7%) 16 (45.7%) 5 (41.7%)
At or above the ophthalmic segment (No.) (%) 9 (19.1%) 3(8.6%) 6 (50%)
Occlusion length =5cm (No.) (%) 12 (25.5%) 12 (34.3%) 0 (0%) .049
Radiologic occlusion to recanalization =3 mo (No.) (%) 41(87.2%) 32 (91.4%) 9 (75.0%) 164
Note:—IQR indicates interquartile range.
Table 2: Multivariate analysis of factors influencing the successful recanalization®
Characteristics OR 95% Cl for OR (3 Coefficient  Points Assigned P Value
Tapered or blunt stump (vs no stump) 25.8 1.8-364.7 3.251 1 .016
Level of distal ICA occlusion segment
Below the cavernous segment (vs at or above the 306.6 6.6-14,168.9 5.726 2 .003
ophthalmic segment)
At the cavernous or clinoid segment (vs at or above the n4 1.3-98.0 2434 1 .027
ophthalmic segment)
Radiologic occlusion to recanalization =3 mo (vs >3 months) 10.9 1.1-111.5 2387 1 .044

@ The following variable was removed from the model: occlusion length <5 cm.

patients (4/31) who had follow-up imaging: Three presented with
asymptomatic re-occlusion, and the other presented with sympto-
matic restenosis (recurrent dizziness). The latter patient received
subsequent balloon dilation therapy. No recurrent TIA or stroke
occurred in the other patients with successful recanalization
during the clinical follow-up period. Of the 12 patients with
failed recanalization, 3 patients (25.0%) experienced recurrent
TIA or stroke and 1 patient with stroke died despite aggressive
medical management.

Predictive Factors and Construction of a Scoring System

No significant differences were found in demographics, risk fac-
tors, or symptoms between the successful and failed recanaliza-
tion groups. The distal ICA occlusion segment tended to be at a
lower level in the successful recanalization group than in the
failed recanalization group (technical success rates: below the
cavernous segment, 94.1%; at the cavernous or clinoid segment,
76.2%; at or above the ophthalmic segment, 33.3%; P = .004).
Multivariate analysis with logistic regression revealed that the
following factors were significantly associated with successful
recanalization: tapered or blunt stump (OR = 25.8; 95% CI,
1.8-364.7; P = .016), distal ICA occlusion segment (below the
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cavernous segment versus at or above the ophthalmic segment)
(OR = 306.6; 95% CI, 6.6-14,168.9; P = .003); at the cavernous
or clinoid segment versus at or above the ophthalmic segment
(OR = 11.4; 95% CI, 1.3-98.0; P = .027), and radiologic occlu-
sion to recanalization of =3 months (OR = 10.9; 95% CI, 1.1-
111.5; P = .044).

By means of the independent predictors obtained from multi-
variate analysis, a scoring system was created to predict the techni-
cal success rate of CICAO recanalization. Points for each variable
were assigned as described in the materials and methods section
(Table 2). Receiver operating characteristic curves were plotted to
evaluate the predictive value of each factor and the combination
of the 3 factors (Fig 2). The results demonstrated that the combi-
nation of the 3 factors had the highest efficacy for predicting suc-
cessful recanalization (area under the curve [AUC] = 0.876).
Furthermore, the technical success rates were 0%, 46.2%, 90.5%,
and 100% in patients who were assigned 1, 2, 3, and 4 points,
respectively (Fig 3). A representative case is presented in Fig 4.

DISCUSSION
Recently, several studies with small sample sizes have reported
that endovascular recanalization is a feasible strategy to treat
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endovascular recanalization of 74.5%
(35/47); the intraoperative complica-
tion rate was 12.8%, and the morbid-
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was 6.4%. Furthermore, CICAO with
stump (tapered or blunt), low levels
of the distal ICA occlusion segment,
and radiologic occlusion to recanali-
zation of =3 months were associated
with a greater chance of successful
recanalization.

In previous studies, successful recana-
lization has been achieved in 53.3%-
93.3% of patients with CICAO; this rate
is related to the technical experience of
the operators and the radiologic charac-
teristics of the occlusion.'*'™'*"” Our
study, which focused on symptomatic
atherosclerotic cases, found that a tapered
or blunt stump had a greater chance of
successful recanalization compared with
no stump; this finding is consistent with
those of previous studies.'>!® In addition,
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FIG 2. ROC curves were plotted to evaluate the predictive value of every factor (a tapered or
blunt stump, the level of distal ICA occlusion segment, radiologic occlusion to recanalization of
=3 months) and the combination of the 3 factors. The results show that the combination of
these 3 factors showed the highest efficacy (AUC = 0.876). ROC indicates receiver operating

characteristic.
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FIG 3. Effects of the presence of 1-3 predictive radiologic factors
associated with failed or successful recanalization. The y-axis shows
each group of patients with scores of 1, 2, 3, and 4 points; the actual
number of patients is marked. The x-axis shows the percentage of
patients who failed or succeeded in recanalization in each group. The
technical success rates were 0%, 46.2%, 90.5%, and 100% in patients
who were assigned 1, 2, 3, and 4 points, respectively.

symptomatic CICAO. However, the heterogeneity of recanaliza-
tion outcomes and the perioperative complications presents
challenges for the clinical application of endovascular recanali-
zation.'®'! Our study observed an overall success rate of

we found that a longer duration of the
0E 10 occlusion was associated with a lower
probability of successful recanalization:
Technical success decreased from 78.0%
to 50.0% when the radiologic occlusion
time was increased from =3 months to
>3 months; the multivariate analysis
also indicated that the occlusion duration
played a significant role in recanalization.
Similar results were found in a meta-anal-
ysis by Cagnazzo et al,"" which reported a successful endovascular
recanalization rate of 70.2% for an occlusion duration of
=3 months compared with 51.4% for an occlusion duration of
>3 months.

The length of the occlusion is a major determinant of success-
ful recanalization due to the level of difficulty in identifying the
vascular course and deviation from the vessel lumen when cross-
ing a long occlusion.'” In previous studies, the length of the
occlusion was mainly judged according to the distance between
the site of the proximal occlusion and the retrograde reconstruc-
tion of the distal ICA segment by the collateral vessels on delayed
angiographic images, which might be longer than the true length
of the underlying thrombotic occluded lesion.'*'®' HR-MRI
can be used preoperatively to directly visualize and provide
detailed information about occluded segments.*® In the present
study, we mainly classified the level of the distal ICA occlusion
segment (Bouthillier segmentation) according to the preoperative
HR-MRI and confirmed it by intraoperative angiograms; theoret-
ically, this strategy is more accurate than the method of using
delayed angiographic images. We found that low levels of the dis-
tal ICA occlusion segment were significantly associated with suc-
cessful recanalization. Similar results were reported by Chao et al,
who observed a higher technical success rate among “short-type”
occlusions (occlusion length of =3 segments) compared with
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FIG 4. An elderly man presented with recurrent numbness and weakness in the right limb and was diagnosed with left ICA occlusion for
>9 months. Preoperative perfusion-weighted imaging shows large areas of hypoperfusion (increased TTP, A) in the left hemisphere. HR-MRI
scans (B) and angiographic results (C and D) confirm the occlusion of the C1 segment with no stump (arrow). The patient was assigned a score of
2 points before recanalization. After the microwire passed the occlusion site and was predilated with a 3 x 30 mm balloon, angiography (E)
shows a long, rough vascular wall and regional dissection (arrow). Successful recanalization with good antegrade perfusion was achieved fol-
lowed by the insertion of 1 Neuroform EZ stent (4.5 x 30mm) and 2 Wallstent stents (7 x 40 mm and 9 x 30 mm, F and G). Angiographic results

show patent stents at the 3-month follow-up (H).

“long-type” occlusions (93.3% versus 57.8%)."> Most surprising,
we found that an occlusion length of <5 cm was not significantly
associated with successful recanalization. A study by Hasan et
al'® reported a 100% success rate in patients with an occlusion
length of <5 cm in the cervical ICA, whereas the success rate was
50% for longer lesions. This outcome could be ascribed to several
factors: first, carotid artery segment lengths are heterogeneous
because of differences in sex, age, and other factors; second, the
carotid artery is tortuous upward. Thus, neither DSA nor HR-
MRI could accurately measure the length of the occlusion.

Chen et al'® developed a scoring system to predict the success
rate of endovascular recanalization; the system was based on
angiographic features and symptoms, such as a nontapered
stump, distal carotid artery reconstitution at the communicating
or ophthalmic segments, and the absence of neurologic events.
However, their study was limited by heterogeneity and bias;
43.5% of patients were asymptomatic, and patients with intracra-
nial occlusion and nonatherosclerotic or dissection occlusion
were also included. Using the data obtained, we constructed an
easy-to-operate 3-factor model to predict successful recanaliza-
tion preoperatively. The 3 factors in the model were a tapered or
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blunt stump, a distal ICA occlusion segment, and radiologic
occlusion to recanalization of =3 months; these factors separately
reflect CICAO features in the different aspects discussed above.
In the 47 patients included in our study, the model achieved high
efficacy in risk stratification. Patients who received 1 point in this
scoring system achieved no success in recanalization surgery
(0/3), whereas all patients who received 4 points achieved suc-
cessful recanalization (10/10).

Complications after recanalization have been reported in close
to 18% of patients, with higher rates (approximately 25%) among
patients with longer occlusions.'®?" In our study, the rate of intra-
operative complications (such as dissection and perforation) was
12.8%, with no permanent neurologic deficits remaining after the
operation. Distal embolization is a common complication of re-
canalization for CICAO, with reported rates of up to 7.1%.'>'®'?
In our study, 2 patients (2/47, 4.3%) demonstrated thrombus
migration during the procedure; fortunately, no new symptoms
or signs were observed after successful mechanical thrombec-
tomy. Research has shown that atherosclerotic CICAO is mainly
caused by the superposition of thrombosis due to stenosis.
Disrupting the thrombus by microcatheter or microguidewire



manipulation or compressing it during balloon dilation leads to a
risk of thrombus migration.?? To stabilize the stenotic lesion and
prevent distal embolization, we typically used a small-diameter
balloon (2-3 mm) to perform predilation through the occlusive
section first, followed by closed-cell stent insertion, if appropriate.
Nevertheless, embolic protection measures should be performed
to prevent embolism during recanalization procedures. However,
the deployment of distal embolic protection devices, such as
SpiderFX, is difficult when passing through the target vessels
because of the long fibrotic or thrombosis lesion and tortuous
vascular anatomy that is often found in chronic total occlu-
sion.">'®! This issue is evidenced by the low application rate
(34.3%, 12/35) of embolic protection devices in our study. The
application of proximal protection devices that work through
flow reversal, such as the Mo.Ma occlusion system, may be a ben-
eficial supplementary technique to prevent distal embolization;*
however, studies with large sample sizes are needed to confirm
the results in patients with CICAO.

The successful recanalization of CICAO leads to the resolu-
tion of the penumbra and the normalization of TTP or MTT, and
it eventually contributes to the improvement of mRS scores
following the procedure.'” In 2 other studies on endovascular

24,25

therapy, significant improvements in neurologic deficits and
cognitive function were observed 3-6 months after the recanali-
zation procedure. Similarly, in our study, most patients (72.4%)
with successful recanalization showed improvement in their mRS
scores at the 3-month follow-up compared with baseline, whereas
few patients (30%) with failed recanalization showed improve-
ment in the mRS scores. One recanalized patient (1/34, 2.9%)
developed recurrent dizziness due to in-stent restenosis, whereas
3 patients with failed recanalization (3/12, 25.0%) experienced
recurrent TIA or stroke during follow-up. Although we could not
use preoperative and postoperative mRS scores alone to measure
the operative success of this intervention, the combination of the
improvement in mRS scores associated with successful recanali-
zation and the reduction in recurrent cerebrovascular events
demonstrates the safety and efficacy of this procedure.

The present study has several limitations. First, it is a retro-
spective study with a modest sample size, which might interfere
with the statistical analysis, and it may have contained correlative
variables. Therefore, further prospective studies with large sample
sizes are needed to verify the results. Second, the lack of follow-
up imaging data for some patients might limit the evaluation of
the overall restenosis/re-occlusion rate. Finally, few studies have
focused on the mural and intraluminal thrombus signals on HR-
MRI; thus, further studies are needed to identify potential predic-
tors of successful recanalization.

CONCLUSIONS

For symptomatic CICAO, endovascular recanalization is safe
and effective in selected patients and may improve neurologic
symptoms while reducing the recurrence rate of TIA or stroke
in the midterm. A tapered or blunt stump, low levels of the dis-
tal ICA occlusion segment, and a short radiologic occlusion
time were identified as independent predictors of technical suc-
cess. Although additional prospective randomized trials with
large cohorts are necessary to confirm our results, the scoring

system we constructed can help facilitate and improve preopera-
tive case selection for recanalization.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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MRI for Cushing Disease: A Systematic Review
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ABSTRACT

BACKGROUND: MR imaging is key in the diagnostic work-up of Cushing disease. The sensitivity of MR imaging in Cushing disease is
not known nor is the prognostic significance of “MR imaging—negative” disease.

PURPOSE: Our aim was to determine the overall sensitivity and prognostic significance of MR imaging localization of Cushing disease.

DATA SOURCES: We performed a systematic review of the MEDLINE and PubMed databases for cohort studies reporting the sensi-
tivity of MR imaging for the detection of adenomas in Cushing disease.

STUDY SELECTION: This study included 57 studies, comprising 5651 patients.

DATA ANALYSIS: Risk of bias was assessed using the methodological index for non-randomized studies criteria. Meta-analysis of
proportions and pooled subgroup analysis were performed.

DATA SYNTHESIS: Overall sensitivity was 73.4% (95% Cl, 68.8%—77.7%), and the sensitivity for microadenomas was 70.6% (66.2%—
74.6%). There was a trend toward greater sensitivity in more recent studies and with the use of higher-field-strength scanners.
Thinner-section acquisitions and gadolinium-enhanced imaging, particularly dynamic sequences, also increased the sensitivity. The
use of FLAIR and newer 3D spoiled gradient-echo and FSE sequences, such as spoiled gradient-echo sequences and sampling per-
fection with application-optimized contrasts by using different flip angle evolutions, may further increase the sensitivity but appear
complementary to standard 2D spin-echo sequences. MR imaging detection conferred a 2.63-fold (95% Cl, 2.06-3.35-fold) increase
in remission for microadenomas compared with MR imaging—negative Cushing disease.

LIMITATIONS: Pooled analysis is limited by heterogeneity among studies. We could not account for variation in image interpreta-
tion and tumor characteristics.

CONCLUSIONS: Detection on MR imaging improves the chances of curative resection of adenomas in Cushing disease. The evolu-
tion of MR imaging technology has improved the sensitivity for adenoma detection. Given the prognostic importance of MR imag-
ing localization, further effort should be made to improve MR imaging protocols for Cushing disease.

ABBREVIATIONS: ACTH = adrenocorticotropic hormone; CD = Cushing disease; CRH = corticotropin-releasing hormone; GE = gradient-echo; MINORS =
methodological index for non-randomized studies; RARE = rapid acquisition with relaxation excitement; SE = spin-echo; SPGR = spoiled gradient-echo sequences;
SPACE = sampling perfection with application-optimized contrasts by using different flip angle evolutions

C ushing disease (CD) is associated with reduced quality of life’
and excess mortality.” MR imaging of the sellar region
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identifies most cases of Cushing disease; however, up to 40% of
cases are “MR imaging-negative,” though the exact proportion has
not been definitively established.>”

Surgeons rely on MR imaging to identify the surgical target,
guide surgical planning and technique, and avoid complications.
Foremost, adenoma localization facilitates selective adenomec-
tomy, which is associated with the highest rate of cure.>” In MR
imaging-negative Cushing disease, the surgeon is required to
make multiple incisions into the gland in search of adenoma tis-
sue or perform a hemi- or subtotal hypophysectomy;® both are
associated with a higher rate of complications and a lesser rate of
cure.'® Surgical exploration and hemi-hypophysectomy may be
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guided by inferior petrosal sinus sampling, but this procedure is
invasive, not without risk, and correctly lateralizes eccentric tumors
in only 69% of cases."'

Improved MR imaging detection of adenomas in CD would
avoid delays in treatment, streamline surgery, reduce the need for
inferior petrosal sinus sampling, minimize iatrogenic gland and
stalk injury, obviate the need for hypophysectomy, and increase
the chance of surgical cure.'> We sought to systematically review
the literature on MR imaging in CD to establish the rate of MR
imaging-negative disease, the patient and imaging protocol fac-
tors that determine MR imaging sensitivity, and the association
of MR imaging localization with rates of biochemical remission
after surgery.

Primer of MR Imaging for CD

MR imaging of the pituitary gland is notoriously challenging due
to its anatomy. The pituitary gland sits in the sella at the confluence
of the nasal, orbital, and cranial regions,w’14 medial to the lateral
sellar compartment (cavernous sinus, a part of the extradural neu-
raxial compartment).'®

A number of artifacts degrade sellar MR imaging. Due to its
small size, partial volume effects from adjacent structures such as
the ICA, sphenoid sinus air, or cavernous sinus fat may mimic
microadenomas. A thin-section, high in-plane resolution, multi-
planar acquisition is hence essential.'® Tissue inhomogeneity is
also problematic; changes in magnetic susceptibility at air- and
bone-soft tissue interfaces also distort the local magnetic field and
cause artifacts, particularly at higher field strengths. Chemical shift
artifacts may occur in the setting of fat infiltration of the dorsum
sellae or cavernous sinus and may require fat-suppressed imaging.
Pulsatile flow in the adjacent ICA,"” significantly enlarged interca-
vernous sinuses, or turbulent CSF in the suprasellar cistern may
also causes artifacts. Finally, patients with Cushing syndrome may
have an empty sella,'”® which may reduce imaging sensitivity
through either direct compression or altering the dynamics of
contrast within the normal gland."?

Standard MR images are pre- and post intravenous gadolinium
T1-weighted spin-echo (SE) or rapid acquisition with relaxation
enhancement (RARE), eg, FSE/TSE, acquired in the coronal and
sagittal planes, and coronal T2-weighted FSE with a section thick-
ness of =3 mm. Volumetric acquisitions are now preferred because
these provide thin slices and minimize partial volume effects and
have the ability to create multiplanar reformats. Volumetric
sequences are usually gradient-echo (GE) or RARE-based. Pituitary
adenomas are typically T2-hyperintense and T1-hypointense to the
normal gland precontrast; however, they may have a variety of sig-
nal characteristics and are often (frustratingly) isointense and
imperceptible.

Enhancement is typically delayed compared with the normal
gland, with slower wash-in and washout phases.”® Adenomas,
therefore, typically enhance less than the normal pituitary gland in
early postcontrast images but display greater enhancement on
delayed imaging. The reason is not clear but may relate to poor
permeability of the pseudocapsule, reduced vessel density,” or a
predominance of small vessels within the tumor neovasculature.**
These enhancement characteristics are exploited by dynamic
image acquisitions, in which the point of maximal-intensity
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difference during wash-in is sought. Multiple (usually 6) sets of
coronal T1-weighted images (either 2D or 3D, SE, FSE or GE) are
acquired at 10-second intervals immediately following contrast
administration. Delayed imaging, 30-60 minutes after contrast
administration, may also be performed to take advantage of the
relatively slow contrast washout within adenomas. FLAIR imaging
is more sensitive to paramagnetic contrast enhancement than T1-
weighted images and may, therefore, be preferred in this setting.®
Spoiled gradient-echo sequences (SPGR) offer greater soft-tissue
contrast and allow faster acquisition (minimizing motion/vascular
pulsation artifacts) than standard SE sequences.** They are also of-
ten acquired with thinner slices. However, the SNR may be infe-
rior to that in SE sequences, increasing the rate of false-positive
findings, and susceptibility artifacts are also increased. 3D variable
flip-angle FSE sequences, such as sampling perfection with appli-
cation-optimized contrasts by using different flip angle evolutions
(SPACE sequence; Siemens), allow thin-section imaging in rea-
sonable acquisition times, reducing partial volume and motion
artifacts.”® These FSE sequences are resistant to susceptibility arti-
facts compared with 3D GE sequences. They may also be particu-
larly useful for laterally based tumors because the signal intensity
of slow-flowing blood (eg, in the cavernous sinus)*® is high, while
flow voids are maintained in fast-flowing carotids.”” High spatial-
resolution balanced spoiled steady-state free precession sequences,
such as CISS, are predominantly heavily T2-weighted images that
have a high SNR and are relatively insensitive to motion. Acquired
without contrast, they may provide complementary findings to
standard SE sequences by identifying microcystic or more T2-
hyperintense regions in otherwise silent lesions and are suitable
for patients with contraindications to intravenous gadolinium.

MATERIALS AND METHODS

A systematic review was performed in accordance with the Preferred
Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA) statement.”® A systematic search of the MEDLINE and
PubMed electronic databases from their date of inception to
September 2021 was conducted using the search string: (Magnetic
Resonance Imaging OR MRI OR MR) AND (Cushing(s) Disease
OR Corticotroph Adenoma OR Corticotrope Adenoma OR
ACTH-Dependent Cushing(s) Syndrome).

Inclusion criteria were defined as the following: 1) randomized
and nonrandomized controlled trials and cohort studies that
reported the sensitivity of MR imaging for the detection of pitui-
tary adenomas in Cushing disease; 2) documentation of an accept-
able “reference standard” diagnosis of Cushing disease (histology
or remission after surgery); and 3) written in English. Studies of
multiple tumor types in which data specific to CD could not be
extracted, studies of imaging modalities in which data specific to
MR imaging could not be extracted, and single case reports were
excluded.

Data Collection

Data extraction included study year, study size, patient age, surgi-
cal status, surgery type, adenoma size, cure rates, and MR imaging
protocol. Results were stratified, when possible, by patient age,
study year, tumor size, and MR imaging characteristics.



Risk of bias in individual studies was assessed using the meth-
odological index for non-randomized studies (MINORS).”

Meta-analysis of proportions was performed using the ran-
dom-effects model for overall sensitivity. Pooled analysis was per-
formed for subgroup analysis, and the Fisher exact test was used
to compare pooled dichotomous data. Statistical significance was
defined as P < .05. Heterogeneity between studies included in the
meta-analysis of proportions was measured using the I* statistic.
Analysis was performed using R 4.1.1 (http://www.r-project.org/).

RESULTS

Fifty-seven studies were identified from the systematic search of
the literature (Online Supplemental Data), comprising 5651
patients (Online Supplemental Data). Risk of bias was assessed by
the MINORS criteria and is presented in the Online Supplemental
Data. The literature consisted mostly of case series and small retro-
spective cohort studies, spanning 1988-2021. Magnet field strength
was reported in 36 (63.2%) studies, with most using standard-field-
strength MR imaging (1T-3T), whereas 1 study used 7T imaging.
MR imaging sequences were reported in 43 (75.4%) studies. The
most used sequences included T1-weighted SE (100%, 43/43), T2-
weighted SE (55.8%, 24/43), dynamic postcontrast studies (48.8%,
21/43), and SPGR (44.2%, 19/43). In all studies, the diagnosis of
CD was established by either surgical findings or, in the absence of
histology, biochemical remission after surgery.

Overall Sensitivity

In patients with CD, MR imaging had an overall sensitivity of
73.4% (95% CI, 68.8%-77.7%) and there was significant heteroge-
neity between studies (I = 92.1%) (Online Supplemental Data). In
studies that included only microadenomas, the overall sensitivity
was 71.8% (95% CI, 63.0%-79.2%) and there was significant heter-
ogeneity between studies (I> = 82.0%). In studies that included
both macroadenomas and microadenomas, the sensitivity for
detecting microadenomas was similar (70.0%; 95% CI, 64.9%-
74.7%; 12 = 91.7%) to that in studies of exclusively microadenomas
(P = .85). Combined, the sensitivity of MR imaging for all microa-
denomas was 70.6% (95% CI, 66.2%-74.6%; P = 89.7%).
Compared with all patients with CD, the sensitivity of MR imaging
for detecting microadenomas was significantly lower when assess-
ing either studies of exclusively microadenomas (OR = 1.18, P =
.03) or microadenomas within all studies (OR = 1.22, P < .001).

Study Year

Studies were categorized by year of publication into 1 of 3 epochs:
pre-2000; 2000-2010; or post-2010. When the sensitivity of MR
imaging was provided for different epochs within a study, data
were separated into the relevant era. The sensitivity of MR imaging
in the pre-2000 epoch was similar to that in the 2000-2010 epoch
(60.5% versus 57.8%, P = .89). The post-2010 era had greater sen-
sitivity than the pre-2000 (80.1% versus 60.5%, P < .001) and the
2000-2010 (80.1% versus 57.8%, P < .001) eras.

Patient Age

Two studies exclusively analyzed pediatric patients, while 12 stud-
ies exclusively analyzed adults. One additional study stratified
results by patient age, and the data were included in the relevant

age group. MR imaging had greater sensitivity in adults with CD
than in children (70.9% versus 52.5%, P < .001).

Field Strength
Twenty studies were performed using a single magnet field
strength, while an additional 5 studies stratified results by field
strength. Overall, there was a trend toward increasing sensitivity
with increasing field strength. Compared with a standard field
strength of 1.5T, scans performed at 3T identified significantly
more adenomas (81.7% versus 73.6%, OR = 1.60, P = .03).
Comparisons with low-strength (eg, 0.5T) and higher-strength
(eg, 7T) magnets were limited by the small sample size. Three
studies assessed the same cohort of patients on 1.5T and 3T scan-
ners,*>? for a total of 28 patients. 3T field strength tended to be
more sensitive (60.7% versus 35.7%, P = .10). The single study
comparing 1.5T and 7T images also tended toward greater sensi-
tivity with higher field strengths (81.3% versus 43.8%, P = .07).”

Section Thickness
Thirty-two studies reported MR imaging sequence details, includ-
ing minimum section thickness. Section thickness was categorized
into 3 groups: >2, =1, and 1.1-2 mm. Compared with MR imag-
ing protocols in which the thinnest cuts were >2 mm, those with
slices of 1.1-2 mm (65.6% versus 58.1%, P = .01) and <1 mm
(83.7% versus 58.1%, P < .001) were significantly more sensitive.
Because studies of <1 mm were more likely to have dynamic
imaging, a separate analysis was performed excluding studies
with dynamic contrast-enhanced sequences. Fine-section (=1
mm) imaging improved the sensitivity of MR imaging even in
the absence of dynamic sequences compared with either 1.1- to
2-mm slices (P = .02) or >2-mm slices (P = .03).

MR Imaging Sequences

Thirty-nine studies reported sensitivity for specific MR imaging
sequences. Compared with noncontrast T1 SE sequences, routine
postgadolinium T1 SE sequences trended toward greater sensitiv-
ity but did not reach statistical significance. However, dynamic
image acquisition improved the sensitivity of gadolinium-
enhanced T1-weighted SE sequences significantly (78.6% versus
58.8%, P < .001). The sensitivity of dynamic sequences improved
between the 2000 and 2010 era and the post-2010 era (52.8% ver-
sus 81.4%, P < .001). Spoiled gradient-echo sequences (most
commonly SPGR) also demonstrated increased sensitivity com-
pared with postcontrast T1-weighed SE images (69.8% versus
58.8%, P < .001). 3D FSE sequences (eg, SPACE) similarly dem-
onstrated greater sensitivity than postcontrast 2D T1-weighted
SE studies (82.1% versus 58.8%, P < .001).

Given that the sensitivity of each sequence is dependent on
many factors including the characteristics of the population being
tested, section thickness, and magnet strength (see above), a sepa-
rate analysis was performed that included only studies with direct
comparisons of MR images obtained on the same population on
the same scanners.

Similar to the initial analysis, there was no significant differ-
ence between noncontrast and postcontrast 2D T1-weighted SE
sequences (46.8% versus 62.2%, P = .19). Again, dynamic image
acquisition improved the sensitivity of gadolinium-enhanced 2D

AINR Am J Neuroradiol 44:311-16  Mar 2023 www.ajnr.org 313


http://www.r-project.org/

Effect of MR imaging detection on surgical outcome

radiologists and pituitary surgeons do

Remission Persistent % P Value OR (95% Cl) not hg;perfect agreem;:snt among ;d;em-

N T EES selves™”” or each other. Dygamic and
MR imaging+ 1968 445 816 <.001 140 (116-168) higher-field-strength  studies™ tend to
MR imaging— 710 224 76.0 REF REF demonstrate less agreement, likely
Microadenomas due poorer specificity related to arti-
MR imaging+ 129 203 84.8 <.001 2.63 (2.06-3.35) facts and the more heterogeneous
MR imaging— 324 153 67.9 REF REF appearance of the gland at higher re-

Note:—REF indicates reference value; +, detected; —, not detected.

T1-weighted SE sequences (64.8% versus 47.3%, P = .006). There
was no difference between SPGR and dynamic sequences (60.1%
versus 67.3%, P = .21); however, SPGR demonstrated improved
sensitivity in comparison with postcontrast 2D T1-weighted SE
sequences (55.3% versus 38.6%, P < .001). Single studies demon-
strated greater sensitivity of postcontrast 3D fast FSE sequences
(eg, T2-SPACE) compared with dynamic acquisitions (P = 01)**
and postcontrast 2D T1-weighted SE sequences (P < .001).” The
addition of FLAIR sequences to SPGR increased the sensitivity of
MR imaging, though overall numbers were small>> T2-CISS
sequences in isolation were similarly as sensitive as postcontrast
2D T1-weighted SE sequences; however, both sequences identi-
fied particular adenomas that the other did not, suggesting these
sequences are complementary.*®

Significance of MR Imaging Localization for Postoperative
Remission

Postoperative biochemical remission data were available in 23
studies. Overall, patients with adenomas identifiable on MR imag-
ing had a greater rate of postoperative biochemical remission
(81.6% versus 76.0%, P < .001) (Table). Given that macroade-
nomas are more likely to be invasive and some may be giant and
not amenable to gross total resection, a separate analysis was per-
formed in microadenoma studies. Data pertaining only to microa-
denomas could be extracted from 16 studies. The strong predictive
effect of MR imaging visibility on remission rates was maintained
(84.8% versus 67.9%, P < .001). There was no difference in remis-

sion rates in MR imaging-negative disease between epochs.

DISCUSSION

Key Results

MR imaging identifies 73% of all adenomas and 71% of microa-
denomas in patients with CD. Sensitivity has improved with time
due to greater spatial resolution (including finer section thick-
ness) and scanning at higher field strengths, which allows high-
resolution imaging with greater SNR. The increase in detection
rates may, however, come at the cost of increased false-positives.
Dynamic imaging and advanced 3D MR imaging techniques
(SPGR, SPACE) may improve the sensitivity over conventional
2D SE sequences alone; however, they are likely complementary
rather than interchangeable. MR imaging detection is a strong
predictor of remission.

Generalizability
Perhaps the most important factor determining the sensitivity of
MR imaging is how the images are interpreted. Experienced
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solution. The MR pulse sequences
and high-field-strength (7T) imaging
described in this review may not be
available in all centers.

Limitations

Significant (I = 90%) heterogeneity between studies limits the
strength of our conclusions. The sensitivity of MR imaging is
determined by many factors outside the acquisition, such as
image interpretation and tumor characteristics, which will differ
among cohorts. The factors analyzed in the study are inherently
interrelated, with higher-field-strength scanners, advanced
sequences, and thinner-section acquisitions more common in
later decades. Improvements in scanner technology extend
beyond field strength. With time, matrix size (ie, in-plane resolu-
tion) has increased, as has the number and design of head coils
(ie, channels), resulting in higher-resolution imaging with
improved signal. These specifications were rarely reported; com-
parison by field strength alone may oversimplify interscanner dif-
ferences. Although increasing spatial resolution and advanced
sequences may improve sensitivity, the effect on specificity has
not been consistently reported. The false-positive rate may exceed
20% in some series,”® and clinicians should be cognizant of the
potential for a greater rate of false-positive results with fine-sec-
tion acquisitions, higher-field-strength magnets, and more
advanced pulse sequences.*®

The Future
Perfectly sensitive sellar imaging would facilitate a totally noninva-
sive work-up of CD and high rates of surgical cure. Steps toward
this goal have already been taken; however, there remains room for
improvement. CD-specific MR imaging protocols have been pro-
posed,*®*" using dynamic imaging, SPGR, and volumetric FSE
sequences, which are supported by our data. The benefits of higher-
field-strength magnets are promising but may be limited by ampli-
fied artifacts from skull base pneumatization and bone-soft tissue
interfaces. Nevertheless, the single study that compared 1.5T and 7T
acquisitions demonstrated almost twice the sensitivity with higher-
field-strength imaging. Gadolinium dose is a further variable to be
optimized,** with half-dose acquisitions demonstrating improved
sensitivity. These advances are promising but need to be weighed
against the potential increased rate of false-positive results. Future
studies should universally report false-positive findings.
Intraoperative MR imaging is increasingly recognized as a valu-
able adjunct to increase the extent of resection of macroadenomas
in specialist centers,* especially as field strength improves.** The
role of intraoperative MR imaging in microadenoma surgery has
not been established but may be limited by air and blood artifacts



from the operation. Endosphenoidal coils may dramatically aug-
ment SNR but are currently experimental.**

Current MR imaging protocols appear particularly insensitive
for detecting dural invasion, which has prognostic significance.*®
Preoperative detection would facilitate consideration of resection
of the medial wall of the cavernous sinus, theoretically increasing
the chance of cure.*’

PET using ['*F] fluoroethyl-L-tyrosine and ''C-methionine
may localize MR imaging-occult lesions.*® Response to cortico-
tropin-releasing hormone (CRH) stimulation can predict PET-
positive adenomas,*® and PET detection can be further improved
by CRH stimulation.”® Although PET may be less sensitive than
advanced MR imaging sequences in isolation,* it can help con-
firm equivocal MR imaging findings and may be fused to volu-
metric MR imaging acquisitions for intraoperative stereotaxis.
Recently, *®Ga-tagged CRH has been demonstrated to localize
CD adenomas with impressive accuracy;51 however, its role in
adenomas that fail to respond to CRH stimulation (approxi-
mately 10%) is unclear.

CONCLUSIONS

MR imaging detects between two-thirds and three-quarters of
adenomas causing CD. MR imaging localization significantly
improves outcome in patients with CD; in microadenomas, it
increases the chance of remission by almost 20%. We have illus-
trated the patient and imaging factors that influence detection
rates. These findings will help guide improvements in MR imaging
protocols to maximize the chance of cure, thus improving quality
of life and longevity for patients with CD. More precision in MR
imaging protocols is required in this era of precision medicine.
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Increased Labyrinthine T1 Postgadolinium Signal Intensity Is
Associated with the Degree of Ipsilateral Sensorineural
Hearing Loss in Patients with Sporadic Vestibular
Schwannoma

J.P. Welby, “~).C. Benson, ““ C.M. Lohse, ““'M.L. Carlson, and “~].I. Lane

ABSTRACT

BACKGROUND AND PURPOSE: Vestibular schwannomas are benign, generally slow-growing tumors, commonly presenting with
hearing loss. Alterations in the labyrinthine signal are seen in patients with vestibular schwannoma; however, the association
between imaging abnormalities and hearing function remains poorly defined. The purpose of this study was to determine whether
labyrinthine signal intensity is associated with hearing in patients with sporadic vestibular schwannoma.

MATERIALS AND METHODS: This was an institutional review board-approved retrospective review of patients from a prospectively
maintained vestibular schwannoma registry imaged in 2003-2017. Signal-intensity ratios of the ipsilateral labyrinth were obtained
using T1, T2-FLAIR, and postgadolinium T1 sequences. Signal-intensity ratios were compared with tumor volume and audiometric
hearing threshold data including pure tone average, word recognition score, and American Academy of Otolaryngology—Head and
Neck Surgery hearing class.

RESULTS: One hundred ninety-five patients were analyzed. Ipsilateral labyrinthine signal intensity including postgadolinium T1 images
was positively correlated with tumor volume (correlation coefficient = 0.17, P = .02). Among signal-intensity ratios, postgadolinium
T1 was significantly positively associated with pure tone average (correlation coefficient = 0.28, P <.001) and negatively associated
with the word recognition score (correlation coefficient = —0.21, P = .003). Overall, this result correlated with impaired American
Academy of Otolaryngology—Head and Neck Surgery hearing class (P = .04). Multivariable analysis suggested persistent associations
independent of tumor volume with pure tone average (correlation coefficient = 0.25, P <.001) and the word recognition score
(correlation coefficient = —0.17, P = .02) but not hearing class (P = .14). No consistent significant associations were noted between
noncontrast T1 and T2-FLAIR signal intensities and audiometric testing.

CONCLUSIONS: Increased ipsilateral labyrinthine postgadolinium signal intensity is associated with hearing loss in patients with ves-
tibular schwannoma.

ABBREVIATIONS: CC = correlation coefficient; IQR = interquartile range; PTA = pure tone average; SIR = signal-intensity ratio; VS = vestibular schwan-
noma; WRS = word recognition score; AAO-HNS = American Academy of Otolaryngology—Head and Neck Surgery

poradic vestibular schwannomas (VSs) are the third most com-

mon primary adult brain neoplasm and arise from the vestibu-
lar portions of cranial nerve VIII, potentially causing asymmetric
sensorineural hearing loss, tinnitus, dizziness, and, less commonly,
trigeminal symptoms or hydrocephalus.' Previously only severe
symptomatic cases were detected, but increased use of MR imaging
has led to improved diagnosis of VS. During the past half-century,
the diagnosis of VS has increased approximately 14-fold, with the
incidence in the United States currently reported to be 4.2 cases
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per 100,000 person-years."” Overall, as detection has improved,
there has been a shift in practice so that most patients with small
tumors are conservatively observed for tumor growth before inter-
vention. Because tumor control and facial nerve outcomes are gen-
erally good for small tumors regardless of treatment technique,
hearing loss and quality of life considerations have come to the
forefront in this population.

The mechanisms underlying VS-associated sensorineural hear-
ing loss remain largely unknown. Research has explored direct
mass effect and compression of the cochlear nerve, vascular com-
promise mainly of the terminal labyrinthine branch of anterior in-
ferior cerebellar artery, alterations in BBB permeability, CSF
circulation, and local inflammation causing compositional changes
within the endolymphatic/perilymphatic space.> Furthermore,
the associations between plausible pathologic explanations and
imaging phenotypes with hearing loss in VS remain unknown.
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FIG 1. Patient selection flow chart.

For understanding these pathologies and their relationship
with hearing, several advances have been made in MR imaging.
Delayed contrast has been used as a marker for increased BBB per-
meability. While early work using 1.5T MR imaging found no sig-
nificant signal increases within the cochlea with delayed contrast
among healthy controls,” subsequent work demonstrated normal
enhancement detectable using 3D-FLAIR and delayed techniques.”
In patients with VS, contrast enhancement has been seen in the ip-
silateral affected cochlea,® with additional work demonstrating
increased signal intensity and associations with reduced hearing.®’

Identifying the radiologic manifestations of hearing loss is im-
portant toward guiding management and developing novel strat-
egies to mitigate hearing loss. With increasing radiologic sensitivity,
methods in predicting early pathoetiological markers or clinically
relevant hearing-associated imaging characteristics remain under-
studied. Given this paucity of knowledge, we sought to determine
whether labyrinthine signal intensity is associated with VS-related
hearing loss.

MATERIALS AND METHODS

Study Participation, Imaging, and Audiometry

An institutional review board-approved (protocol 15-008224) ret-
rospective cross-sectional review was completed of patients from a
prospectively maintained VS registry, imaged between 2003 and
2017, as previously described in an investigation of tumor volume
and hearing outcomes in VS (n = 213)."%!"! Informed consent was
waived, given minimal risk. Patient selection is outlined as follows
and in Fig 1.

The first available dedicated inner ear MR imaging with
paired audiometric data was used. All available imaging including
outside imaging was included for possible analysis. T1, T2-
FLAIR, and postgadolinium T1 sequences were used as available.
Patients with unavailable audiometry, MR imaging with slices of
>3 mm, =2 nonavailable/nonacquired sequences, or a history of
intervention such as gamma knife radiosurgery preceding appro-
priate imaging or audiometric testing were excluded.

ROIs, including the vestibule and cochlea, were manually drawn
to obtain mean signal intensities of the labyrinthine structures by
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J.P.W., similar to ROISs in a prior study.” Labyrinthine ROI signal-
intensity ratios (SIRs) were normalized to the contralateral labyrin-
thine structures using the equation mean ipsilateral/contralateral
intensity to account for sequence and technique variability (Fig
2A). Additional comparisons using maximal intensities and nor-
malization to the pons were explored but not ultimately used given
above noted variability.

SIRs were then paired with the nearest audiometric hearing
threshold data including pure tone average (PTA), word recognition
score (WRS), and American Academy of Otolaryngology-Head
and Neck Surgery (AAO-HNS) hearing class for analysis by
C.M.L, as previously described.'? Briefly, PTA was defined as
the average dB threshold heard across 0.5-, 1-, 2-, and 3-kHz fre-
quencies with substitutions at 2 and 4kHz when appropriate.'?
WRS represents the percentage of correctly repeated monosyl-
labic words at a fixed volume threshold. Less-than-perfect
speech comprehension is defined as WRS <90%. AAO-HNS
hearing class combines PTA and WRS into 4 classes, A, B, C, or
D, of increasing hearing deficits.? Broadly, class A represents
normal/good hearing; B, mild impairment/serviceable; and C/D,
severe impairment/nonserviceable with near to nonmeasurable
hearing. Comparisons were made with available VS volumetric
analysis as previously described in a prior investigation of tumor
volume and hearing (n = 193).10

Statistical Methods

Statistical analyses were performed by C.M.L. Continuous features
were summarized with means and SDs if approximately normally
distributed and with medians and interquartile ranges (IQRs, 25th
percentile to 75th percentile) otherwise; categoric features were
summarized with frequencies and percentages. Univariable associ-
ations of interest were evaluated using the Pearson and Spearman
rank correlation coefficients (CCs) and 2-sample ¢ and Wilcoxon
rank-sum tests. Associations of select SIRs with audiometric fea-
tures after multivariable adjustment for tumor volume were
explored using partial Pearson and Spearman rank correlation
coefficients and adjusted means from linear regression models.
For the linear regression models, tumor volume was transformed
to the natural log scale to satisfy the underlying assumption of
normality. Statistical analyses were performed using SAS, Version
9.4 (SAS Institute) and R statistical and computing software,
Version 4.0.3 (http://www.r-project.org/). All tests were 2-sided,
and P values < .05 were considered statistically significant.

RESULTS

A total of 195 patients with sporadic VS and SIRs from MRIs
obtained between 2003 and 2017 comprised the study cohort fol-
lowing exclusion of 18 patients (Fig 1). Dedicated inner ear MR
imaging was performed at a median of 154days (IQR, 0-241
days) from the original diagnostic MR imaging. Of the subjects,
77 patients had an audiogram available from the same date as the
MR imaging, 63 had an audiogram from a median of 13 days
(IQR, 4-66 days) before the MR imaging, and 55 had an audio-
gram from a median of 18days (IQR, 1-98 days) after the MR
imaging, representing an assessment of ipsilateral hearing paired
with the MR imaging under study. Demographics, audiometric
features, and MR imaging features are summarized in Table 1.
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FIG 2. Postgadolinium T1 signal intensity and hearing impairment. A, Representative axial postgadolinium T1 MR imaging and ROIs used for analy-
sis. Increased PTA (B) and worse AAO-HNS hearing classification grades (C) are associated with increased relative signal intensity. HL indicates

hearing loss; postgad, postgadolinium.

Sample sizes for features with missing data are indicated in paren-
theses in Table 1. Note that the 213 patients initially eligible for
study had serviceable hearing (ie, AAO-HNS hearing class A/B)
on the diagnostic MRL'® However, not all diagnostic MRIs were
available for SIR assessment; thus, some patients had progressed
to nonserviceable hearing at the time of the paired audiogram.
Overall, the patient population demonstrated normal-to-mildly-
impaired hearing, with 94% of patients demonstrating serviceable
hearing: 54% of patients (n = 100) having class A and 40% (n =
75) having class B. Two notable observed MR imaging features
include increased FLAIR mean ipsilateral/contralateral intensity
(mean, 1.424 [SD, 0.389]) in addition to postgadolinium T1 mean
ipsilateral/contralateral labyrinth intensity (mean, 1.102 [SD,
0.160]).

SIRs demonstrated statistically significant positive correla-
tions with tumor volume, as shown in Table 2. Of note, mean
SIRs were significantly associated with tumor volume on both
pre- and postgadolinium T1-weighted sequences in addition to
FLAIR.

Associations of SIRs, in addition to tumor volume, with ipsilat-
eral hearing, including PTA, WRS, and hearing class, are summar-
ized in Tables 3 and 4. Postgadolinium T1 mean SIR normalized
to the contralateral side was significantly positively correlated with
PTA (CC = 0.28; P<.001; Table 3 and Fig 2B) and significantly
negatively correlated with WRS (CC = —0.21; P = .003; Table 3),
indicating that larger SIRs were associated with worse hearing and
speech comprehension. When we combined both PTA and WRS,
hearing class worsened with increasing postgadolinium T1 mean
SIRs normalized to the contralateral side, with mean SIRs of 1.080,
1.125, and 1.184 for patients with hearing class A, B, and C/D,
respectively (P = .04; Table 4 and Fig 2C).

Associations of postgadolinium T1 mean SIRs normalized to
the contralateral side with audiometric features after multivari-
able adjustment for tumor volume were also explored. Although
associations of these select SIRs with audiometric features were
attenuated after multivariable adjustment, some remained statis-
tically significant. Specifically, the partial Pearson correlation
coefficient for the association of postgadolinium T1 mean
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ipsilateral/contralateral intensity with PTA after adjusting for tu-
mor volume was 0.25 (P <.001). The partial Spearman rank cor-
relation coefficient for associations with WRS was —0.17 (P =

Table 1: Summary of study cohort (n = 195)

Demographics®

Age at MR imaging (yr) 59 (12)
Sex
Female 114 (58)
Male 81(42)
Ipsilateral audiometric features®
PTA in dB HL (n = 188) 29 (14)
WRS (n = 193) (%) 95 (85-100)
WRS <90% (n = 193) 58 (30)
Hearing class (n = 186)
A 100 (54)
B 75 (40)
C 2(1)
D 9 (5)

Ipsilateral MR imaging features®
Volume (n = 193) (cm?)

Mean ipsilateral/contralateral intensity
I 1106 (0.177)
FLAIR (n = 76) 1.424 (0.389)
Postgadolinium 1102 (0.160)

0.118 (0.049-0.338)

Note:—HL indicates hearing loss.
@ Continuous features are summarized with means if approximately normally distrib-
uted and with median (IQR) otherwise; categoric features are summarized with No. (%).

Table 2: Associations of SIRs with tumor volume (n = 193)

SIRs Cccs? P Values®
Mean ipsilateral/contralateral intensity
TI 0.16 .02
FLAIR (n = 76) 0.39 <.001
Postgadolinium T1 0.17 .02

?CCs and P values are for associations with tumor volume.

Table 3: Associations of MR imaging features with PTA (n = 188)
and WRS (n = 193)

MR Imaging Features ccs® P Values®

PTA

Volume (n = 186) (cm?) 0.25 <.001

Mean ipsilateral/contralateral intensity

TI 0.18 .02

FLAIR (n = 73) 0.07 5

Postgadolinium T1 0.28 <.001
WRS

Volume (n = 191) (cm?) -0.25 <.001

Mean ipsilateral/contralateral intensity

TI -0.09 2

FLAR (n = 76) —016 7

Postgadolinium T1 —-0.21 .003

#CCs and P values are for associations with PTA and WRS.

.02). Mean levels of postgadolinium T1 mean ipsilateral/contra-
lateral intensity for patients with 100% and <100% WRS after
adjusting for tumor volume were 1.068 and 1.127, respectively
(P = .01). Mean levels of postgadolinium T1 mean ipsilateral/
contralateral intensity for patients with hearing class A, B, and
C/D after adjusting for tumor volume were 1.083, 1.121, and
1.166, respectively (P = .14).

DISCUSSION

In the present study, we found that signal intensity of the VS-
affected labyrinthine structures is associated with the degree of
hearing impairment. Specifically, we found that normalized SIRs
of the ipsilateral cochlea and vestibule to the contralateral ear on
T1-weighted postgadolinium MR imaging are associated with
increased PTA, decreased WRS, and an overall impaired AAO-
HNS hearing class at near-baseline imaging and hearing time
points.

Contrast-enhanced MR imaging of the inner ear has become
standard protocol for internal auditory canal assessment in VS.
More recently, delayed contrast techniques have been increasingly
suggested as an indirect method to assess contrast deposition in
endolymph/perilymph and, thus, BBB permeability changes. Here,
we found that there is a significant association between increased
contrast-enhanced signal intensity and hearing loss with nonde-
layed techniques. Notably, a prior study did not observe this find-
ing, possibly secondary to limitations with a reduced sample of
patients and available audiometry.® The present study found these
effects at early time points and less severe hearing deficits including
minimally decreased PTA and largely class A hearing relative to
prior studies.*” Future longitudinal study is needed to determine
whether these findings are stably associated with hearing trajectory
or if there is any inherent variability with VS progression. Work
determining whether the findings summarized herein can be ex-
trapolated to individual prognosis will be key. Currently, we do not
suggest that quantitative or qualitative inclusion of these findings is
ready for standard implementation in clinical-radiologic practice.
Such studies exploring the temporal progression of often qualita-
tively subtle findings will be important in expanding the methodol-
ogy by which patients are selected for VS treatment and counseled
regarding prospects of retaining useful hearing.

Recent studies have focused on using FLAIR imaging, and
more recently 3D-FLAIR, as a method to identify presumed
inflammatory proteins within the labyrinth associated with VS.
While these data fit with current data suggesting increased non-
contrast-enhanced FLAIR intensity in the affected labyrinthine

Table 4: Associations of MR imaging features with hearing class (n = 186)
Hearing Class
MR Imaging Features® A (n =100) B (n = 75) C/D (n =T1) P Values®

Volume (n = 184) (cm’) 0.102 (0.046-0.273) 0.131 (0.055-0.440) 0356 (0.242-0.539) .006
Mean ipsilateral/contralateral intensity

TI 1.082 (0.190) 1122 (0.162) 1.184 (0.169) .07

FLAR (n = 73) 1437 (0.380) 1359 (0.406) 1697 (0.144) 7

Postgadolinium Tl 1.080 (0.153) 1125 (0162) 1184 (0.21) 04

2 Features are summarized with median (IQR, tumor volume) or mean (SD). P values from Spearman rank correlation coefficients are for associations with hearing class.
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ear, we did not find a significant association between observed
increased FLAIR signal intensities and hearing outcomes. There
are several possible reasons for this result. There were a rela-
tively limited number of appropriate FLAIR sequences available
for analysis secondary to using the earliest imaging available for
each patient. Given the timeframe of the study, there were even
fewer 3D-FLAIR studies that have been posited to decrease con-
founding CSF flow artifacts.'"* Most important, while other
work has investigated the use of noncontrast FLAIR, finding
increased signal within the ipsilateral VS-affected cochlea,!>1®
associations between noncontrast labyrinthine FLAIR signal
and hearing outcomes have been mixed.*>'”'® Findings of sepa-
rate analyses investigating T2 sequences and hearing outcomes
have been similarly varied.'”' More recently, hearing loss asso-
ciated with increased labyrinthine signal has been observed with
contrast-enhanced 3D-FLAIR studies.*” Unfortunately, the
early time points and limited availability of contrast-enhanced
3D-FLAIR imaging precluded inclusion in the present study.
Future work exploring the technical advantages of contrast-
enhanced 3D-FLAIR may improve the sensitivity to signal alter-
ations within the labyrinth.

Prior studies have demonstrated variable associations between
increased VS size and poor baseline hearing.'®** Moreover,
hearing loss usually ensues even without detectable tumor
growth.” The current study found that increased tumor size,
using volumetric 3D segmentation, is associated with increased
SIR. Furthermore, by means of multivariable analysis to adjust
for tumor volume, associations of increased SIRs with T1-
weighted contrast-enhanced imaging and increased PTA or
decreased WRS remained. Thus, these findings suggest that the
mechanism driving hearing loss in VS may be independent of
tumor size. Most important, however, the degree or independ-
ence of variables including tumor volume, signal intensity, and
hearing outcomes are unknown. Overall, it is likely that the
process of VS-related hearing loss is multifaceted, including
vascular compromise, mass effect, BBB permeability, and local
inflammation predisposing to hearing loss. Further work assess-
ing these with multifactorial methods will be of increasing impor-
tance for directing focused therapies to mitigate hearing loss.

This study has limitations. In a tertiary care center, the pres-
ent cohort is subject to an increased chance of referral bias.**
Imaging studies spanned 14vyears and included other institu-
tions and thus varied techniques, protocols including contrast tim-
ing and sequence acquisition, scanners, and magnet strengths. MR
imaging appropriate for assessment was frequently performed fol-
lowing presumptive VS diagnosis; baseline audiometric data are,
thus, paired with the closest congruent MR imaging. Although the
current study examined ipsilateral VS-associated hearing loss with
signal-intensity normalization to the contralateral ear, no audio-
metric comparisons with the contralateral ear were made.
Comparisons between T1 and T1 postgadolinium imaging could
not be assessed secondary to technique variability. Combined con-
tributions of intrinsic T1 measured with T1 postgadolinium signal
intensities and associations with hearing cannot be excluded and, in
fact, are likely, given prior research identifying proteinaceous accu-
mulation and VS-associated hearing impairment.*> Prospective
study isolating contributors longitudinally would be useful. As

described above, no contrast-enhanced 3D-FLAIR studies were
included for analysis.

CONCLUSIONS

Contrast-enhanced T1 signal intensities of VS-affected labyrin-
thine structures are associated with hearing loss. Determining the
radiologic manifestations of sensorineural hearing loss will be
helpful for patient counseling, guiding therapeutic management,
and development of novel strategies to mitigate or attenuate pro-
gression of sensorineural hearing loss.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ORIGINAL RESEARCH
PEDIATRICS

Diagnostic Utility of 3D Gradient-Echo MR Imaging
Sequences through the Filum Compared with Spin-Echo T1 in
Children with Concern for Tethered Cord

F. Rafiee, ““W.A. Mehan, “~'S. Rincon, “~'S. Rohatgi, ' O. Rapalino, and “ K. Buch

ABSTRACT

BACKGROUND AND PURPOSE: Fatty intrathecal lesions are a cause of tethered cord, and detection of these on spinal MR imaging
is paramount. Conventional T1 FSE sequences are the mainstay of detecting fatty elements; however, 3D gradient-echo MR images,
volumetric interpolated breath-hold examination/liver acquisition with volume acceleration (VIBE/LAVA), are popular, given the
increased motion resistance. We sought to evaluate the diagnostic accuracy of VIBE/LAVA compared with TI FSE for detection of
fatty intrathecal lesions.

MATERIALS AND METHODS: In this retrospective, institutional review board—approved study, 479 consecutive pediatric spine MRIs
obtained to evaluate cord tethering between January 2016 and April 2022 were reviewed. Inclusion criteria were patients who were
20 years of age or younger who underwent spine MRIs containing both axial T1 FSE and VIBE/LAVA sequences of the lumbar spine.
The presence or absence of fatty intrathecal lesions was recorded for each sequence. If fatty intrathecal lesions were present, an-
terior-posterior and transverse dimensions were recorded. VIBE/LAVA and Tl FSE sequences were evaluated on 2 separate occa-
sions (VIBE/LAVAs first followed by TI FSE several weeks later) to minimize bias. Basic descriptive statistics compared fatty
intrathecal lesion sizes on T1 FSEs and VIBE/LAVAs. Receiver operating characteristic curves were used to determine minimal fatty
intrathecal lesion size detectable by VIBE/LAVA.

RESULTS: Sixty-six patients were included, with 22 having fatty intrathecal lesions (mean age, 7.2 years). Tl FSE sequences revealed
fatty intrathecal lesions in 21/22 cases (95%); however, fatty intrathecal lesions on VIBE/LAVA were detected in 12/22 patients
(55%). Mean anterior-posterior and transverse dimensions of fatty intrathecal lesions measured larger on T1 FSE compared with
VIBE/LAVA sequences (5.4 x 5.0 mm versus 1.5 X 1.6 mm, respectively; P values = .039 anterior-posterior; .027 transverse).

CONCLUSIONS: While T1 3D gradient-echo MR images may have decreased the acquisition time and are more motion-resistant
than conventional T1 FSE sequences, they are less sensitive and may miss small fatty intrathecal lesions.

ABBREVIATIONS: AP = anterior-posterior; FIL = fatty intrathecal lesion; LAVA = liver acquisition with volume acceleration; RL = transverse; ROC = receiver

operating characteristic; TCS = tethered cord syndrome; VIBE = volumetric interpolated breath-hold examination

Tethered cord syndrome (TCS) is a progressive neurologic
condition that develops because of excessive tension on the
spinal cord often related to the presence of a filar lesion. If
untreated, patients may incur ischemic injury and diminished
nerve conduction followed by motor and sensory deficits."* Early
detection with MR imaging and early surgical intervention are of
paramount importance for preserving the quality of life in affected
children."*” Filar lesions include deposition of abnormal fatty
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tissue within the filum terminale and intradural/intrathecal lipo-
mas, which can lead to impaired cord ascent and excessive stress
on the conus.®

MR imaging is the mainstay for detection of abnormal conus
position, characterization of findings suggestive of TCS, and pre-
surgical planning.”” Fatty intrathecal lesions (FILs), including
both fatty fila and intraspinal lipomas, have traditionally been
detected on T1 FSE sequences.'® Gewirtz et al'! published a series
of fast MR imaging protocols for pediatric spine imaging using
T2-weighted HASTE, T1-weighted TSE, and T2-weighted STIR
sequences. The authors concluded that this set of MR images can
identify spinal dysraphisms and other intraspinal anomalies.
Sankhe et al' evaluated the utility of the CISS sequence for the
detection of TCS, concluding that CISS is superior for detecting
tethering elements, given the excellent spatial resolution and high
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contrast between CSF and soft-tissue structures. However, the
CISS acquisition time is much longer than that of the T2 sequen-
ces and is less sensitive for the detection of fat elements. Despite
these prior publications, the best fast sequence for detection of
FILs is yet to be determined.'™"® In most radiologists’ practices,
T1-weighted images are the mainstay of the MR images in detect-
ing fat elements in spinal anomalies.'

Recently, there has been an emphasis on fast-acquisition se-
quences, which are more resistant to motion artifacts, a feature
that is particularly desirable for pediatric imaging. As a 3D T1-
weighted gradient-echo sequence, volumetric interpolated breath-
hold examination (VIBE) reduces the motion artifacts by its
unique k-space sampling scheme.'>'® This sequence generates
T1-weighted images but uses a spoiled gradient-echo sequence
with ultrashort TRs and has shown lower signal-to-noise ratios
compared with spin-echo imaging in prior studies.'®'® VIBE/liver
acquisition with volume acquisition (LAVA) has been shown to
be superior to T1-weighted FSE for the detection of pediatric spi-
nal leptomeningeal lesions, owing to its shorter acquisition time
and fewer motion artifacts related to respiration, cardiac motion,
vessel pulsation, and CSF flow.'® Because there is a lack of consen-
sus on the best way to evaluate TCS, we sought to compare the
diagnostic utility of the VIBE/LAV A sequence for the detection of
FILs in the pediatric age group with an FSE T1 pulse sequence.
We hypothesized that the VIBE/LAVA will not be as sensitive for
the detection of FILs compared with conventional T1 FSE sequen-
ces and may miss small FILs.

MATERIALS AND METHODS

This was an institutional review board-approved, retrospective
study performed at a single institution. Using a keyword database
search, we identified sequential pediatric MR imaging spine stud-
ies performed to evaluate cord tethering at our institution during
a 6-year period spanning January 2016 to April 2022. Inclusion
criteria were the following: 1) patients younger than 20 years of
age undergoing spine MR imaging for clinically suspected TCS,
and 2) MR imaging acquisition including both conventional T1
FSE and VIBE/LAVA sequences through the lumbar spine.
Patients were excluded if the imaging was degraded by motion
artifacts that precluded a diagnostic assessment.

MR imaging examinations of the spine were performed on
either a 1.5T (Signa HDxt; GE Healthcare) or 3T platform
(Magnetom Prisma Fit; Siemens). Acquired sequences used in
this study included sagittal and axial T1 FSE sequences, T2WI,
and axial ultrafast spoiled gradient-echo sequences known as
VIBE on Siemens scanner and LAVA on GE scanner. In our
study, we use the term VIBE/LAVA to address the T1-weighted
3D gradient-echo MR images from both vendors.

For the 1.5T GE platform, the MR imaging parameters for axial
T1 FSE were as follows: TE = 11.696 ms, TR = 623 ms, section
thickness = 3, matrix = 384 x 256, FOV = 100, scan time = 2.1
minutes, number of excitations = 1, flip angle = 90°, echo-train
length = 3. The same parameters for axial LAVA were TE = 2.516
ms, TR = 5.072 ms, section thickness = 3 mm, matrix = 320 x
224, FOV = 100 mm, scan time = 2.25 minutes, number of exci-
tations = 0.74, echo-train length = 1, flip angle = 15°.
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For the 3T Siemens platform, the MR imaging parameters for
axial T1 FSE were as follows: TE = 10 ms, TR = 545 ms, section
thickness = 3, matrix = 256 x 230, FOV = 100, scan time = 1.7
minutes, number of excitations = 1, flip angle = 120°, turbo fac-
tor = 3. The same parameters for axial VIBE were TE = 1.61 ms,
TR = 4.16 ms, section thickness = 1, matrix = 256 x 256,
FOV = 100, scan time = 1.7 minutes, number of excitations = 2,
turbo factor = 1, flip angle = 15°.

All MR imaging examinations were evaluated using Visage
7, Version 7.1.9c (Visage Imaging). The presence of a FIL was
defined as a T1-hyperintense structure extending along the
course of the filum terminale. FILs included both fatty fila as well
as intradural lipomas. Each MR imaging was independently eval-
uated by 2 radiologists who were blinded to the clinical and surgi-
cal outcomes: 1) a pediatric neuroradiologist with 5years of
experience, and 2) a radiologist (K.B.) with >5years of practice.
For each patient, we recorded the following data: 1) basic demo-
graphic information including age, sex, presenting signs and
symptoms, 2) the presence/absence of a FIL as determined on
conventional T1 FSE, and 3) the presence/absence of a FIL as
seen on VIBE/LAVA sequences (Figs 1 and 2).

To avoid a potential source of bias, we reviewed the T1 FSE and
VIBE/LAVA sequences at 2 separate points in time. During both
rounds of review, the readers were blinded to the radiology report,
clinical history, and assessment for FILs on other sequences. The
VIBE/LAVA sequence was assessed during the first round, and at
least 2 weeks later, the conventional T1 FSE sequences were reviewed.
For both the conventional T1 FSE sequence and the VIBE/LAVA
sequence, if a FIL was present, the maximal axial anterior-posterior
(AP) and transverse (RL) measurements were recorded as measured
in the axial plane. Craniocaudal dimensions were measured as the
number of vertebral body segments spanned.

Statistical Analysis

All statistical analyses were performed using SPSS, Version 28.0.0
(IBM). Independent ¢ tests were used to compare the AP and RL
diameters of FILs seen on T1 FSE sequences, which were also
detected on VIBE/LAVA sequences, compared with FILs seen
only on T1 FSE and not on VIBE/LAVA sequences.

A paired t test was used to compare the AP and RL measure-
ments of FILs detected on VIBE/LAV A sequences with the corre-
sponding measurements on T1 FSE sequences. Independent and
paired ¢ tests were similarly used for calculating the correlation
between the craniocaudal extension of the FIL in both sequences.

Finally, to find a cutoff value for FIL size in which VIBE/
LAVA can detect the lesion with an acceptable sensitivity and
specificity, we illustrated the performance of a classification model
at all classification thresholds by drawing a receiver operating
characteristic (ROC) curve.

Interrater agreement between the radiologists was determined
in both the FIL dimension and craniocaudal extension measure-
ments, by calculating the intraclass correlation coefficient.

RESULTS

A total of 479 patient examinations performed between January 2016
and April 2022 were reviewed. A total of 66 patients (0-20 years of
age) met the inclusion criteria. Of these 66 patients, 22 patients



FIG 1. Different acquisitions of Tl-weighted MR imaging on the axial planes of the lumbar region
at the level of the L4-L5 intervertebral disc in an 18-year-old patient. A, T1 FSE sequence shows
the dark-signal thecal sac containing the barely visible hypo- to iso-signal intensity cauda equina
nerve roots and a round midline intradural lesion (black arrow) with bright signal intensity located
posteriorly in the spinal canal at the expected anatomic site of the filum terminale, consistent
with a FIL. Phase wrap-around artifacts are noted on both sides of the image. B, A radiofrequency
spoiled 3D gradient-echo sequence known as VIBE of the same patient study at the same level
shows a similar bright-signal intradural structure (black arrow), the FIL. Note the smaller AP and
RL dimensions of the FIL compared with the T1 FSE sequence (A). The cauda equina nerve roots
are well-demarcated as opposed to the T1 FSE sequence (A). VIBE/LAVA can underrate the AP
and RL diameters of the FlLs.

FIG 2. Different acquisitions of Tl-weighted MR imaging on the axial plane through the lumbar
region at the L4-L5 intervertebral disc in a 10-year-old boy. A, A T1 FSE sequence shows a tiny,
round, midline intradural lesion (black arrow) with bright signal intensity located posteriorly in
the spinal canal at the expected anatomic site of the filum terminale, consistent with a FIL. B,
VIBE of the same patient at the same level shows iso-signal intensity nerve roots of the cauda
equina traversing the spinal canal. Although the window level and width are adjusted for better
detection of bright lesions, the VIBE sequence failed to reveal the FIL. Note the smaller AP and
RL dimensions of the FIL compared with the case in Fig 3. The VIBE sequence is less sensitive in
the detection of small FILs and can miss such lesions.

Table 1: Presenting sign and/or symptoms

6.8 years (range, 2days- to 18.5[SD,
6.3] years). The cohort included 33
males and 33 females.

The most common presenting sign
in the affected group was an asymptom-
atic sacral region abnormality detected
by physical examination (40.9%). These
sacral region abnormalities included a
visible sacral dimple, a palpable sacral
mass, or a gluteal cleft asymmetry.
Urinary dysfunction (22.7%), bowel
dysfunction (9%), back pain (4.5%),
lower extremity weakness (4.5%), and
scoliosis (9%) were the most common
symptoms (Table 1). Two patients
(9%) underwent spinal imaging due to
other medical conditions and had atyp-
ical symptoms for TCS.

T1 FSE sequences revealed FILs in
21/22 patients (95.4%), whereas VIBE/
LAVA sequences detected FILs in 12/
22 patients (54.5%) (Table 2 and Figs 1
and 2). At surgery, 21/22 (95.5%) of
these cases had gross fatty elements
found to be consistent with FILs.
One of the patients with no imaging
sign of FILs on either sequence (T1
FSE and VIBE/LAVA) underwent an
operation for a tethered cord release,
and fibrofatty tissue was evident at
histopathology.

For cases with a suspected FIL on
both T1 FSE and the VIBE/LAVA
sequences, the mean AP and RL diame-
ters were 5.40 and 5.02 mm, respectively.

For cases with a suspected FIL on
T1 FSE sequences on which no intrinsi-
cally T1-bright focus was identified on
the VIBE/LAVA sequence, the mean
AP and RL diameters were 1.47 and

1.64 mm, respectively (Table 2). These dimensions demonstrate
the lower size limit for detectable FILs on the VIBE/LAVA
sequence (independent ¢ test, P value = .039 for AP and .027 for

Not only were we not able to detect smaller FILs on VIBE/

LAVA sequences, we also found that FILs measured smaller on
VIBE/LAVA sequences compared with conventional T1 FSE
sequences (Fig 1). As stated previously, the mean AP and RL diame-

Indication for MR Imaging Total FIL +ve FIL —ve

Sacral abnormality 16 (24.2%) 9 (409%) 7 (16%)

Urinary dysfunction 10 (15.1%) 5(22.7%) 5 (11.3%) . . .
Bowel dysfunction 8(121%)  2(9%) 6 (13.6) RL dimensions) (Fig 2).
Scoliosis 7(106%)  2(9%) 5 (113%)

Lower-extremity weakness 6 (9%) 1(4.5%) 5 (11.3%)

Back pain 6 (9%) 1(45%)  5(113%)

Other® B(195%)  2(9%) 1 (25%)

Total 66 22 44

Note:—FIL +ve indicates positive detection of a FIL; FIL —ve, negative detection
of a FIL.

2 Other indications for MR imaging include abnormal gait, Chiari | malformation, abnor-
mal findings on spine sonography, and vertebral defects, anal atresia, cardiac defects,
tracheo-esophageal fistula, renal anomalies, and limb abnormalities (VACTERL).

had imaging findings consistent with a FIL on at least 1 sequence
(either the conventional T1 FSE and/or the VIBE/LAVA).

The mean age in our cohort was 7.2years (range, 2days to
18.5[SD, 5.7] years). For patients with FILs, the mean age was

ters of FILs in T1 FSE images were 5.40 and 5.02 mm, respectively;
however, the mean AP and RL diameters of the FILs as measured
on the corresponding VIBE/LAVA images were 4.85 and 4.57 mm.
These measurement differences were statistically significant (paired
t test, P value = .003 for AP and <.001 for RL diameters), noting
that the VIBE/LAVA sequence underestimates the actual size of the
FILs (Fig 1).

By setting a cutoff point of 1.45 mm for FIL AP diameter, the
VIBE/LAVA sequence detected FILs with a sensitivity of 75%
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Table 2: Number, size, and extent of FIL each sequence detected

sequences, which were 0.89 for AP and

FIL +ve FIL +ve FIL +ve 0.98 for RL, consistent with good and
Sequence FIL +ve Mean AP MeanRL  Mean CC excellent reliability, respectively.

+TIFSE and +VIBE/LAVA, measured  21/22 (95.4) 5.4 5 38 The intraclass correlation coeffi-
T 17212 cients in measuring the FIL craniocau-

+T1 FSE and +VIBE/LAVA, measured 12/22 (54.5) 4.9 4.6 22 dal . d f
in VIBE/LAVA al extension were 0.86 and 0.83 for
+T1FSE and —VIBE/LAVA, measured in  9/21 (42.9) 15 16 25 T1 FSE and VIBE/LAVA sequences,
TI FSE respectively, indicating a good inter-

Note:—RL indicates right-left dimension; CC, craniocaudal dimension; FIL +ve, positive detection of a FIL; FIL —ve,

negative detection of a FIL.
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FIG 3. ROC curve for FIL AP diameter (area under the curve = 0.810,
P value = .017).

and a specificity of 66.7% (ROC area under the curve = 0.810,
P value = .017) (Fig 3). Considering the same sensitivity and
specificity for the RL diameter, the cutoff point of 1.90 mm was
optimal for this measurement (ROC area under the curve =
0.815, P value = .016) (Fig 4).

In addition to the size, we also compared the craniocaudal
lengths of the FILs between the 2 sequences. The mean lengths of
the FILs on the T1 FSE and VIBE/LAVA sequences were 3.75
and 2.17 vertebral levels, respectively. T1 FSE revealed larger cra-
niocaudal extensions of FILs compared with the VIBE/LAVA
sequence (paired ¢ test, P value < .001).

The mean craniocaudal extent of FILs on the T1 FSE images of
patients with positive findings on VIBE/LAVA was 1.3 levels lon-
ger than in those with negative findings. However, this difference
was not statistically significant (independent ¢ test, P value = .057).

The interrater reliability was measured by calculating the intra-
class correlation coefficient. The intraclass correlation coefficient
for the AP and RL diameter measurements for the T1 FSE sequen-
ces were 0.93 and 0.99, respectively, which are consistent with an
excellent reliability. Similarly, we calculated the intraclass correla-
tion coefficients for the same measurements for the VIBE/LAVA
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rater reliability of these measurements.

DISCUSSION

The detection of FILs, either related to
a fatty filum or an intrathecal lipoma, is clinically important for
the assessment of suspected tethered cord. These congenital
abnormalities impair spinal cord ascent and cause excessive stress
on the conus.>” Early detection and surgical intervention can
help to alleviate symptoms and promote normal development in
children.

T1 FSE sequences have long been considered the criterion
standard for the detection of fatty elements in the spine.'* More
recently, there has been an emphasis on the development of
accelerated/fast sequences, leading to the development of fast,
more motion-resistant sequences with decreased CSF pulsation
artifacts, including 3D T1-weighted gradient-echo sequences
such as VIBE/LAVA.?! However, to date, few studies have inves-
tigated their role in the detection of FILs in pediatric spine
imaging.

In 2013, Murakami et al*? were the first to use the 3D TI-
weighted spoiled gradient-echo sequence to detect lumbosacral
lipoma and thickened filum terminales. The authors concluded
that 3D T1 gradient-echo was superior to the conventional T1-
weighted sequence in detecting thickened filar anomalies. The 3D
T1 gradient-echo was able to localize the intrathecal lipoma in
more section slices and clearly demarcated the filum terminal
contour, allowing more accurate filum terminale diameter
measurements.”>

Our study sought to compare the utility of the VIBE/LAVA
sequence with that of the conventional T1 FSE sequence for the
detection of FILs. We found that FILs on VIBE/LAVA sequences
were only detectable 54.5% of the time compared with 95.4% of
the time on the conventional T1 FSE sequences. We found that
FILs measuring approximately 1.5 mm in the axial plane could be
detected on conventional T1 FSE sequences but not on the VIBE/
LAVA sequences.

Moreover, FIL measurements made on VIBE/LAVA sequen-
ces were consistently smaller compared with those of the conven-
tional T1 FSE sequences. In our study cohort, we had 1 patient
who did not demonstrate evidence of a FIL on both the conven-
tional T1 FSE sequence and the VIBE/LAVA sequence but had
fatty elements identified at histopathology following a tethered
cord release operation. This finding is supported in the literature
noting microfatty elements in the filum terminale that were
radiographically occult.****

There are several limitations to this study. The first being its
retrospective nature. A retrospective design was utilized as we used
the histopathology findings from tethered cord release surgery to
validate the presence of fatty intrathecal tissue to validate the
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FIG 4. ROC curve for FIL RL diameter (area under the curve = 0.815,
P value = .016).

findings on the conventional T1 FSE sequences and VIBE/LAVA
sequences. Additionally, this study cohort was relatively small;
however, we did have enough statistical power to perform our
analyses (the calculated minimum number of subjects that needed
to be enrolled to have 80% statistical power with o = .05 was 16).
The focus of this study is narrow in scope, being directed at the
detection of fatty intrathecal components. We recognize that there
are numerous other intrathecal and filar abnormalities that may
result in a tethered cord. We thought that the narrow focus of this
study emphasizes the importance of performing T1 FSE sequences
over VIBE/LAVA sequences for the detection of small FILs.

CONCLUSIONS

The results of our study demonstrate improved sensitivity for
detecting FILs on conventional T1 FSE sequences over the
VIBE/LAVA sequences. While the VIBE/LAVA sequences are
attractive to use, given motion resistance and decreased acquisi-
tion time, small FILs may be missed, potentially leading to
delayed diagnosis and treatment.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Neuroimaging Features of Biotinidase Deficiency

A. Biswas, “'C. McNamara, “~'V.K. Gowda, ““F. Gala, “'S. Sudhakar, **'). Sidpra, M.S. Vari, “~'P. Striano, "='S. Blaser,
M. Severino, “'S. Batzios, and “~'K. Mankad
=
ABSTRACT

SUMMARY: Biotinidase deficiency is an autosomal recessive condition caused by pathogenic variants in the BTD gene. Resultant
deficiency of free biotin leads to impaired activity of the enzyme carboxylase and related neurologic, dermatologic, and ocular
symptoms. Many of these are reversible on treatment, but early recognition and commencement of biotin supplementation are

critical. This practice is especially important in countries where routine neonatal screening for biotinidase deficiency is not per-

formed. In this report comprising 14 patients from multiple centers, we demonstrate the MR imaging patterns of this disorder at
various age groups. Knowledge of these patterns in the appropriate clinical context will help guide early diagnosis of this treatable

metabolic disorder.

iotin is a water-soluble B-complex vitamin and is a coenzyme

for 4 carboxylase enzymes that participate in gluconeogenesis,
amino acid catabolism, and fatty acid synthesis.'"> The enzyme
biotin holocarboxylase synthetase covalently attaches biotin to spe-
cific apocarboxylases. Proteolytic degradation of these carboxylases
results in the release of biocytin and biotinyl peptides, from which
free biotin is released by the enzyme biotinidase.* Free biotin is
then recycled back into the pool for use by holocarboxylases.>®
Biotinidase also plays a role in cleaving biotin from dietary pro-
tein-bound biotin.” Biotinidase deficiency is, therefore, character-
ized by an overall deficiency of free biotin and consequent
defective carboxylase activity.® Inherited as an autosomal recessive
condition, biotinidase deficiency is caused by pathogenic variants
in the BTD gene (Online Mendelian Inheritance in Man 609019).

Neurologic symptoms of untreated biotinidase deficiency
include seizures, encephalopathy, developmental delay, vision
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loss, hearing loss, ataxia, and myelopathy, and these depend on the
age at presentation.>®' Non-neurologic features are also common,
including alopecia, skin rash, and conjunctivitis. Treatment with
biotin generally results in reversal of symptoms, except in cases of
established hearing loss, optic atrophy, and moderate-severe devel-
opmental delay, with possible permanent deficits. Similarly, treat-
ment with biotin before the development of clinical manifestations
can prevent symptoms from developing. For this reason, routine
neonatal screening for biotinidase deficiency is now performed in
many countries, leading to decreased disease manifestation in these
populations. In countries that lack adequate screening, however,
early identification of the disease and initiation of treatment is of
vital importance to prevent long-term sequelae.

Several case reports have described imaging features of bioti-
nidase deficiency such as diffuse white matter signal changes
and signal abnormalities involving the fornices, hippocampal
formations, brainstem, optic pathway, and spinal cord, and
these appear to be dependent on the age at presentation. In this
series comprising 14 cases from multiple centers, we aimed to
detail the imaging features of biotinidase deficiency presenting
in various age groups.

CASE SERIES

Local institutional ethics board approval was obtained from each
collaborating hospital (The Hospital for Sick Children, Toronto,
Ontario, Canada; Great Ormond Street Hospital for Children,
London, UK; Indira Gandhi Institute of Child Health, Bengaluru,
India; Bai Jerbai Wadia Hospital for Children, Mumbai, India;
and Istituto di Ricovero e Cura a Carattere Scientifico Istituto


https://orcid.org/0000-0003-2010-9524
https://orcid.org/0000-0001-8164-7794
https://orcid.org/0000-0001-7244-0492
https://orcid.org/0000-0002-4587-1112
https://orcid.org/0000-0002-7632-9705
https://orcid.org/0000-0003-1985-5503
https://orcid.org/0000-0002-6065-1476
https://orcid.org/0000-0001-8891-5106
https://orcid.org/0000-0003-4730-5322
https://orcid.org/0000-0001-8535-9773
https://orcid.org/0000-0001-5979-9337
mailto:asthikbiswas@gmail.com
https://mobile.twitter.com/stikkman11

FIG 1. Imaging appearance and follow-up in the early infantile age group. Axial (A and B) and cor-

All MR images were acquired on a
1.5 or 3T scanner, with MR imaging
sequences performed as per each hospi-
tal’s local protocol. All MR images
included axial and sagittal T1-weighted,
axial T2-weighted, axial or coronal
FLAIR, and axial DWI sequences of the
brain. MR spectroscopy was available in
1 patient, and a contrast-enhanced T1-
weighted sequence was available in 1
patient. Noncontrast imaging of the cer-
vical spine was available in 3 patients
and of the whole spine in 3 patients.
Spine sequences included sagittal and
axial T2-weighted images, with or with-
out T1-weighted sequences.

Clinical and MR Imaging Findings
Demographic, clinical, and imaging find-
ings of the 14 patients are summarized
in the Online Supplemental Data.

onal (C) T2-weighted images in patient 4 at T weeks of age at the acute stage show diffuse white

matter T2 hyperintensity. D—F, The findings fully resolved on treatment with biotin.

FIG 2. Other imaging patterns in the early infantile age group. Coronal
T2-weighted images in patient 10 at 8 weeks of age show predominant
superior and inferior semilunar lobule involvement in the acute stage
(A, arrow), with atrophy on follow-up MR imaging (B, arrow). C and D,
Axial DWI and ADC image in patient 4 at 1l weeks of age show periro-
landic restricted diffusion (arrows). Axial T2-weighted image of patient
3 in the acute stage (10 weeks of age) (E) shows predominant involve-
ment of the frontal lobes (arrow). Axial T2-weighted image of patient
10 (F) on the follow-up image at 7 months of age shows frontal-pre-
dominant atrophy (arrow).

Giannina Gaslini, Genoa, Italy). Clinical, laboratory, and imaging
information of 14 patients with acute presentation of biotinidase defi-
ciency (7 males, 7 females), ranging from 2 months to 14 years of
age, were retrospectively reviewed.

Early Infantile Group (Presentation <3
Months of Age)

Seven patients (5 male infants, 2 female
infants) presented at ages ranging from 8 to 12 weeks of life (me-
dian, 10weeks; interquartile range, 9-11weeks), with seizures
being the presenting symptom in all patients. Other features that
were seen variably included developmental delay (n = 4), hypoto-
nia (n = 3), hearing loss (n = 3), failure to thrive (n = 2), ence-
phalopathy (n = 1), vision loss (n = 1), hyperventilation (n = 1),
vomiting (n = 1), skin rash (n = 1), and alopecia (n = 1).

MR imaging in all 7 patients demonstrated diffuse cerebral
and cerebellar T2 hyperintensity and swelling (Fig 1). In 2 patients
(patients 3 and 10), the frontal lobe white matter was predomi-
nantly swollen compared with other regions (Fig 2). In 2 patients
(patients 4 and 10), there was striking predominant involvement
of the superior and inferior semilunar lobules of the cerebellum
(Fig 2). Other imaging features included T2 hyperintensity at the
medullary pyramids (n = 3, patients 4, 7, and 10) and perirolandic
restricted diffusion (n = 3, patients 3, 4, and 7) (Fig 2).

All patients were treated with biotin with doses ranging from
5 to 20mg/day (median, 10 mg/day; interquartile range, 10-
20 mg/day). Imaging following initiation of treatment was available
in patients 4, 7, and 10 (at 2 years, 4 years, and 6 months of age,
respectively), all of which showed resolution of swelling and signal
abnormalities. Sequelae were only noted in patient 10 who showed
frontal predominant cerebral atrophy and atrophy of the cerebellar
semilunar lobules (Fig 2). On clinical follow-up, 3 patients (patients
1, 7, and 10) had sensorineural hearing loss, 2 (patients 1 and 5)
had learning difficulties, and 1 (patient 10) had quadriparesis and
strabismus.

Early Childhood Group (Presentation between 18 and 24
Months of Age)

Three patients (2 girls, 1 boy) presented at ages ranging from 18
to 24 months of age. All 3 patients had developmental delay and
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FIG 3. Imaging appearance in the early childhood age group (patient 8, 18 months of age). Axial T2-weighted images show hyperintense lesions
involving the genu and splenium of corpus callosum (A, arrows), forniceal columns (A, arrowhead); dorsal midbrain including the periaqueductal
gray matter (B, arrow); dorsal pons (C, arrow), medullary pyramids (D, black arrowhead), and dorsal medulla (D, white arrowhead). Axial DWI (E)
and ADC (F) images show restricted diffusion involving the corpus callosum (arrows), fornices (arrowheads), and tapetum (dashed arrow).
Coronal T2-weighted image (G) shows involvement of the optic chiasm (black arrowhead). Sagittal T2-weighted image of the cervical spine (H)
shows faint hyperintensity involving the dorsal cervical cord (white arrowheads).

hypotonia. Two patients each had seizures (patients 2 and 6) and
ataxia (patients 2 and 8). One patient (patient 6) had hearing and
vision loss.

All 3 patients showed signal abnormalities in the fornices
(confined only to the body in patient 2), periaqueductal gray mat-
ter, dorsal pons, and medullary pyramids. Two patients (patients
6 and 8) also had signal abnormalities in the superior and inferior
colliculi; superior, middle, and inferior cerebellar peduncles;
corpus callosum (inner blade of genu in patient 6, middle blade
of the entire corpus callosum in patient 8); prechiasmatic optic
nerves and optic chiasm; and cervical spinal cord (lateral columns
in patient 6, dorsal columns in patient 8). Patient 2 also showed
signal abnormalities in the medial thalami, whereas patient 6 also
showed involvement of the lateral geniculate bodies, hippocampal
formations, parahippocampal gyri, mamillary bodies, and hypo-
thalamus. Imaging findings in patient 8 are depicted in Fig 3.

All patients were treated with biotin (10 mg in patients 2 and
8 and 15 mg in patient 6). Follow-up imaging was not available
for any patient. On clinical follow-up, patients 2 and 8 recovered
completely with no residual deficits, whereas patient 6 had bilat-
eral optic atrophy and bilateral moderate sensorineural hearing
loss.

Late Childhood Group (Presentation between 5 and 14
Years of Age)

Four patients (3 girls, 1 boy) presented between 5 and 14 years of
age. All patients had ataxia, and 3 had myelopathy. Developmental
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delay was seen in 3 patients (patients 11, 12, and 13) and seizures
and encephalopathy, in 2 patients (patients 11 and 12). In addition,
patient 13 had regression of motor milestones. Other symptoms
seen during the course of illness were vision loss (n = 3, patients
11, 12, and 14), skin rash and alopecia (n = 2, patients 11 and 14),
hyperventilation (n = 2, patients 11 and 12), hearing loss (n = 1,
patient 11), and vomiting (n = 1, patient 12).

Although patient 12 presented to us at 14years of age with
vision loss and myelopathy, she had a history of developmental
delay, seizures, and encephalopathy at 6 months of age, at which
point she was diagnosed as having a suspected metabolic disorder.
No imaging was performed at this time, and she was treated with a
mitochondrial cocktail of vitamins, including biotin. She developed
symptoms once biotin was discontinued and was then referred for
tertiary care.

The spinal cord was involved in all patients (entire cross-sec-
tional area of the cervicothoracic cord in patient 11; lateral corti-
cospinal tract and dorsal columns of the cervical cord in patient
12; dorsal columns of cervicothoracic cord in patient 13; and lat-
eral and dorsal columns of the cervical cord in patient 14).

Three patients (patients 11, 13, and 14) had involvement of
the fornices. In patients 11 and 13, there was symmetric forniceal
involvement at onset, whereas patient 14 initially had asymmetric
involvement (left > right) followed by symmetric involvement of
both fornices during the next 3 months. Two patients (patients 11
and 13) had signal abnormalities in the periaqueductal gray mat-
ter, dorsal pons, and dorsolateral medulla.



FIG 4. Imaging appearance and follow-up in the late childhood age group (patient 14, six years of age). A, Axial DWI (b-value = 1000) shows
hyperintense signal involving the forniceal columns (arrow, A2) and the left forniceal crus (arrowhead, Al). Axial FLAIR (B1) and axial DWI (b-value
= 1000) (B2) show hyperintense signal involving the right optic nerve (arrow, Bl), with persistent signal abnormality in the fornices (arrow, B2).
Axial T2-weighted image of the cervical spine (B3) shows hyperintense lesions involving the dorsal (black arrowhead) and lateral columns (white
arrowheads). Coronal T2-weighted images (CT and C2) show extension of signal abnormality to involve the optic chiasm (arrow, CI) and mamil-
lary bodies (arrow, C2). Axial T2-weighted image of the cervical spine (C3) shows increased signal abnormality in the lateral columns (arrow-
head). Axial DWI (b-value = 1000) (D]), coronal T2 (D2), and axial T2 (D3) weighted images show resolution of the forniceal and mamillary body
hyperintensity, with faint residual signal change in the optic chiasm on the right (arrow, D2). Mths indicates months.

The optic pathway was involved in 2 patients. In patient 11,
the prechiasmatic optic nerve and optic chiasm showed abnormal
signal at onset. Patient 14, on the other hand, initially showed
subtle signal change at the optic chiasm, which progressed during
3 months to symmetrically involve both optic nerves and the
chiasm. Other findings included involvement of the pulvinar and
hippocampal formations in patient 13 and the hypothalamus and
mamillary bodies in patient 14. Imaging findings at presentation
and follow-up in patient 14 are shown in Fig 4.

All patients were treated initially with 20 mg of biotin. The
dose of biotin was gradually increased to 80 mg/day in patient 14,
due to worsening of symptoms, and this dose has been continued
since. Follow-up details for 1 patient (patient 13) were not avail-
able. The other 3 patients had residual symptoms at follow-up,
with strabismus in patients 11 and 12 and rash, mild distal hypo-
tonia and muscular weakness, and ataxia in patient 14.

Follow-up imaging following initiation of biotin therapy was
available in patients 11 and 14. Both patients showed resolution
of the intracranial signal abnormalities (Fig 4) but residual signal
changes in the spinal cord.

DISCUSSION

All patients in the early infantile group showed diffuse cerebral
and cerebellar white matter swelling and abnormal T2 hyperin-
tense signal on imaging during presentation. These are congruent
with the findings of other studies describing a similar pattern in
patients presenting between 4 weeks and 5 months of age."'™*

Cases with a predilection for the frontal and frontoparietal lobes

have also been described," similar to 2 cases in our series. We,
however, did not find any reports describing predominant
involvement of the superior and inferior semilunar lobules of the
cerebellum, as was seen in 2 of our cases. Similarly, T2-hyperin-
tense signal at the level of the medullary pyramids has not been
previously described.

Various hypotheses that have been proposed for diffuse white
matter signal abnormality in infants with biotinidase deficiency
include interstitial edema,''>'* delayed myelination,'" dysmyeli-
nation,'? ischemia,'* and leukodystrophy.'®> Given the presence
of swelling and striking T2 hyperintensity, we believe that the
main process driving these changes is interstitial edema rather
than leukodystrophy or dysmyelination. The diffuse pattern of
involvement (involving both myelinated and unmyelinated white
matter) and the reversibility of changes in most patients in our se-
ries, and others'>">'” favor this hypothesis. Atrophy on follow-
up imaging was seen in only one of our patients, involving the
frontal lobes and cerebellar semilunar lobules, suggesting a degree
of irreversible injury in this patient by the time treatment was
initiated.

Another finding we present in 2 of our patients in the early in-
fantile age group is restricted diffusion in the perirolandic regions.
Soares-Fernandes et al'* described a strikingly similar case and
attributed it to accelerated myelination, possibly induced by the
repeat neuronal electrical activity of seizures. This may be plausi-
ble, given that all patients in our series in this age group presented
with seizures. Also, early regions of myelination have increased
metabolic activity/requirements and therefore might be more sus-
ceptible. Interestingly, a few case reports have described striking,
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restricted diffusion in the internal capsules, optic radiations, corti-
cospinal tracts of the brainstem,'®2°

18,2 .
820 cerebellar white matter,
19-21

splenium of corpus cal-
and the hippocampi and
none of which were observed in our
series. Most of these patients presented at, or were imaged between
3 and 8 months of age, and whether this differential pattern there-

18,2
losum, 8,20

medial temporal regions,

fore relates to the timing of metabolic decompensation is a matter
of debate.

In our series, there was considerable overlap in imaging fea-
tures in the early and late childhood age groups. The unifying
finding in all 3 patients in the early age group was T2 hyperinten-
sity in the fornices, periaqueductal gray matter, dorsal pons, and
medullary pyramids, with variable involvement of the corpus cal-
losum, cerebellar peduncles, optic pathway, diencephalic struc-
tures, and cervical spinal cord. Restricted diffusion of the fornices
was seen in all 3 patients, whereas the other structures showed
variable features on DWI. Forniceal, diencephalic, and brainstem
involvement has previously been reported in various age groups,

ranging from 3 years to adulthood,'®'”***

whereas only 1 case
describing this pattern was found in toddlers younger than 2 years
of age (case 1, Mc Sweeney et al*%). Similarly, spinal cord and optic
chiasm involvement have been described infrequently in children

3years of age and older,'>'72"232>

whereas 2 of our patients
younger than 2 years of age showed variable involvement of these
structures. Interestingly, in 1 case each, there was involvement of
the tapetum and lateral geniculate bodies, respectively, both not
previously described.

The imaging finding common to all patients in the late child-
hood age group was spinal cord involvement, with variable
involvement of the other structures that were also involved in the
early childhood age group. In those with spinal cord involvement,
the cervical cord was involved in all patients across both groups,
and this involvement is in keeping with the findings of other
series.””7?22%% Thoracic or holocord involvement contiguous
with cervical cord abnormality has also been commonly
described">'7?'?*?® but was seen only in 2 of our patients
across both groups. In those with spinal cord involvement, only
one of our patients showed involvement of the entire cross-sec-
tional area, whereas the others showed selective involvement of
certain columns, with the dorsal column being commonly
involved. Other authors have shown more common involvement

. . 15,26
of the entire cross-sectional area,

though selective column
involvement has also been described.'>*"**** The reason for this
differential involvement is unknown. Optic pathway involvement
in our series was confined to the optic nerves and chiasm, similar
to findings in other reports.'”** Additional previously described
components of the optic pathway include the optic tracts* and

. . 18,1
optic radiations.'®°

12.15-17 there was clinical

Similar to findings in other studies,
and radiologic improvement in all patients following initiation
of treatment. The most common residual deficits after treat-
ment in our series included sensorineural hearing loss and
visual impairment, the latter attributable to optic atrophy.
Irreversibility of established hearing and vision loss is well-
known in biotinidase deficiency.?” Other residual deficits in our

15,23,24,26

series and others included learning difficulties, ataxia,

hypotonia, and quadriparesis.
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Imaging-based differential diagnoses for biotinidase deficiency
vary depending on the pattern of involvement. For instance, dif-
fuse white matter T2 hyperintensity and swelling are nonspecific
and may be seen in urea cycle defects, organic acidemias, and
amino-acidemias presenting with metabolic decompensation.*®
Recently, forniceal restricted diffusion was demonstrated to be
present in 53/714 (7.4%) children younger than 2years of age.”
The authors postulated this to be a transient abnormality possibly
related to seizures, though only 4/53 patients had follow-up
imaging showing resolution. It is unclear whether any of these
children were screened for biotinidase deficiency. Finally, signal
alterations in the optic chiasm, brainstem, and spinal cord
should prompt the consideration of demyelinating disorders
such as myelin oligodendrocyte glycoprotein antibody disease
and neuromyelitis optica spectrum disorder in the appropriate
clinical setting.*

Given the dramatic impact of neonatal screening and treat-
ment before development of symptoms,*' screening for biotini-
dase deficiency is now offered in >30 countries worldwide.*®
Most countries, however, do not routinely screen for this dis-
ease; early recognition and treatment are, therefore, crucial to
prevent long-term sequelae.

CONCLUSIONS

Recognizable imaging features of biotinidase deficiency at differ-
ent age groups include a predilection for diffuse white matter
edema in young infants and a predilection for the involvement of
the fornices, diencephalic structures, optic pathway, brainstem,
and spinal cord in toddlers and older children.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Medullary Tegmental Cap Dysplasia: Fetal and Postnatal
Presentations of a Unique Brainstem Malformation
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D. Lev, ““E. Boltshauser, and ““'T. Lerman-Sagie
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ABSTRACT

BACKGROUND AND PURPOSE: Medullary tegmental cap dysplasia is a rare brainstem malformation, first described and defined by
James Barkovich in his book Pediatric Neuroimaging from 2005 as an anomalous mass protruding from the posterior medullary sur-
face. We describe the neuroimaging, clinical, postmortem, and genetic findings defining this unique malformation.

MATERIALS AND METHODS: This is a multicenter, international, retrospective study. We assessed the patients’ medical records,
prenatal ultrasounds, MR images, genetic findings, and postmortem results. We reviewed the medical literature for all studies
depicting medullary malformations and evaluated cases in which a dorsal medullary protuberance was described.

RESULTS: We collected 13 patients: 3 fetuses and 10 children. The medullary caps had multiple characteristics. Associated brain find-
ings were a rotated position of the medulla, a small and flat pons, cerebellar anomalies, a molar tooth sign, and agenesis of the
corpus callosum. Systemic findings included the following: polydactyly, hallux valgus, large ears, and coarse facies. Postmortem anal-
ysis in 3 patients revealed that the cap contained either neurons or white matter tracts. We found 8 publications describing a dor-
sal medullary protuberance in 27 patients. The syndromic diagnosis was Joubert-Boltshauser syndrome in 11 and fibrodysplasia
ossificans progressiva in 14 patients.

CONCLUSIONS: This is the first study to describe a series of 13 patients with medullary tegmental cap dysplasia. The cap has differ-
ent shapes: distinct in Joubert-Boltshauser syndrome and fibrodysplasia ossificans progressive. Due to the variations in the clinical,
imaging, and postmortem findings, we conclude that there are multiple etiologies and pathophysiology. We suggest that in some
patients, the pathophysiology might be abnormal axonal guidance.

ABBREVIATIONS: AMCD = anterior mesencephalic cap dysplasia; BPAN = B propeller protein-associated neurodegeneration; CC = corpus callosum; FOP =
fibrodysplasia ossificans progressive; INAD = infantile neuroaxonal dystrophy; JBTS = Joubert-Boltshauser syndrome; MTCD = medullary tegmental cap dyspla-
sia; PTCD = pontine tegmental cap dysplasia; TOP = termination of pregnancy

M edullary tegmental cap dysplasia (MTCD) is a rare brain-
stem malformation, first described and defined by James
Barkovich' in his book Pediatric Neuroimaging from 2005, as an
anomalous mass protruding from the posterior medullary sur-
face. MTCD shares common features with 2 other brainstem
malformations, both suspected to result from impaired axonal
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guidance or abnormal neuronal migration: pontine tegmental
cap dysplasia (PTCD, Online Mendelian Inheritance in Man
[OMIM] No. 614688) and anterior mesencephalic cap dysplasia
(AMCD).** In all 3, there is an abnormal “cap” protruding from
the brainstem, located anteriorly in AMCD and posteriorly in
PTCD and MTCD.>* A mass protruding from the dorsal medulla
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FIG 1. Illustration of the medullary cap morphologic characteristics: A, Smooth; B, Stick sign; C,

Globular; D, Step sign; E, Caterpillar sign.

has also been described in Joubert-Boltshauser syndrome (JBTS)
and in fibrodysplasia ossificans progressiva (FOP) syndromes,
but never defined as MTCD.

In a teaching neuroimage paper previously published, the MR
images showed an anomalous mass of gray matter signal intensity
protruding from 1 side of the medulla, a hypoplastic pons and
thickened medulla oblongata, a dysplastic cerebellum, and partial
agenesis of the corpus callosum (CC).6

Following the presentation of a prenatal diagnosis of MTCD in
2 fetuses at the meetings of the International Research Consortium
for the Corpus Callosum and Cerebral Connectivity and Neuro-
MIG Cost Action project, we collected a total of 13 patients (3
fetuses and 10 children).

We describe the neuroimaging, clinical, postmortem, and
genetic findings defining this unique brainstem malformation.

MATERIALS AND METHODS
This is a multicenter international retrospective study (Israel,
France, Switzerland, Spain, the Netherlands, Germany, United
States). Patients with a dorsally protruding mass from the medulla
were extracted from personal teaching files of neuroradiologic col-
leagues across the globe. We assessed the medical records, prenatal
ultrasounds, MR images, genetic findings, and postmortem results
of the patients. We reviewed the medical literature for all studies
describing medullary malformations and evaluated the cases in
which a dorsal medullary protuberance was described.

The study was approved by the Wolfson Medical Center’s insti-
tutional review board [WOMC-0188-18].

Imaging Techniques

Fetal neurosonograms were obtained according to the International
Society of Sonography in Obstetrics and Gynecology guidelines.”®
The examinations were performed on Voluson E8 and E10 ultra-
sound machines (GE Healthcare, Kretz Sonography) using transab-
dominal and transvaginal probes or an Aplior i800 U (Canon
Medical Systems).

MR imaging brain scans, fetal or postnatal, were obtained in
all cases. Fetal MR imaging (Sigma Horizon LX and EchoSpeed
MR imaging scanners, 1.5T; GE Healthcare) scans were obtained
using an ultrafast, T2-weighted single-shot fast spin-echo MR
imaging in the axial, coronal, and transversal planes (acquisition
time = 40-45 seconds). During fetal scans, patients received oral

diazepam and zopiclone, 7.5 mg, before
the MR imaging to reduce fetal and
maternal movements for imaging. In
postnatal scans, the same sequences
were used in addition to FLAIR and
STIR.

MTCD Characterization. The cap was
characterized on the midsagittal plane
by the authors Prof. Tally Lerman-Sagie
and Prof. Eugen Boltshauser. The cap
was described according to its shape
(Fig 1), size in relation to the medulla
(anterior-posterior diameter in the mid-
sagittal plane), craniocaudal extension
(pontomedullary, medullary, low medullary), axial projection (uni-
lateral, bilateral), relation to the cerebellar peduncles (connected,
separated, or unknown), and signal intensity (Online Supplemental
Data).
We defined 5 distinct shapes (Fig 1):

A) Smooth: the cap borders blend into the medulla, and the con-
tour is smooth (Fig 2E).

B) Stick sign: the cap is thin and elongated (Fig 2F).

C) Globular: the cap is round (Fig 2A).

D) Straight-angled, “step sign”: there is a straight angle between
the cap and the medulla (Fig 2D).

E) Tuberal, “caterpillar sign”: the cap consists of multiple tuber-
like protuberances (Fig 2K).

Postmortem Examinations

Postmortem examinations were performed according to protocols
previously described and included a detailed examination of the fe-
tus and placenta.” For gross examination of the brain, the brainstem
was separated from the cerebral hemispheres by a section at the level
of the midbrain. The cerebral hemispheres were bisected along the
midsagittal plane. The separate hemispheres were placed back to-
gether, followed by coronal sectioning of the cerebral hemispheres.
The brainstem and cerebellum were sectioned along the axial plane.
Histologic sections 4-um-thick were prepared and stained with
H&E. The histologic sections were examined along with the corre-
sponding gross photographs. Immunohistochemical stains for calre-
tinin and synaptophysin were performed as indicated.’

Data Availability
Anonymized imaging data not published within this article will
be made available by request from any qualified investigator.

RESULTS

The study included 13 unrelated patients: 3 fetuses (diagnosed at
17, 21, and 32 weeks of gestation), and 10 children and adoles-
cents (9 months to 18 years of age at the latest clinical follow-up).
All pregnant couples opted for termination of pregnancy (TOP)
according to the national laws, allowing TOP in cases with imag-
ing findings implying a high risk of severely impaired neurodeve-
lopmental outcome. Two children died in infancy following an
infection. Eight patients are alive.
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FIG 2. MR imaging and ultrasound showing the medullary cap in 12 patients, midsagittal view. A,
Patient 1; B, Patient 2; C, Patient 3; D, Patient 4; E, Patient 5; F, Patient 6; G, Patient 7; H, Patient 8; /,
Patient 9; J, Patient T1; K, Patient 12; L, Patient 13. Of note, patient 10’s MR imaging is separately

shown in the Online Supplemental Data.

We found 8 publications describing a dorsal medullary protu-
berance in 27 patients. The syndromic diagnosis was JBTS in 11
and FOP in 14 patients.">'%"'?

Clinical Features
A clinical evaluation extracted from the medical charts was avail-
able in only 9 of our 10 patients (all 3 pregnant couples opted for
TOP), as detailed in the Online Supplemental Data. Patients” ages
ranged between 6 months and 18 years at diagnosis, with 3 females
and 5 males (in 5 patients the sex was unknown). Cognitive func-
tion was normal in 4 patients, 2 patients had severe global devel-
opmental delay, 1 patient was in the low-average range, and 3
patients had no information. Delayed motor milestones were
observed 5 patients, of whom 3 had severe and 1 had mild devel-
opmental delay, and 1 had left hemiparesis.

Two patients presented with central apneic episodes. Neurologic
examination findings were normal in 3 patients and abnormal in 5
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patients, including axial hypotonia and
normal reflexes in patient 1; hypoto-
nia, dysarthria, strabismus, nystagmus
in patient 7; left hemiparesis in patient
8; patient 9, had no eye contact/track-
ing, abnormal movement, self-mutila-
tion, and exclusive gastrostomy, and in
patient 10, with no eye contact, hyper-
kinetic limb movements, and hypo-
tonia. Neurologic examination was
unavailable in 5 patients. Two patients
had cutaneous skull lesions. Three
patients were diagnosed with JBTS.
Bilateral hallux valgus (diagnosed with
FOP), vocal cord paresis, and hemato-
logic disorders with hepatic cholestasis
were observed in 1 patient each. Two
patients died, one from cardiac arrest
following a respiratory infection at
9 months and the other from corona-
virus disease 2019 (COVID-19) infec-
tion, at 11 months.

Neuroimaging Findings

The imaging findings of our 13
patients and all those previously
described in the literature (27 patients)
are detailed in the Online Supplemental
Data.

Main Features According to the
Anatomic Structure

Medulla Oblongata. Cap morphology
(illustrated in Fig 1) was smooth in 1/13
and 16/27, globular in 5/13 and 0/27,
step sign in 6/13 and 9/27, stick sign in
3/13 and 0/27, and caterpillar sign in
3/13 and 5/27 patients.

Cap size in relation to the medulla
was smaller 1/13 and 15/27 patients,
equal in 7/13 and 9/27, and larger in 5/13 patients (in 1 patient,
the cap was extremely enlarged and resembled a tumor,
Fig 2L).

Craniocaudal extension was midmedullary in 5/13 and 2/27
patients, lower medullary in 8/13 and 9/25 patients (no informa-
tion was available in 2 patients), and pontomedullary in 0/13 and
14/27 patients.

Axial projection was unilateral in 4/13 (unknown in 5) and
9/27 and bilateral in 11/27 patients (in the 13 patients described
by Severino et al,"* axial projection varied).

The relation to the cerebellar peduncles was connected to the
cerebellar peduncles in 1/13 and 1/27, and separated from the
cerebellar peduncles in 10/13 and 22/27.

Signal intensity was equal to the medulla in 11 patients and
different in 2. In the literature, signal intensity was equal in 22
patients, 2 had gray matter intensity, and FLAIR signal intensity
was increased in 13 patients (Online Supplemental Data).



FIG 3. A, Axial microscopy photograph of the medulla oblongata of patient 2 at 35 gestational
weeks. The right-posterior bulge of the medulla oblongata (RMO) contains many mature neurons,
consistent with a hamartoma, connected to the cerebellum. The inferior olivary nuclei (ON) are
well-developed, and the pyramidal tracts (PT) are intact. B, Postmortem photograph of patient 3
depicts the fetal posterior fossa after removal of the occipital bone, performed at 17 gestational
weeks. Note the thickening and internal rotation of the RMO, producing the medullary cap
shape. Cbl indicates cerebellum; FM, opening of the foramen of Magendi.

The midbrain was abnormal in 1/40; the pons, in 9/40; and
the cerebellum, in 20/40 patients. Details of the abnormal CNS
findings are found in the Online Supplemental Data.

Regarding posterior fossa anomalies, there was a hypoplastic

10-13 and in 6 of our

vermis in 11 patients from the literature
patients (patients 1, 3, 5, 9, 11, and 12) and an oversized vermis in 2
patients from the literature."® Cerebellar malformations including
hemisphere hypoplasia and dislocated fastigium were observed in
our cohort in 1 patient each. A total of 3 patients from our cohort
(patients 9, 11, and 12) and 11 patients from the literature had a
diagnosis of Joubert syndrome.'%"?

An anomaly of the CC was found the original description by
Barkovich,' the neuroimage by Jurkiewicz and Nowak,’ and in 4
patients from our cohort (patients 1, 2, 4, and 10).

Sulcation was abnormal in 2 of our 13 patients.

Other anomalies included ventriculomegaly, frontoparietal
interhemispheric cyst, and peritrigonal focal white matter abnor-
malities in 1 patient each from our cohort.

Genetic Findings

The genetic investigation included the following: karyotype (1/13),
chromosomal microarray (5/13), exome sequencing (5/13), genome
sequencing (3/13), and targeted gene analysis (1/13) (Online
Supplemental Data). Chromosomal microarray in patient 5
revealed a paternally inherited 15q21.2 deletion, which included
part of the GLDN gene. Targeted analysis of the ACVRI gene
was performed in patient 1 due to hallux valgus and revealed the
classic p.Arg206His mutation. Patient 9 had an anomaly of the
entire short arm of chromosome 11 in mosaicism, consistent
with Beckwith-Wiedemann syndrome. Patient 11 had a CSPPI
gene mutation and was diagnosed with JBTS.

Postmortem Analysis
A postmortem examination was available in 2 of the 3 fetuses
that underwent TOP (Fig 3) and in 1 of the postnatal cases.

In patient 2, the macroscopic evaluation revealed a mass pro-
truding from the dorsolateral right side of the medulla. The

ventral pons was hypoplastic on the
right. The right inferior peduncle was
thickened relative to the other side.
Microscopically, the mass contained
many mature neurons that could be
consistent with a hamartoma. The infe-
rior olivary nuclei were well-developed,
and the pyramidal tracts were intact.
Few neurons were seen in the pons; the
transverse and pyramidal tracts were
observed. The cerebellar cortex was
normal (Fig 3A4), as well as the rest of
the brain and organs.

In patient 3, the macroscopic evalu-
ation showed a wide interhemispheric
space; an asymmetrically rotated me-
dulla oblongata with a posterior mass
protruding on the right from the dorso-
lateral aspect; agenesis of the CC; and
ventricular asymmetry. The medial part
of the cortex in the left hemisphere was thicker than on the right,
with an irregular structure with multiple sulcations (Fig 3B).
Microscopic evaluation disclosed asymmetry of the medulla due
to the occupying white matter. In the occipital lobe of the left
hemisphere, an area of polymicrogyria with cortical disorganiza-
tion was noted.

In patient 10, postmortem examination revealed that the
hypersignal on the dorsal surface of the brainstem corresponded
to spheroids in the posterior tracts of the medulla, in favor of a
neuroaxonal dystrophy.

DISCUSSION

James Barkovich' was the first to describe this unique brainstem
malformation, MTCD, in 2005, and included it in the classifica-
tion of midbrain-hindbrain malformations in 2009.'® It was
described as a dorsal medullary protuberance identified on MR
imaging in infants being imaged for multiple anomalies of the
musculoskeletal, genitourinary, or gastrointestinal systems. On
sagittal images, a dorsal (tegmental) cap was seen at the level of
the medulla, associated with absence or severe hypogenesis of the
corpus callosum.

No additional patients with MTCD were described in the lit-
erature until 2015, when Jurkiewicz and Nowak® supplied MR
images of this brainstem anomaly in Neurology. They described a
3-year-old boy who presented with respiratory distress and
apnea. MR imaging showed a hypoplastic pons and thickened
medulla oblongata with an anomalous mass of gray matter signal
intensity around it.

To the best of our knowledge, MTCD has not been defined in
any other cases in the literature, however, when searching the lit-
erature for medullary anomalies, we found 27 cases fulfilling the
definition of an anomalous mass protruding from the posterior
medullary surface.

We analyzed our 13 cases and the additional 27 cases from the
literature for the characteristics of the cap, additional findings, clini-
cal presentation, postmortem results, and genetic evaluation. We
discovered that the dorsal medullary cap is not a single entity but
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has different characteristics: shape, size, signal intensity, craniocau-
dal location, laterality, and relation to the cerebellar peduncles
(Online Supplemental Data). Furthermore, the etiology was diverse,
there were specific additional CNS or systemic findings, and there
was a range of clinical presentations, from no symptoms to pro-
found developmental delay.

The clinical presentation of the patients with MTCD was con-
siderably variable. Some patients did not have neurologic involve-
ment at all. Patients with FOP (ACVRI mutations) had only
skeletal anomalies. Patient 1 from our cohort with an ACVRI
mutation had normal development and hallux valgus typical of
FOP." In patients 6 and 13, the MTCD was an incidental finding
during a cutaneous skull lesion evaluation. It seems that the
underlying symptoms are related to the syndromic diagnosis (as
in patients with JBTS) or associated findings. Three patients pre-
sented with profound developmental delay (patients 5, 9, and 10),
and 2 had early death (patients 5 and 10). Brainstem dysfunction
is described in 3/13 patients (patient 5, vocal cord paresis; patients
9 and 11, apnea). Eight patients had other brainstem anomalies
(Online Supplemental Data).

The child described by Jurkiewicz and Nowak® also had ab-
sence of the middle and distal phalanges of the hands and feet, gas-
troesophageal reflux, hiatal hernia, abnormal findings on auditory
brainstem response testing, and dysmorphic features including fa-
cial asymmetry, large dysplastic earlobes, and deep-set eyes.® He
presented with apnea at 3 years of age. Whether these presenta-
tions are related to the medullary tegmental cap dysplasia or the
underlying genetic syndrome remains unknown. In the 2 other
brainstem malformations that share a cap (protruding from the
dorsal pons in PTCD and the anterior mesencephalon in AMCD),
the cap always has a distinct shape: in PTCD an abnormal curved
structure covering the middle third of the pontine tegmentum and
projecting into the fourth ventricle,> and in AMCD, a rounded
bulging obliterating the interpeduncular fossa.®> In contrast, in
MTCD, the cap has multiple shapes as depicted in Figs 1 and 2.

AMCD has been described in only 3 patients with JBTS.
Clinically, the patients manifested typical features of this syndrome:
hypotonia, developmental delay, ataxia, intellectual disability, and
neuro-ophthalmologic signs.”> Two patients were compound heter-
ozygous for TMEMG67 missense variants.'®

PTCD is not considered inherent in JBTS, but rather a distinct
category, part of the “molar tooth” family of brainstem anomalies,
due to its particular posterior fossa characteristics and associated
CNS findings (subtotal absence of the middle cerebellar peduncles,
flattened ventral pons, vaulted pontine tegmentum, a molar tooth
aspect of the pontomesencephalic junction, an absent inferior oli-
vary prominence, vermal hypoplasia, and corpus callosum hypo-
plasia or agenesis®) that differentiate it from the Joubert spectrum
of disorders."” Prenatal diagnosis of patients with PTCD has been
previously described in 4 fetuses. In the 3 living children, global
developmental delay and multiple cranial nerve impairment were
observed. A genetic etiology of PTCD has not been found, and it is
considered a sporadic disorder because no familial cases have been
described. >*>*°

MTCD is also a unique category within the classification of
midbrain-hindbrain malformations,' but it has multiple etiologies
and different forms and clinical presentations. JBTS is one of the
possible etiologies.
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Poretti et al'®"'* described a posterior medullary protuberance
in 7 patients with JBTS; images consistent with MTCD were sup-
plied in 2 studies. In our cohort, there were 3 patients with this
diagnosis (patients 9, 11, and 12). In most of these cases, the cap
had distinct features: It was straight-angled, tubular, equal in size
with the medulla, and located in the low-medullary region. We
suggest that the step sign and the caterpillar sign adequately
describe the typical appearance of the cap in JBTS because it is
straight-angled and in some cases reminiscent of a caterpillar
clinging to a stem (Fig 1 and Fig 21, -K).

The step sign is reminiscent of clava hypertrophy, a relatively
consistent imaging finding in infantile neuroaxonal dystrophy
(INAD)/PLA2G6 (OMIM No. 256600).21*

Recently (2022), clava prominence has also been mentioned
in 6/27 scans of patients with B propeller protein-associated neu-
rodegeneration (BPAN).?® Distinction between JBTS and INAD
or BPAN is not problematic from the clinical and the imaging
perspective. Imaging in INAD shows almost consistent cerebellar
atrophy and inconsistent cerebellar cortex hyperintensity, and
BPAN shows intense iron deposition in the substantia nigra,
while JBTS presents (in addition to the molar tooth sign) with
vermis hypodysplasia and cranial dislocation of the fastigium,
while cerebellar atrophy is not a feature.>"***> Patient 10 from
our cohort had a progressive course, both clinically (postnatal
progressive microcephaly, development of hyperkinetic move-
ments, and so forth, Online Supplemental Data) and radiologi-
cally. Prenatal MR imaging showed partial agenesis of the CC
and a small pons, with no MTCD, which was only diagnosed later
on MR imaging performed at 11 months (Online Supplemental
Data), suggesting that MTCD could sometimes develop progres-
sively, for example, in neurodegenerative disorders. This patient
was suspected clinically of having atypical neuroaxonal dystro-
phy, further supported by the presence of spheroids in the poste-
rior tracts of the medulla. However, findings of whole-genome
sequencing including mitochondrial DNA were normal.

Patient 11 from our cohort was diagnosed with JBTS and has
a CSPPI gene mutation, also reported in a patient with JBTS and
an occipital encephalocele published by Tuz et al.'* In both cases,
the cap shared similar characteristics: It was in the lower medulla
and separated from the cerebellar peduncles, and the step and
caterpillar signs were noted.

PTCD and AMCD are considered the result of aberrant axonal
guidance. AMCD is part of the JBTS spectrum and is associated
with the molar tooth sign, which is a hallmark of this syndrome.***
PTCD differs from JBTS, in the imaging, clinical, and genetic
aspects. A displaced decussation of the superior cerebellar peduncles
is noted anteriorly-posteriorly in both AMCD and PTCD.>***%

Further supporting evidence is supplied by fiber tractography,
which showed an abnormal transverse bundle of fibers in the
pons forming the cap in PTCD***?® and an ectopic white matter
bundle in AMCD. In the patient described by Jurkiewicz and
Nowak,® tractography revealed no decussating pontine fibers nor
crossing of the corticospinal tracts, also implying abnormal axo-
nal decussation in this entity. Postmortem analysis of patient 3
confirmed abnormal pathways because there was a continuation
of fibers between the medullary mass and the white matter of the
cerebellum (Fig 3).



The pathogenesis of JBTS, hypothesized to cause AMCD as

well, is a ciliary dysfunction.>***!

Primary cilium has a key role
in modulating neurogenesis, cell polarity, and axonal guidance,
all essential for wiring the developing brain. Disrupted ciliary sig-
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naling contributes to axonal tract malformations in JBT'
our cohort, the additional findings in some patients such as mid-
line distortion, a rotated position of the medulla on axial planes,
and CC agenesis/partial agenesis as well as clinical features like
polydactyly might support the hypothesis that MTCD can also be
caused by impaired ciliary function in at least some patients.
Callosal anomalies have also been mentioned by Barkovich,!
Jurkiewicz and Nowak,* and Barkovich et al.'®

A de novo mutation in the ACVRI gene was found in one of
our patients (patient 1, Fig 2A, p.Arg206His). This gene plays an
essential role in ciliary formation.”> ACVRI deletion in mouse em-
bryonic fibroblasts compromised ciliary development and resulted
in defects in leftward fluid flow and, thus, abnormalities in left-
right patterning.’> Mutations in ACVRI cause FOP, an autosomal
dominant disorder causing progressive heterotopic endochondral
ossifications.'* In 2016, Severino et al** described a well-defined
nonenhancing lesion at the level of the dorsal medulla with vari-
able morphology, ranging from a thin band of tissue to an exo-
phytic mass, in 13 patients with FOP. All also showed thin tissue
bands at the ventral pons. We have re-classified this lesion as
MTCD.

The cap in FOP seems to display a distinct form; it is “soft,”
smooth, and rather flat, and its position is exceptionally higher in
most cases, reaching the midpons. The mass has been suspected
to represent a hamartoma;'*'* however, a postmortem examina-
tion of a 75-year-old patient revealed that the cap consisted of
glial hyperplasia.*®

In patient 2 from our cohort, the postmortem examination in
the fetus revealed that the mass contained mature neurons con-
sistent with a hamartoma. In contrast, in patient 10, the postmor-
tem examination at the age of 11 months revealed that the cap
consisted of spheroids, a feature of axonal degeneration.>* In this
patient, the medullary cap was present prenatally (retrospectively)
but was much less prominent and was noticeable postnatally,
possibly due to progressive atrophy of the tegmentum as demon-
strated by sequential MR images at 33 weeks’ gestation, 1 month,
and 11 months (Online Supplemental Data). Also, the resolution
of fetal MR imaging is inferior to that of postnatal MR imaging.
The clinical picture and postmortem examination were reminis-
cent of neuroaxonal dystrophy; however, findings of genetic stud-
ies were negative.

Our study has several limitations. The main limitation is its
retrospective nature, an evaluation of patients that have been
collected by several groups across the globe. Therefore, a true
incidence cannot be established. In addition, imaging protocols
may have varied, the clinical data were limited in some of the
cases, and no high-end functional imaging data were available
(ie, DTL, which may allow studying of the internal architecture
of the cap).

The inclusion of patients with JBTS might have led to a selection
bias because their MTCD characteristics are distinctly different
from those in the rest of the cohort. Future studies are warranted
and may answer these open questions.

Differential diagnoses of abnormal dorsal medullary masses,
causing a distortion of the brainstem, are brainstem tethering or
proliferative disorders (tumor and metastasis). Brainstem tethering
can be excluded because the mass is longer and, unlike MTCD,
connects the dorsal medulla to the inner surface of the occipital
skull,***® and a proliferative disorder can be excluded on the basis
of lack of infiltrative features and imaging characteristics.”

CONCLUSIONS

This is the first study to delineate a series of patients with the rare
malformation medullary tegmental cap dysplasia. The cap has
different shapes, distinct in JBTS and FOP. Due to the variations
in the clinical, imaging, and postmortem findings, we conclude
that there are multiple etiologies and pathophysiology. We sug-
gest that in some of the patients, the pathophysiology might be
abnormal axonal guidance.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Modified Dynamic CT Myelography for Type 1and 2 CSF
Leaks: A Procedural Approach

B.C. Dahlin
§ O=

M.D. Mamlouk, ““P.Y. Shen, and

ABSTRACT

BACKGROUND AND PURPOSE: Dynamic CT myelography can identify spinal CSF leaks secondary to dural tears (type 1) and ruptured
meningeal diverticula (type 2), but the radiation can be high secondary to multiple successive acquisitions. The purpose of this article is
to discuss the procedural approach of a modified dynamic CT myelography technique with single scan acquisitions, reduced contrast
volume, and condensed scan coverage and compare its radiation dose with that in traditional dynamic CT myelography.

MATERIALS AND METHODS: Retrospective review was performed for patients with spontaneous CSF leaks showing extradural col-
lections on spine MR imaging who underwent traditional and modified dynamic CT myelography. The radiation doses between the
2 cohorts were compared.

RESULTS: Thirty-seven patients (25 women, 12 men) had a type 1 or 2 CSF leak on dynamic CT myelography. Thirty-one patients
had a type 1 CSF leak, and 6 patients had type 2 leaks. The traditional dynamic CT myelography was performed in 25 patients, and
the average number of acquisitions per dynamic CT myelography was 3.6. The mean total effective dose per dynamic CT myelogra-
phy was 31.3 mSv (range, 1.3-68.4 mSv). The modified dynamic CT myelography was performed in 12 patients, and the average num-
ber of acquisitions was 2.8. The mean total effective dose per dynamic CT myelography was 151 mSv (range, 4.8-24.6 mSv). The
effective dose and dose-length product between the cohorts were statistically significant (P <<.0001 and .01, respectively).

CONCLUSIONS: Modified dynamic CT myelography performed with single scan acquisitions, smaller volume of contrast, and

reduced scan coverage can reduce the radiation dose for type 1 and 2 CSF leak detection.

ABBREVIATIONS: CTM = CT myelography; DSM = digital subtraction myelography; SIH = spontaneous intracranial hypotension

pontaneous intracranial hypotension (SIH) has 4 known

causes: dural tears (type 1), ruptured meningeal diverticula
(type 2), CSF-venous fistulas (type 3), and distal nerve root sleeve
leaks (type 4)."* Type 1 and 2 CSF leaks manifest well on spine
MR imaging as an extradural collection;> however, location of the
leak site is not often possible on MR imaging, and myelography is
often necessary for accurate localization. Various types of my-
elography have been reported to identify type 1 CSF leaks, which
include dynamic CT myelography (CTM),** digital subtraction
(DSM),2’6’7 and

myelography conventional  fluoroscopic
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myelography.® All 3 examinations can identify the exact transi-
tion of iodinated contrast from the subarachnoid-to-extradural
space, which corresponds to the leak site. While no publications
have compared the sensitivity and specificity among the 3 exami-
nation techniques, CSF leak localization is often achievable with
all 3 examinations.

The dynamic CTM technique has the major advantage in iden-
tifying a calcified disc, which is very commonly seen with type 1
CSF leaks and is often small and located in the upper thoracic
spine.” In fact, because of the high spatial resolution of CT, a post-
myelography CT is performed after DSM or conventional fluoro-
scopic myelography for disc detection and treatment planning.”®
One major limitation for dynamic CTM is the radiation dose
because multiple scans of the spine, reported up to 10 times,” are
performed consecutively to ensure a high temporal resolution and
to identify the leak location. Our institution initially used this
technique, obtaining 3 acquisitions of the total spine from caudal-
cranial, cranial-caudal, caudal-cranial, and then additional scans
afterward as needed. We then observed that the CSF leak can of-
ten be identified with 3 modifications: single-scan acquisitions,
reduced contrast dose, and condensed scan coverage. The purpose
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FIG 1. Patient positioning for modified dynamic CTM. A, A custom-made firm wedge with a 15°
slope is placed on the CT gantry. The hips are placed at the apex of the wedge, with the feet
closest to the scanner. The patient is positioned Trendelenburg prone for presumed ventral dural
tears (type 1 CSF leaks) and positioned Trendelenburg decubitus for presumed ruptured menin-
geal diverticula (type 2 CSF leaks). B, A lateral scout radiograph shows an adequate angle for con-

trast to flow from the lumbar puncture site to the cervical spine.

of this article is to discuss the procedural approach of this modi-
fied dynamic CTM technique and compare the radiation dose
with that in traditional dynamic CTM.

MATERIALS AND METHODS

Patient Selection

Institutional review board approval (Kaiser Permanente IRB#
1620615-2) was obtained, which waived the requirement for
informed consent. The study population consisted of all
patients with spontaneous CSF leaks showing extradural col-
lections on spine MR imaging, from August 2018 to
November 2022, who underwent spinal CSF leak detection
using traditional or modified dynamic CTM techniques. The
spinal CSF leak levels were subdivided into cervical spine,
upper thoracic spine (T1-T6 levels), lower thoracic spine
(T7-T12 levels), and lumbar spine. It was noted if a calcified
disc was associated with the spinal leak.

Modified Dynamic CTM Technique

In patients with a high clinical suspicion for SIH and/or intracra-
nial imaging findings consistent with SIH, a noncontrast total
spine MR imaging is performed with fat-suppressed T2-weighted
sequences. In our experience, as well as another study,'® MR
imaging can reliably detect extradural fluid collections similar to
conventional CT myelography. Thus, we do not perform conven-
tional CT myelography simply to identify the presence or absence
of an extradural collection.

The patient position for the dynamic CTM is predicated on the
location of the extradural collection on spine MR imaging. If the
collection is ventral or both ventral and dorsal, these collections
are often secondary to ventral CSF leaks (type 1). If the extradural
collection is predominantly lateral and centered along the menin-
geal diverticula, a ruptured meningeal diverticulum is often the
cause (type 2). On the basis of these findings, we place the patient
Trendelenburg prone for type 1 leaks and Trendelenburg decubi-
tus for type 2 leaks using a custom-made wedge with a 15° angle
(Fig 1A). Depending on the patient body habitus, if the angle is still
not adequate, we will often place blankets or pillows under the hips
to ensure an adequate angle of 15°-20°, because this is one of the
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key requisites to ensure that the con-
trast bolus adequately coats the upper
thoracic and cervical spine.

Frontal and lateral scout images of
the total spine are obtained, and the
angle is evaluated again to ensure that
the patient is adequately Trendelenburg
(Fig 1B) or to determine if adjustments
are needed. After satisfactory position-
ing, a lumbar puncture is typically per-
formed at the L3-14 level. To ensure
that the needle is subarachnoid, we per-
form a test dose of 0.2mL of preserva-
tive-free iohexol contrast (Omnipaque
300; GE Healthcare). After confirma-
tion of contrast within the subarachnoid
space, image planning with the CT tech-
nologist is performed to obtain 1 caudal-to-cranial acquisition
from the needle entry site to the C2 vertebral body using a stand-
ard kernel, 0.625-mm section thickness, and automatic exposure
control radiation setting. The proceduralist will then inject 3 mL
of the aforementioned contrast, exit the CT suite, and the CT
technologist will perform the preset scanning acquisition.

The proceduralist will evaluate the axial images on the CT
scanner console for the contrast transition from the subarach-
noid-to-extradural space. If additional scrutiny is needed, the pro-
ceduralist will evaluate the axial and sagittal images on a dedicated
radiology workstation located near the CT suite. The proceduralist
is afforded this time to review the scans because a small volume of
contrast is administered. If the images are satisfactory and the leak
site and cause are identified, the myelogram is complete. If confir-
mation is needed, only the scan plane of the area of interest is pre-
pared—not the total spine—to minimize radiation, followed by an
additional 2-3 mL of contrast injection; then the scan is per-
formed. If the contrast has not migrated cranially, additional con-
trast is administered up to a maximum of 10 mL. If the more
caudal aspect of the spine does not show the CSF leak, a portion
can be omitted in the subsequent scanning acquisition to conserve
the radiation dose. A small volume of contrast is intentionally
used initially. If a large volume (eg, 10 mL) is administered ini-
tially, exact leak localization may not be possible because the
extradural contrast can diffuse throughout the spine, akin to spine
MR imaging or a conventional CTM. If there is a suspicion of a
lower thoracic CSF leak on the spine MR imaging, an initial dose
of 1-2mL of iodinated contrast can be used on the first scan ac-
quisition. In case a follow-up dynamic CTM is needed for treat-
ment planning, the scan coverage can be restricted to the spinal
leak location to minimize the radiation dose.

Traditional Dynamic CTM Technique

The patient positioning and lumbar puncture technique were the
same. Intrathecal contrast was injected with 3-10 mL, depending
on the preference of the radiologist, and 3 scans of the total spine
were obtained from caudal-cranial, cranial-caudal, and caudal-
cranial, followed by additional single-scan acquisitions as neces-
sary until the leak site was identified.



FIG 2. Detection of type 1 CSF leak with modified dynamic CTM in 2 scan acquisitions. A,
Coronal contrast-enhanced fat-suppressed Tl-weighted image shows dural enhancement
(arrows) consistent with spontaneous intracranial hypotension. B, Axial fat-suppressed T2-
weighted image shows ventral and dorsal extradural fluid (arrows) consistent with a CSF leak. C,
Sagittal image from dynamic CTM after 3 mL of intrathecal iodinated contrast shows coating of
the entire ventral spine, with a transition point at the TI-T2 level (arrow). D, Sagittal image from
dynamic CTM after additional injection of 2mL of contrast and scanning of the cervicothoracic
junction only confirms a leak at the TI-T2 level, where there is a split in the contrast column
(arrow) and extradural contrast layering dependently with gravity in the cervical spine (arrow-
heads). E, Axial image from the dynamic CTM shows that the CSF leak (arrowheads) is secondary

to a ventral midline calcified disc (arrow).

Table 1: Patient demographics of spinal CSF leaks
Demographics

No. 37
Mean age (SD) at symptom onset (yr) 44.1(10.2)
Sex
Female 25
Male 12
Type 1leak location (n = 31)
Cervical 2
Upper thoracic (T1-T6) 22
Lower thoracic (T7-T12) 7
Lumbar 0
Type 2 leak location (n = 6)
Lower thoracic (T7-T12) 6

Image Review and Reporting

The dynamic CTM is evaluated for the presence of a type 1 or 2
CSF leak. The transition point where the contrast media flows
from subarachnoid to extradural in location corresponds to the
leak site. If there is an associated calcified disc, the location and
size are reported (Fig 2). Type 1 leaks may occasionally be poste-
rior or lateral in location, and we report the leak location and
whether there is an associated dorsal osteophyte.'! For type 2 leaks,
we evaluate for CSF leakage centered at a meningeal diverticulum.

Radiation Data

The number of dynamic CTM examinations was recorded until
the CSF leak level was identified, and the number of scan acquisi-
tions per CTM examination was tallied. The CT dose index and

dose-length product were obtained for
each acquisition, and an average per
CTM examination was calculated. The
effective dose per scan acquisition was
obtained using a commercial software
DoseWatch (GE Healthcare), and the
total effective dose was calculated for
each CTM examination.

Statistical Analysis

To identify any differences in CT dose
index, dose-length product, and total
effective dose between the traditional
and modified dynamic CTM techniques,
we performed homoscedastic t-tests
(Excel; Microsoft), and P values < .05
were considered statistically significant.

RESULTS

There were 38 patients with a spontane-
ous extradural collection on spine MR
imaging who underwent dynamic CTM.
One patient was excluded because the
dynamic CTM was negative for an extra-
dural collection. We presumed that this
was related to spontaneous patching of
the spinal leak because the patient’s
symptoms resolved. There were 37
patients (25 women, 12 men) with a type
1 or 2 CSF leak on dynamic CTM with a mean age of 44.1 years
and a mean Bern SIH score of 5.7 (Table 1). Thirty-one patients
had a type 1 CSF leak, and the leak locations were 2 cervical, 22
upper thoracic (T1-T6), 7 lower thoracic (T7-T12), and no lumbar
spine. Thirty of 31 patients with type 1 CSF leaks had a ventral tear,
with 24 calcified discs identified as the leak cause, while 1/31
patients had a lateral tear. Six patients had type 2 leaks with rup-
tured meningeal diverticula, and they were all in the lower thoracic
(T7-T12) spine. The specific leak location was identified on the
first dynamic CTM in 35 patients and on the second dynamic
CTM in 2 patients: One patient had a traditional CTM, and the
other patient had a modified CTM.

The traditional dynamic CTM was performed in 25 patients,
and the average number of acquisitions per dynamic CTM was
3.6 (range, 1-7). The mean CT dose index, dose-length product,
and total effective dose per dynamic CTM were 13.4 mGy (range,
6.6-31.6 mGy), 647.2 mGy cm (range, 259.1-727.2 mGy cm),
and 31.3 mSv (range, 11.3-68.4 mSv), respectively (Table 2). The
radiation dose was not available in 2 patients.

Modified dynamic CTM was performed in 12 patients, and the
average number of acquisitions per dynamic CTM was 2.8 (range,
2-4). The mean CT dose index, dose-length product, and total
effective dose per dynamic CTM were 10.6 mGy (range, 4.0-28.3
mGy), 406.7 mGy cm (range, 165.7-747.5 mGy cm), and 15.1
mSv (range, 4.8-24.6 mSv), respectively.

The modified dynamic CTM mean effective dose and dose-
length product were statistically significant compared with the
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Table 2: Radiation doses of traditional and modified dynamic CTM

Traditional Dynamic CTM Technique Modified Dynamic CTM Technique P Value
No of patients 25 12
Mean radiation dose
CTDI 13.4 (range, 6.6-31.6) mGy 10.6 (range, 4.0-28.3) mGy 24
DLP 647.2 (range, 259.1-727.2) mGy cm 406.7 (range, 165.7-747.5) mGy cm .01
Total effective dose 31.3 (range, 11.3-68.4) mSv 15.1 (range, 4.8-24.6) mSv <.0001

Note:—CTDlI indicates CT dose index; DLP, dose-length product.

FIG 3. Detection of type 1 CSF leak with traditional dynamic CTM in 3 scan acquisitions. A—C, Sagittal images from 3 successive acquisitions of
the total spine dynamic CTM show a split of contrast at the TI-T2 level with contrast accumulating in the ventral extradural space (arrows). This
was first evident on the first acquisition, and the leak site can be determined with this acquisition alone. The second and third acquisitions show
slightly more contrast accumulation in the extradural space. D, Axial image of the first acquisition of the dynamic CTM shows a calcified disc
(arrowhead) splitting the contrast within the subarachnoid space (arrows).

traditional technique (P <.0001 and .01, respectively). The CT
dose index was not statistically significant (P = .24).

In all patients with =4 scan acquisitions per dynamic CTM
(traditional and modified), there was an average of 2.6 acquisi-
tions in which the injected intrathecal contrast did not extend to
the cervical spine. In patients with <4 scan acquisitions per
dynamic CTM examination, there was an average of 0.21 acquisi-
tions in which the injected intrathecal contrast did not extend to
the cervical spine.

DISCUSSION

Dynamic CTM is a valuable tool to identify the precise leak site in
patients with type 1 (dural tear) and type 2 (ruptured meningeal
diverticula) CSF leaks. The technique was originally devised by
performing multiple consecutive scan acquisitions of the total
spine to identify the leak site. In 1 report by Thielen et al* with 14
patients, a noncontrast CT of the spine was performed, followed
by the operator injecting contrast, while up to 6 acquisitions of the
total spine were performed with alternating caudal-cranial and
cranial-caudal scans. The mean effective dose per study was 70.64
mSV (range, 21.5-182. 9 mSV). Another study by Dobrocky et al®
with 14 patients used a similar technique of obtaining multiple
acquisitions (mean, 7; range, 3-10 acquisitions) but had a smaller
volume of coverage (mean, 8 vertebral body levels; range, 4-12
levels). The mean effective dose per study was 24.4 mSv (range,
9.8-67.5 mSv). Early in our practice, we performed a similar tech-
nique of obtaining multiple successive scans, and the mean effec-
tive dose per study was 31.3 mSv (range, 11.3-68.4 mSv). After we
switched to our modified dynamic CTM technique, the mean
effective dose per study was 15.1 mSv (range, 4.8-24.6 mSv). This
is a radiation savings of approximately 50% effective dose com-
pared with our older technique, 40% compared with the dose of
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Dobrocky et al, and 80% compared with Thielen et al. Thus, radia-
tion savings is possible with a modified dynamic CTM technique,
and this modified technique may be beneficial in all patients but
particularly young adults and children with spinal CSF leaks. In
addition to our lower radiation dose, we had an average of 2.8
acquisitions with our new technique, which is also less than those
in both aforementioned studies.

For type 1 CSF leaks, most leaks were ventral in location (30/31
patients) and were often secondary to calcified discs (24/31
patients) in the upper thoracic spine (22/31 patients). One tip that
we found helpful either during the myelogram or afterward is to
scrutinize the sagittal reformatted images of the CTM rotated in a
horizontal plane (Fig 2) and observe this transition point, because
the extradural collection can be easier to identify in its entirety as
opposed to 1 section on the axial imaging. For type 2 leaks, all of
these were in the lower thoracic spine. We scrutinize the ruptured
meningeal diverticulum predominantly on axial imaging but have
also found the coronal plane helpful in characterization.

Both the traditional and modified dynamic CTMs were suc-
cessful in finding the exact leak site, which was identified in 35
patients on the first dynamic CTM and 2 patients on the second
dynamic CTM. While dynamic CTM, in general, is helpful in char-
acterizing the leak site, the traditional technique that uses multiple
successive scans may be unnecessary. In our experience using the
traditional method, we often found the leak site on the first scan.
The additional acquisitions increased the radiation dose and did
not necessarily provide much additional information (Fig 3).
Insufficient contrast coating of the upper spine is one of the chal-
lenges that can be encountered with dynamic CTM. This is usually
secondary to a shallow Trendelenburg angle, and if present, the
patient can be elevated higher to ensure an approximately 15°-20°
angle. This pitfall is something we encountered early in our practice



FIG 4. Detection of a type 2 CSF leak with a modified dynamic CTM in 2 scan acquisitions. A,
Axial image from left decubitus dynamic CTM after 1mL of intrathecal iodinated contrast shows
extradural contrast leaking from a ruptured left T9-T10 meningeal diverticulum (arrow). B, Axial
image after an additional 2mL of contrast was administered shows further leakage at this site
(arrow), providing additional confirmation in the leak location. C, Coronal image from the same
second CTM acquisition shows the leak extent better—ruptured diverticulum (arrow) and extra-

dural contrast cranially and caudally (arrowheads).

and was magnified when we used to perform successive scan
acquisitions in dynamic CTM, and additional scans were required
to ensure that the contrast media went acceptably cranial. This pit-
fall was a promulgating factor to switch to the modified dynamic
CTM technique with single scan acquisitions. In addition, our data
show that patients with =4 scan acquisitions per dynamic CTM
had more acquisitions in which the contrast did not extend to the
cervical spine as opposed to patients with <4 scan acquisitions.

Dynamic fluoroscopic myelography and DSM are additional
techniques that can identify type 1 and 2 CSF leaks. The former
provides high temporal resolution, and the detector can be
moved to follow the contrast media flowing cranially. DSM also
has high temporal resolution but has a limited area of scan cover-
age and is sensitive to breathing and motion artifacts, resulting in
general anesthesia in certain scenarios. DSM also has higher radi-
ation compared with fluoroscopic myelography. Dynamic CTM
has relatively less temporal resolution but has excellent spatial re-
solution, particularly when evaluating calcified discs in the upper
thoracic, which is an area that can be obscured on planar imaging
due to superimposed shoulders and ribs.® Last, dynamic CTM
can image the whole spine, and, in our experience, is a fairly easy
technique to learn.

There are relatively fewer reports discussing the imaging evalua-
tion of type 2 leaks (ruptured meningeal diverticula) compared with
other types of CSF leaks, probably related to the rarity of these leaks.
While type 2 leaks are less common, the same modified dynamic
CTM can precisely identify the specific ruptured meningeal divertic-
ulum with reduced radiation. One report describes decubitus
dynamic CTM for lateral leaks with 6 acquisitions of the spine.'?
Our modified technique was able to reduce the number of scan
acquisitions and area of contrast (Fig 4). Last, owing to the rarity of
these leaks, one may misinterpret the extradural collection on the
spine MR imaging and position the patient in a Trendelenburg
prone position and fail to identify the ruptured meningeal diverticu-
lum. In these cases, the patient may be rotated to a decubitus posi-
tion to identify the leak, or the patient may have to return on a
separate day and undergo the dynamic CTM in the decubitus
position.

Precise localization of all CSF leaks is important for treat-
ment planning. At our institution, we perform targeted blood

and fibrin glue patches for types 1 and
2 CSF leaks via a foraminal and/or
interlaminar approach, trying to place
the needle as close to the leak site as
possible. We have witnessed sympto-
matic improvement in all patients. We
refer patients with incomplete resolu-
tion of symptoms for neurosurgical
treatment. Thus, identifying the pre-
cise leak site is paramount for surgical
referrals.

Our study has limitations, includ-
ing its retrospective nature and is sub-
ject to bias. Second, our study sample
size with the modified dynamic CTM
technique is small. Nonetheless, this
sample size is comparable with that in
2 other previously mentioned studies on traditional dynamic
CTM.**

CONCLUSIONS

Dynamic CTM is a useful technique to help identify the exact spi-
nal leak location and cause in patients with type 1 (dural tears)
and 2 (ruptured meningeal diverticula) CSF leaks. A modified
version of this technique by performing single scan acquisitions
with a smaller volume of contrast and reduced scan coverage can
help reduce the radiation dose.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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BRIEF/TECHNICAL REPORT
SPINE

Conebeam CT as an Adjunct to Digital Subtraction
Myelography for Detection of CSF-Venous Fistulas

A.A. Madhavan,

ABSTRACT

J.K. Cutsforth-Gregory,

J.C. Benson, ““'W. Brinjikji, “’I.T. Mark, and “~').T. Verdoorn

%

SUMMARY: Lateral decubitus digital subtraction myelography is an effective technique for precisely localizing CSF-venous fistulas,

a common cause of spontaneous intracranial hypotension. However, despite an optimal imaging technique, digital subtraction my-

elography fails to identify some CSF-venous fistulas for a variety of reasons. Here, we describe a technique involving conebeam CT

performed during intrathecal contrast injection as an adjunct to digital subtraction myelography, allowing identification of some

otherwise-missed CSF-venous fistulas.

ABBREVIATIONS: CBCT = conebeam CT; CTM = CT myelography; CVF = CSF-venous fistula; DSM = digital subtraction myelography; LDDSM = lateral

decubitus digital subtraction myelography

S pontaneous intracranial hypotension is caused by spinal CSF
leaks, which, in turn, have multiple etiologies. These include
dural tears (type 1), leaking meningeal diverticula (type 2), and
CSF-venous fistulas (CVFs, type 3)." Myelographic techniques
with high spatial and temporal resolution are needed to localize
CSF leaks, including CVFs, which may be seen for only a short
time after intrathecal contrast injection.>” Currently, digital sub-
traction myelography (DSM) and dynamic CT myelography
(CTM) are among the most widely used techniques for CSF leak
localization.*” Both examinations are performed with the patient
in the lateral decubitus position when a CVF is suspected, to
maximize their yield.*’

Conebeam CT (CBCT) has been used in neuroangiography
for many years as an adjunct to DSA, and it has multiple applica-
tions in this field.* CBCT uses a rotating x-ray source and detector
to acquire multiple fluoroscopic images, which are subsequently
reconstructed into a 3D, cross-sectional data set. Unlike with tra-
ditional CT, the cone-shaped x-ray source covers the entire imag-
ing FOV in each image, allowing the entire CT to be rendered
with a single rotation. Modern equipment allows the user to select
variable frame rates, degrees of rotation, and other imaging pa-
rameters to balance image quality with radiation dose. CBCT has
multiple emerging applications. One prior report described 2
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patients in whom CBCT was used to help localize a dural tear.” To
our knowledge, however, CBCT has not been previously reported
in the assessment of CVFs. Here, we describe a technique for lat-
eral decubitus DSM (LDDSM) with subsequent CBCT that can be
used to identify CVFs that may not be apparent on DSM alone.

TECHNICAL REPORT

Our institution’s technique for LDDSM has been previously
described in detail but has been recently modified to incorporate
CBCT.* For patients with clinically suspected spontaneous intra-
cranial hypotension based on the International Classification of
Headache Disorders Criteria and no extradural fluid on spine
MR imaging that would suggest a type 1 leak, we routinely pursue
2-day LDDSM, starting with the patient in the right lateral decu-
bitus position on the first day.

Patients are placed in the lateral decubitus position with a cus-
tom cushion under the pelvis to promote caudocranial flow of
contrast. After lumbar puncture with a 20- or 22-gauge spinal
needle, a straight anterior-posterior projection is obtained, imag-
ing from C7-T1 through the lowest level that can be seen without
electronic magnification. DSM is performed at 1 frame per sec-
ond for about 90 seconds while injecting 5 mL of Omnipaque 300
(GE Healthcare) and flushing with 5mL of normal saline. A sec-
ond straight anterior-posterior projection is obtained from the
lumbar puncture site to the highest spinal level that can be seen,
and dynamic imaging is repeated during injection of 3mL of
Omnipaque 300.

The images are immediately reviewed while the patient is on
the table. If a definite CVF is seen, no further imaging is done. If
no definite CVF is seen, the images are further scrutinized for
indeterminate findings that may warrant CBCT. These include
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FIG 1. A 52-year-old woman with years of orthostatic headaches and
brain MR imaging demonstrating brain sag and pachymeningeal
enhancement. Right lateral decubitus DSM (A) shows a large, right T10
meningeal diverticulum (A, dashed arrow), but no venous opacifica-
tion was seen on dynamic imaging. Axial (B) and sagittal (C) images
from CBCT obtained during contrast injection demonstrate subtle
opacification of intramuscular venous branches (B and C, arrows) ad-
jacent to the diverticulum (B and C, dashed arrows), compatible with
CSF-venous fistula. Sagittal 50-keV monoenergetic reconstruction
from right lateral decubitus CT obtained 15 minutes later (D) no longer
shows opacification of these veins in the same location (D, arrow).
The patient was treated with transvenous Onyx embolization of the
right T10 fistula, with complete resolution of symptoms in 3 months.

but are not limited to the following: 1) “flickering” densities that
could represent subtle venous opacification, 2) dense foci super-
imposed on a meningeal diverticulum that could represent a vein
overlapping a diverticulum, and 3) large or irregular diverticula
that may conceal an occult CVF (Figs 1-3 and Online Video). If
such findings are seen, the flat panel detector is centered over the
spinal level of greatest concern based on imaging review, and the
machine is prepared for CBCT. Depending on the degree of geo-
metric magnification and patient size, about 6 vertebral levels can
be captured within the FOV, and we typically place the level of
interest in the center of the imaging field. Another 3mL of
Omnipaque 300 is injected during continuous fluoroscopy, which
allows immediate visualization of ascending contrast. Once the
contrast bolus reaches the spinal level of interest, CBCT is imme-
diately performed. To minimize motion, we obtain the CBCT at
end inspiration with the patient holding his or her breath.
Finally, the spinal needle is removed, and the patient is taken for
immediate lateral decubitus CT myelography using a dual-energy
scanner (Somatom Force; Siemens).

We use an Allura Xper FD 20/20 x-ray system (Philips Health-
care). Specific parameters for CBCT include 117kV, 132maA,
60 frames per second, and rotation time of 8 seconds with a single
rotation (thus, the total acquisition time is 8 seconds as well). This

348 Madhavan Mar 2023 www.ajnr.org

FIG 2. A 56-year-old woman with several months of orthostatic
headaches. Brain MR imaging (not shown) demonstrated brain sag and
pachymeningeal enhancement. Unsubtracted image from right lateral
decubitus DSM (A) shows a prominent right Té6 meningeal diverticu-
lum (A, arrow), with subtle flickering density along the lateral edge of
the diverticulum during dynamic imaging. Axial (B) and sagittal (C)
images from CBCT obtained during contrast injection demonstrate
opacification of the right Té paraspinal vein (B and C, solid arrows),
distinct from the diverticulum (B and C, dashed arrows), overall com-
patible with CSF-venous fistula. Axial 50-keV reconstruction from
delayed right lateral decubitus CT obtained 15 minutes later (D) shows
a prominent right T6 meningeal diverticulum (D, dashed arrow) with-
out convincing venous contrast. Transvenous Onyx embolization of
the right Té fistula is pending.

procedure provides images with a section thickness of 0.6 mm.
The effective radiation dose varies depending on patient factors
and the portion of the body in the FOV, but the median dose in
15 consecutive patients at our institution was estimated to be 8.7
mSv. By comparison, the median effective radiation doses for
DSM and CTM alone were 13 mSv and 19.7 mSv, respectively, in
1 recent study."

DISCUSSION

We have described a technique involving the use of CBCT as an
adjunct to LDDSM for localization of CVFs in patients with
spontaneous intracranial hypotension. Although LDDSM is an
excellent technique for CVF localization, it has limitations that
result in missed CVFs in some cases. Some of these can be found
using CBCT.

The limitations of LDDSM are varied. First, although LDDSM
can be performed using biplane fluoroscopy, the lateral view pro-
vides limited information in patients with a large body habitus.
Therefore, we routinely use only a single anterior-posterior pro-
jection.* As a result, venous opacification that overlaps meningeal
diverticula or other opacified structures can be missed on the



FIG 3. A 66-year-old man with many years of orthostatic headaches
that improved after surgical treatment of a left TI0 CSF-venous fistula
and then recurred. Left lateral decubitus DSM (A) shows a mildly
prominent left TI0 meningeal diverticulum (A, arrow), with no definite
venous contrast on dynamic imaging. Minimal hyperdensity seen ad-
jacent to the diverticulum (A, dashed arrow) was initially thought to
be artifactual, secondary to motion or a multilobed diverticulum.
CBCT was performed to further investigate the finding. Axial (B) and
sagittal (C) images from CBCT obtained during contrast injection
demonstrate opacification of numerous left TIO foraminal veins (B
and C, arrows), compatible with CSF-venous fistula. Axial 50-keV
reconstruction from a delayed left lateral decubitus CT obtained
20 minutes later (D) shows a prominent left TI0 meningeal diverticu-
lum (D, arrow) without convincing venous contrast. The patient was
treated with transvenous Onyx embolization of the left TI0 fistula,
with complete resolution of symptoms in 3 months.

single anterior-posterior view. CBCT allows identification of
these veins (Fig 1). Second, tiny flickering densities seen on DSM
can be caused by pulmonary markings, motion, or subtle opacify-
ing veins, leading to uncertainty in image interpretation. This di-
lemma can be obviated by performing DSM with the patient
under general anesthesia, but that is challenging at some institu-
tions and increases the procedural risk to patients. CBCT can
help clarify such DSM findings and determine whether they rep-
resent true venous opacification (Fig 2). Finally, since DSM does
not provide cross-sectional anatomic information, it is sometimes
difficult to differentiate complex, multilobed meningeal divertic-
ula from CVFs. CBCT provides 3D anatomic information that
allows a more accurate determination (Fig 3). Additionally, char-
acterization of the anatomic drainage of CVFs can be helpful for
subsequent neurointerventional procedures, such as transvenous
Onyx (Medtronic) embolization of CVFs."!

Many institutions, including ours, also use lateral decubitus
dynamic CTM to localize CVFs. While this technique overcomes
many of the limitations of DSM, it has substantially less temporal
resolution than DSM. While DSM provides continuous imaging

at a high frame rate, lateral decubitus dynamic CTM allows imag-
ing at only a few separate points in time and, as a result, may
miss CVFs that opacify only intermittently after contrast injec-
tion. However, further study is needed to determine how fre-
quently CVFs have such transient or intermittent opacification,
particularly accounting for factors such as the respiratory phase
during imaging and layering contrast density. Nonetheless, 1 the-
oretic advantage of LDDSM with CBCT is that the former pro-
vides the temporal resolution of dynamic myelography needed
to identify CVFs that may only opacify intermittently, while the
latter provides an option to visualize potential CVFs in 3D to
clarify indeterminate DSM findings. Additionally, CBCT may
have advantages over delayed decubitus CTM. We have found
that CVFs seen using CBCT may not be apparent on a delayed
CTM obtained as early as 15 minutes later (Figs 1-3). We specu-
late that delayed decubitus CTM no longer has layering contrast
that is sufficiently dense to visualize CVFs, even with 50-keV
monoenergetic reconstructions (Figs 2-3).

Our technical report has limitations. We have only performed
LDDSM with CBCT in a small number of patients and are not yet
able to determine how frequently it provides additional value. To
date, we have used CBCT in 15 patients who had indeterminate
findings on initial review of their LDDSM. In 7 cases, a CVF was
found using CBCT. Five of these patients have undergone transve-
nous Onyx embolization for treatment, and 4 have had clinical fol-
low-up documenting resolution of symptoms (1 patient has not
yet been seen for follow-up). As more data are accrued, further
study will be needed to better elucidate the yield of CBCT.
Additionally, other modifications to our typical LDDSM tech-
nique, such as the use of biplane fluoroscopy, may sometimes be a
better alternative to CBCT. Comparison between CBCT and lateral
decubitus dynamic CTM will also be helpful. Nonetheless, we have
encountered cases in which CBCT is an invaluable adjunctive tool
to identify CVFs and currently consider it a worthwhile technique.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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CLINICAL REPORT
SPINE

Postoperative Lumbar Fusion Bone Morphogenic Protein—
Related Epidural Cyst Formation

F. Abel, ““ET. Tan, ““D.B. Sneag, ““'D.R. Lebl, and “~'J.L. Chazen

ABSTRACT

SUMMARY: Bone morphogenetic protein is broadly used in spinal surgery to enhance fusion rates. Several complications have
been associated with the use of bone morphogenetic protein, including postoperative radiculitis and pronounced bone resorption/
osteolysis. Bone morphogenetic protein—related epidural cyst formation may represent another complication that has not been
described aside from limited case reports. In this case series, we retrospectively reviewed imaging and clinical findings of 16
patients with epidural cysts on postoperative MR imaging following lumbar fusion. In 8 patients, mass effect on the thecal sac or
lumbar nerve roots was noted. Of these, 6 patients developed new postoperative lumbosacral radiculopathy. During the study pe-
riod, most patients were managed conservatively, and 1 patient required revision surgery with cyst resection. Concurrent imaging
findings included reactive endplate edema and vertebral bone resorption/osteolysis. Epidural cysts had characteristic findings on
MR imaging in this case series and may represent an important postoperative complication in patients following bone morphoge-
netic protein—augmented lumbar fusion.

ABBREVIATIONS: ALIF = anterior lumbar interbody fusion; BMP = bone morphogenetic protein; LLIF/XLIF = lateral/extreme lateral lumbar interbody
fusion; L-spine = lumbar spine; PLIF = posterior lumbar interbody fusion; PLL = posterior longitudinal ligament; rhBMP-2 = recombinant bone morphogenetic

protein-2; TLIF = transforaminal lumbar interbody fusion

Bone morphogenetic proteins (BMPs) are multifunctional
growth factors with osteoinductive properties that were first
described in 1965." Since recombinant bone morphogenetic pro-
tein-2 (thBMP-2) was FDA-approved for anterior lumbar inter-
body fusion (ALIF) in 2002, rhBMP-2 has been widely used in
spine surgery and extended to off-label indications.” The increas-
ing popularity is attributed to enhancement of fusion rates that
are not associated with disadvantages of iliac crest bone grafting,
including donor site pain, increased operative time, and limited
availability.3’4 However, several concerns related to adverse effects
and complications have been addressed that raised questions
regarding its safety profile.” Thus, complications of rhBMP-2
bone grafting in spinal fusion procedures include but are not lim-
ited to radiculitis, marked bone resorption, heterotopic ossifica-
tion, seroma/hematoma formation, and prevertebral swelling.®
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The osteogenic effects are induced by supraphysiologic rhBMP-2
doses administered locally during surgery, which can trigger a
severe local inflammatory response and may result in a subset of
these complications, such as cystlike bone osteolysis and soft-
tissue swelling.”®

In this case series, we reviewed patients with epidural cyst
formation and concurrent imaging findings after rhBMP-2-
augmented lumbar spinal fusion who underwent postoperative
MR imaging between 2016 and 2022.

Case Series

Ethics approval to retrospectively review clinical, pathologic, and
imaging findings was obtained from the local institutional review
board. Patients with postoperative MR imaging who underwent
lumbar spinal fusion and decompression surgery with rhBMP-2
bone grafting (Infuse Bone Graft; Medtronic) were retrospectively
identified. A consensus interpretation was established regarding
the presence of epidural cysts/fluid collections and concurrent
imaging findings on the postoperative lumbar spine (L-spine) MR
imaging between a board-certified radiologist with a Certificate of
Added Qualification in neuroradiology (J.L.C. with 15 years of ex-
perience) and a radiology resident (F.A. with 3 years of experience).
We collected 16 patients (mean age, 60.1[SD, 7.7] years; mean
body mass index, 25.8 [SD, 3.7] kg/mz; 7 women) between 2016
and 2022. Preoperative indications for surgery consisted of
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Table 1: Patients with epidural cysts after use of rhBMP-2

Patient Age (yr) Diagnosis Interval MR Imaging (days) Procedure Levels
1 49 Congenital spinal stenosis 253 TLIF + laminotomy L4-L5
2 56 Degenerative spinal stenosis 161 XLIF + TLIF L3-L5
3 52 Degenerative spondylolisthesis 204 ALIF L4-L5
4 7 Lumbosacral radiculopathy 70 XLIF L2-13
5 62 Lumbosacral radiculopathy no ALIF L5-S1

6 57 Isthmic spondylolisthesis 101 PLIF + laminectomy L4-S1

7 60 Lumbosacral radiculopathy 35 TLIF + laminectomy L4-L5
8 60 Pseudoarthrosis 480 TLIF L4-L5
9 64 Lumbosacral radiculopathy 465 XLIF L3-L5
10 51 Degenerative spinal stenosis 202 LLIF L3-L5
1l 73 Degenerative spinal stenosis 61 XLIF + laminectomy L3-L4
12 49 Degenerative spinal stenosis 19 PLIF + laminectomy L5-S1

13 61 Scoliosis 37 XLIF + PLIF L4-S1

14 58 Degenerative spinal stenosis 60 XLIF + PLIF + laminectomy L4-S1

15 71 Lumbosacral radiculopathy 38 PLIF + laminectomy L3-L5
16 68 Degenerative spinal stenosis 134 TLIF L4-L5

occasionally  lobulated = T2-weighted

hyperintense cysts. In 9 patients (56%),
the cysts demonstrated internal T2-
weighted hypointense fluid-fluid levels
that gravitated and settled dependently,
while MR imaging was acquired with
the patient in a supine position. For all
patients, a communication of the epidu-
ral collections with vertebral body

FIG 1. Images in a 56-year-old woman approximately 5 months following BMP—augmented
extreme lateral and transforaminal lumbar interbody fusion of L3-L5 with persistent left-sided L5
radiculopathy. A, Sagittal TI-weighted MR image of the lumbar spine demonstrates a hypointense
epidural collection at L5 (arrow). B, Corresponding sagittal STIR MR image shows the epidural
cyst at L5 (black arrow), cystic osteolysis of the L4 and L5 vertebral bodies (white arrows), with
endplate edema signal (arrowheads) and postoperative changes. C, Axial T2-weighted image at
L5 (blue dashed line, A) illustrates the cyst (dashed black arrow) with the fluid-fluid level that nar-
rows the left subarticular recess. Note the connection of the cyst to the bone resorptions within
the vertebral body (arrowheads) and the discontinuity of the posterior longitudinal ligament

(white arrow).

manifestations of lumbosacral spondylosis including lumbosacral
radiculopathy and spinal stenosis (Table 1). The most common
fusion procedure performed was a lateral/extreme lateral interbody
fusion (LLIF/XLIF, n = 7/16), and the mean number of instru-
mented levels was 1.4 (SD, 0.6). Approximately 60% (10/16) of
patients had a history of fusion or decompression surgery. In all
cases, thBMP-2 was packed centrally into the intervertebral implant
in the form of absorbable collagen sponges with doses ranging from
1.05 to 42mg (range, 1.4-2.8mL) per patient. In 2 patients,
rhBMP-2 was additionally distributed between the transverse proc-
esses to enhance posterolateral fusion. MR imaging was performed
for ongoing or new lumbosacral pain or radiculopathy. Follow-up
MR imaging (median days postsurgery: 152 [IQR, 148]) was acquired
for each case using a standard-of-care protocol with conventional
sequences, including axial, coronal, and sagittal T2-weighted pulse
sequences and a sagittal T1-weighted and sagittal STIR sequence.

All patients demonstrated expansile cystic lesions within the
lumbar epidural region located between the thecal sac and the
intervertebral rhBMP-2-augmented graft. The epidural lesions
had a characteristic MR imaging appearance with well-defined,
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resorptions adjacent to the graft was
identified (Fig 1). The cysts were solitary
in 1-level spinal instrumentations and
limited to the level of the rhBMP-2 graft;
however, in 3 patients (19%) with multi-
level instrumentation, the epidural cystic
lesions were distributed across >1 spinal
level. Mass effect on the thecal sac and
neural elements was observed in 8
patients (50%). Depending on the size
and location of the epidural cysts, mass
effect was exerted on exiting roots within the neuroforamen, tra-
versing roots within the subarticular recess, or the thecal sac within
the spinal canal.

Patient 1 presented with worsening back pain after undergoing
rhBMP-2-enhanced transforaminal lumbar interbody fusion
(TLIF), with left-sided decompression at L4-L5 approximately 8
months ago. The L-spine MR imaging revealed an epidural fluid
collection with a fluid-fluid level that filled the laminotomy defect
and abutted the L4 nerve, causing moderate-to-severe foraminal
stenosis (Fig 2). Ongoing symptoms of L4-L5 lumbosacral radicu-
lopathy required revision surgery with resection of the cyst.
Intraoperatively, the cyst presented with a thick pseudocapsule and
serosanguineous fluid (Online Video). The pathologic report of the
specimen showed reactive woven bone formation with a cystic lin-
ing. Notably, there were no significant features of inflammation,
and the microbiologic culture showed no growth.

Most commonly, the formation of epidural cysts resulted in
mass effect on the lateral recess of the descending nerve roots at
the level of the intervertebral rhBMP-2 graft, which was identified
in 5 patients (patients 2, 6, 7, 14, and 16). Among these, patient



,  was successful, and the symptoms sub-
sided. The cysts nearly resolved on the
follow-up study 79 days later.

Patients 2, 6, 7, and 14 presented
with varying degrees of lumbosacral ra-
diculopathy that was treated with epidu-
ral injections but did not require revision
surgery. For these patients, a correlating

: single-level cyst located within the ven-

FIG 2. Images in a 49-year-old woman following transforaminal lumbar interbody fusion and left-
sided laminotomy of L4-L5 with BMP grafting approximately 8 months ago and new-onset left-
sided L4-L5 radiculopathy. A, Sagittal STIR MR image demonstrates a BMP graft with adjacent
osteolysis (arrows) and endplate edema signal (arrowheads). B, Axial T2-weighted MR image at
L4-L5 (dashed line, A) shows a left-sided epidural cyst (arrows) with a fluid-fluid level. D,
Parasagittal T2-weighted MR image at the level of the left laminotomy (dashed blue line, B) illus-
trates the epidural cyst (arrow) that fills the decompression defect and causes moderate-to-severe
foraminal stenosis at L4-L5 (arrowheads). E, Intraoperative photo of the serous cystic structure
shows a thick pseudocapsule (asterisks). C and F, Histopathologic specimen (magnification factor,
1.6x /4%, respectively) demonstrates fragments of the thin fibrous cystic lining (arrowheads, F) and
a segment of woven bone formation with chondrocytic metaplasia (asterisk, F).

FIG 3. MR images in a 58-year-old man 2 months following BMP-aug-
mented combined extreme lateral and posterior lumbar interbody
fusion with laminectomy of L4-S1 and new-onset left foot drop. A,
Sagittal T2-weighted MR image shows a lobulated epidural cyst at L5—
S1 dorsal to the BMP graft (black arrows), endplate edema signal of
the adjacent endplates (arrowheads), and the laminectomy defect
with seroma formation (bracket). B, Axial T2-weighted MR image at
L5-S1 (dashed blue line, A) demonstrates the left subarticular, epidural
cyst (white arrow) adjacent to the BMP graft, abutting the left de-
scending S1 nerve root (arrowhead) and the left exiting L5 nerve root
(black arrow). Concomitant seroma is present and fills the laminec-
tomy defect (asterisks).

14 demonstrated epidural cystic collections, extending from L5-
S1 along the surgical corridor 60days after combined extreme
and posterior lumbar interbody fusion (XLIF + PLIF) of L4-S1
with laminectomy (Fig 3). The patient developed a new left foot
drop and was diagnosed with an L5 radiculopathy with active dener-
vation by electrophysiology. However, conservative management

trolateral epidural space was observed on
L-spine MR imaging postoperatively,
exerting mild mass effect on the travers-
ing L5 or S1 nerve roots.

For 2 patients (patients 13 and 15),
mild compressions of the thecal sac

caused by single-level, ventral epidural
collections were reported on L-spine
MR imaging. In these cases, the epidural
cysts did not affect the clinical course,
and both patients had a good recovery.

The remaining 8 patients (50%) with
epidural cystic formations but without
signs of mass effect had an uneventful
clinical course without cyst-related com-
plications such as new onset of radicu-
lopathy or the need for revision surgery.
Patient 9, however, developed a new
left-sided foot drop that was likely
caused by a focal, heterotopic calcifica-
tion adjacent to the rhBMP-2 graft that extended into the outer
portion of the L3-L4 foramen and caused compression of the L3
nerve. The patient underwent a revision decompression with relief
of the foot drop.

Concurrent imaging findings are depicted in Table 2 and
comprised postoperative changes, including soft-tissue/muscle
edema and seromas. Edema-like marrow signal of the vertebral
endplates adjacent to the BMP grafts, indicated by T2-weighted
hyperintense endplate signal, was present in all patients except
patients 8 and 9 who underwent a comparatively late follow-up
MR imaging at 480 and 465 days, respectively. Bone resorp-
tions/osteolysis, not exceeding the cortical margins of the verte-
bral bodies, were observed in 11 patients (69%), of whom 5
patients had T2-weighted hypointense fluid-fluid levels, similar
to the epidural cysts.

DISCUSSION

This case series described formation of epidural cysts as a compli-
cation following rhBMP-2-augmented lumbar spinal fusion and
decompression surgery. The popularity of rhBMP-2 in spinal
fusion has grown since clinical approval in 2002, and its applica-
tion reached a peak in 2010, accounting for approximately 30%
of all spinal fusions performed in the United States.” Since then,
mounting reports about adverse events and a warning issued by
the FDA in 2008 related to BMP use in off-label anterior cervical
spine surgery eventually initiated a trend reversal.® Nevertheless,
widespread use has resumed since, and the volume of BMP pro-
cedures may increase in the future.” In our institution, thBMP-2
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Table 2: Concurrent imaging findings on the postoperative MRIs

Finding No. of Cases %
Epidural cysts with mass effect 8/16 50
Epidural cysts without mass effect 8/16 50
Bone resorptions/osteolysis /16 69
Endplate marrow, edema 14/16 88
Seroma 1/16 69

is readily applied in most lumbar fusion procedures at the dis-
cretion of the spinal surgeon and in the context of informed de-
cision-making (because most indications remain off-label),
often in patients with prior spinal surgery or risk factors for
pseudoarthrosis. Previously described complications include
radiculitis, graft subsidence, and pronounced vertebral bone
resorption/osteolysis, which may be linked to the inherent
inflammatory potential of rhBMP-2 with release of several
inflammatory metabolites such as interleukins or tumor necro-
sis factor.'>!!

Epidural cysts, as identified in our 16 patients, are a rarely
reported complication in the literature, and their incidence
remains elusive. In a prospective study, Mannion et al'* observed
epidural cyst formation in 2/30 (6.7%) patients following TLIF or
PLIF with rhBMP-2, one of whom required re-intervention.
Additionally, epidural cysts have been described in case reports af-

ter thBMP-2 use in lumbar fusion.’>'*

In both reports, the cysts
had an appearance similar that of most cysts in our series, exhibit-
ing T2-hypointense fluid-fluid levels. The cyst described in the case
report by Choudhry et al'* required decompression due to the
patient’s radiculopathy, and the pathologic specimen revealed parts
of the rhBMP-2 absorbable collagen sponge with infiltration of
inflammatory cells. The authors, therefore, concluded that the
cystic formation may have resulted from an inflammatory response
to bone resorption caused by an extruded and overpacked rhBMP-
2 sponge. Varying degrees of bone resorptions are frequently
observed following thBMP-2 grafting in vivo, particularly within
the first 3 months after the operation.'® This paradoxical effect of
bone catabolism rather than anabolism is attributed to stimulation
of both osteoblasts and osteoclasts by supraphysiologic concentra-
tions of thBMP-2 and may lead to unwanted bone resorptions.'®

The histopathologic specimen of the resected epidural cyst in
our patient revealed a cystic lining with neovascularization and re-
active woven bone that was compatible with heterotopic ossifica-
tion with cystic change and likely associated with rhBMP-2 use.
Heterotopic ossification is a more frequently reported complica-
tion of rhBMP-2, and varying degrees of ectopic bone formation
may be observed in up to 75% of patients following lumbar
fusion.'” Heterotopic ossifications result from BMP leaking out of
the disc space, and occasionally, focal ectopic ossifications cause
severe clinical symptoms such as radiculitis and require surgical
excision.'® In one of our patients, we noted focal ectopic ossifica-
tion within the L3-L4 foramen, causing radiculopathy and needed
revision surgery to relieve symptoms.

Mass effect of the epidural cysts on the thecal sac or nerve
roots was observed in 50% of the postoperative MRIs in our
cohort. Of these, 6 patients developed radiculopathy that was
managed conservatively, and 1 patient required re-exploration to
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relieve radiculopathy. Notably, all of the patients with sympto-
matic mass effect of epidural cysts underwent either a TLIF or
PLIF. Both methods may require partial dissection of the poste-
rior longitudinal ligament (PLL) to approach the intervertebral
disc space."” Communication of the epidural cysts with bone os-
teolysis adjacent to the grafts was visualized in all cases, and par-
tial discontinuity of the PLL could be identified in all TLIF and
PLIF cases. Therefore, epidural cysts may result from vertebral
bone osteolysis with secondary extrusion through defects in the
PLL or from BMP extending from the interbody space to induce
epidural cyst formation, ultimately causing compression of the
traversing or exiting nerve roots.

Conversely, as part of ALIF procedures, the PLL is semi-
circumferentially maintained and the epidural space is not
exposed, possibly preventing cyst formation. Strategies to avoid
occurrence of epidural cysts may be accomplished by central posi-
tioning of the rhBMP-2-packed interbody graft, effort to preserve
parts of the PLL during PLIF/TLIF, or removal of redundant
rhBMP-2 around the graft. However, future studies are warranted
that systematically investigate a potential association of epidural
cysts with the surgical techniques and strategies to avoid them in
lumbar fusions, with particular attention paid to the anatomic
direction of the surgical approach.

The management of epidural cysts after rhBMP-2-augmented
lumbar fusion is not clearly defined in the literature due to the rare
occurrence. Options include conservative treatment with medical
therapy and injections, CT-guided aspiration, or surgical decom-
pression. Observation may be the preferred approach because only
1 patient in our cohort required a revision surgery, and in most
cases, the radiculopathy resolved during the clinical course. In 3
patients, the cysts maintained their size, and in 2 patients, the epi-
dural cysts decreased on the follow-up MR imaging. However, for
most of the patients, no second study was available to evaluate the
evolution of the cysts, but adequate recovery suggests there was no
symptomatic enlargement.

CONCLUSIONS
Epidural cyst formation after rhBMP-2 use in lumbar spinal fusion
is a potential complication with characteristic imaging findings for
radiologists to be aware of for appropriate diagnosis and treatment
of affected patients.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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ERRATUM

his erratum corrects the article “Multivariate Analysis of MRI Biomarkers for Predicting Neurologic Impairment in Cervical Spinal
Cord Injury” (J. Haefeli, Mabray MC, Whetstone WD, et al. AJNR Am ] Neuroradiol 2017;38:648-55 10.3174/ajnr.A5021).

In the original publication, there was an error in the Materials and Methods section on page 649 under the Image Analysis heading
related to a description of the Brain and Spinal Injury Center (BASIC) score grading, which erroneously included a description of 6 dis-
tinct grades. The corrected version of text for this section is below and describes the correct 5 grades (grade 0 through grade 4) compos-
ing the BASIC score.

A neuroradiology fellow (M.C.M.) and attending physician (J.F.T.) performed consensus MR imaging ratings for all metrics while
blinded to clinical outcome. The interrater reliability and BASIC axial MR imaging grading have been previously described as fol-

4,30
lows:

grade 0, no cord signal abnormality; grade I, T2 hyperintensity confined to GM; grade II, intramedullary T2 hyperintensity
extending beyond the expected gray matter margins to involve spinal white matter but not involving the entire transverse extent of the
spinal cord; grade III, T2 hyperintensity involving the entire axial plane of the spinal cord; grade IV, grade III injury with the addition
of foci of T2 hypointensity consistent with hemorrhage. Sagittal grading was assigned as previously described as follows: grade I, no spi-
nal cord signal abnormality; grade II, single-level T2 hyperintensity; grade III, >1 vertebral-level T2 signal hyperintensity; grade IV, T2
signal hyperintensity with areas of hypointensity representing hemorrhage."'® The greatest length (millimeters) of injury on sagittal T2
was measured as described in the National Institutes of Health/National Institute of Neurological Disorders and Stroke SCI Common
Data Elements, Version 1.0.> Maximum canal compromise (MCC) and maximum spinal cord compression (MSCC) assessed midsagit-
tal images by dividing the anterior-posterior diameter of the canal (on sagittal T1 for MCC) and the anterior-posterior diameter of spi-
nal cord (on sagittal T2 for MSCC) by the average of the canal or spinal cord above and below as previously described.>'>!5**
The authors regret this error.

http://dx.doi.org/10.3174/ajnr.A7797
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We read with great interest the article by Huls et al' titled,
“Utility of Dual-Energy CT to Improve Diagnosis of CSF
Leaks on CT Myelography following Lateral Decubitus Digital
Subtraction Myelography with Negative Findings.” The authors
report that dual-energy CT myelography (CTM) aided in the
detection of subtle CSF leaks after normal findings on decubitus
digital subtraction myelography (DSM) and suggested that dual-
energy CTM may serve as another diagnostic tool in certain
patients with CSF leaks that are difficult to detect.

While further use of dual-energy CT may indeed show some
additional benefit in the diagnosis of a spinal CSF leak, the timing
of the myelographic examination with respect to the injection of
contrast is important in CSF leak detection and was not well-
addressed in the article. For CSF-venous fistulas, prompt imaging
after the contrast injection is paramount; delayed imaging is not
helpful.® In our experience using decubitus CTM, delayed scan-
ning even a few minutes after the contrast injection can fail to
show the CSE-venous fistula.” The authors describe how dual-
energy CTM was performed after the DSM examination; there is
undoubtedly more than a few minutes between examinations, and
we suspect that this lapsed time is an important limitation of the
examination. None of the CSF-venous fistulas shown in the exam-
ples demonstrate a full venous course, just small foci of enhance-
ment. In addition, it is difficult to confidently distinguish which
type of spinal CSF leak (dural tear, ruptured meningeal diverticu-
lum, or CSE-venous fistula) is shown in these images. If this dual-
energy CTM were performed in a dedicated fashion immediately
after the contrast injection instead of the DSM, perhaps the find-
ings would have been more conspicuous and would have more
definitively guided treatment. We recognize that the authors pri-
marily relied on DSM for CSF-venous fistula evaluation and that
this post-DSM CTM serves as an adjunctive tool.

The authors’ study also raises a larger question of the sensitiv-
ity and specificity of CSF leak detection between decubitus CTM
and decubitus DSM, particularly for CSF-venous fistula evalua-
tion. We recognize that this issue was not the intent of the study,
but it does generate discussion. To date, there are no direct com-
parisons between the 2 techniques, and most centers perform one
or the other, depending on operator preference and equipment

http://dx.doi.org/10.3174/ajnr.A7726
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LETTERS

Myelographic Timing Matters

availability.” While performing a study comparing the 2 techni-
ques would be cumbersome and result in excess radiation to
patients undergoing up to 4 myelographic examinations (2 CTMs
and 2 DSMs to image both sides of spine well), the results could
potentially lead to a paradigm shift in the spinal CSF leak evalua-
tion. In the absence of a study and in a patient with a high suspi-
cion for CSF-venous fistula and negative findings on decubitus
DSM or CTM, it may be beneficial to try the other technique to
improve detection. This complementary role of dedicated decubi-
tus DSM and CTM examinations may help in patients with elusive
spinal CSF leaks.

In summary, the timing of the myelographic examination
with respect to the contrast injection plays a key role in the detec-
tion of spinal CSF leaks. Further studies are needed to compare
CTM, DSM, and the adjunctive role of dual energy.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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REPLY:

hank you for such a thoughtful and timely letter. It certainly

brings up important and actively researched points of myelo-
graphic contrast timing and the preferred study for CSF leak
detection (particularly, CSF-venous fistulas).

We do agree with Drs Mamlouk and Shen on the importance
of prompt imaging after contrast injection for CSF-venous fistula
localization and further evaluation of sensitivity and specificity
for this type of CSF leak detection with lateral decubitus CT my-
elography (CTM) versus lateral decubitus digital subtraction my-
elography (DSM). We would like to clarify, though, that our
article was not investigating these issues, but rather addressing
contrast conspicuity at different energy levels and the utility of
dual-energy CT for CSF leak visualization.

We concur that preferred studies and even techniques for
CSF-venous fistula localization vary among institutions and are
usually based on institutional and proceduralist preference, com-
fort level, and study familiarity. We also agree with the authors of
the letter that in patients with a high suspicion of a CSF-venous
fistula and negative findings on lateral decubitus DSM or lateral
decubitus CTM, it may be beneficial to pursue the other tech-
nique to improve leak detection. At our institution, for example,
while we do perform dynamic lateral decubitus CTMs in select

http://dx.doi.org/10.3174/ajnr.A7803

patients (usually with previous negative findings on lateral decu-
bitus DSM), our initial study for CSF leak investigation in
patients without extradural spinal fluid remains lateral decubitus
DSM. DSM is then followed by the dual-energy CTM with the
patient in the same lateral decubitus position, usually approxi-
mately 15-20 minutes after the DSM.

Given the potential intermittent nature of the CSF-venous fis-
tulas, in our experience, this as well as other types of CSF leaks
are sometimes only or better visualized on the post-DSM dual-
energy CTM (particularly on 50-keV virtual monoenergetic
images), which was the focus of our article. Therefore, while
efforts evaluating the sensitivity and specificity of lateral decubi-
tus DSM versus lateral decubitus CTM for CSF-venous fistula
detection continue, if CT myelography (immediate dynamic or
delayed as described in our article) is pursued, proceduralists
should consider dual-energy CT for optimal extradural contrast
visualization.

Thank you again for your letter and the effort to improve
patient care in this rapidly evolving field.

S.J). Huls

D.P. Shlapak

D.K. Kim

S. Leng

C.M. Carr

Department of Radiology

Mayo Clinic, Ringgold Standard Institution
Rochester, Minnesota
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LETTERS

Correlation between Sagittal Angle of the Trigeminal Nerve
and the Grade of Neurovascular Conflict

e read with interest the recent article by Branstetter et al'
describing the sagittal angle of the trigeminal nerve at the
porus trigeminus in the setting of trigeminal neuralgia (TN). The
study found that a small subset of patients (17%) with TN had
angles that were more acute at the entry of the ipsilateral trigemi-
nal nerve into the Meckel cave compared with controls and the
unaffected contralateral side. The authors suggested that such
aberrant anatomy may be associated with symptoms and that
these patients could potentially benefit from an operation other
than microvascular decompression (MVD). We find this concept
novel, but we also believe that the readers should take home the
message presented in this article with a few important caveats.
During the past 2 decades, several studies have been published
discussing the MR imaging characteristics of the trigeminal nerve
and its relevance to prognostication. We now understand that
neurovascular conflict is present in an overwhelming majority
(95%) of patients with TN.? Such neurovascular conflict is rou-
tinely graded” in an increasing order of severity from minimal
contact in grade I, to distortion in grade II, and marked indenta-
tion of the nerve in grade IIL. In their series of 579 patients,
Sindou et al* found that 33.2% of patients had marked indenta-
tion (grade IIT) with displacement of the trigeminal nerve; in
other words, the affected nerves showed an altered course in one-

third of patients. Furthermore, Leal et al® studied the impact of
nerve atrophy and grades of conflict on clinical outcomes after
MVD. They found that patients with higher grades of neurovas-
cular conflict had a statistically significant response to MVD.> All
patients with grade III conflict in their study benefited from an
operation; more important, none of the patients with persistent
or recurrent symptoms had a grade III conflict. The authors thus
concluded that MVD is the best treatment for patients with grade
II and III neurovascular conflict; in other words, MVD is the best
treatment for patients with an altered course of the affected tri-
geminal nerve.”

The present study by Branstetter et al' does not provide the
grade of neurovascular conflict in the 17% of patients showing
smaller angles at the Meckel cave. It is entirely plausible that all
patients with smaller angles had grade II or III neurovascular
conflict. Also, it is highly improbable that nerves with a smaller
angle of entry showed a completely normal course and absent
neurovascular conflict. Thus, we believe that this missing infor-
mation about the grade of neurovascular conflict has a potential
bearing on the measured angle and is therefore vital to any infer-
ence that one may draw from the study (Figure).

Last, the authors suggest that patients with an aberrant course
of the nerve may potentially benefit from a different surgical proce-
dure than MVD. This suggestion, if true, would be in contradiction

FIGURE. Sample measurement of the sagittal angle of the trigeminal nerve at the porus trigeminus (SATNaPT) in a 53-year-old man with right
TN. A, Axial steady-state free precession (SSFP) MR image shows indentation and displacement of right trigeminal nerve (grade Ill) by the right
superior cerebellar artery (white arrow). B, Sagittal SSFP image shows a SATNaPT of 133° with indentation on the right trigeminal nerve by the

right superior cerebellar artery (white arrow).

http://dx.doi.org/10.3174/ajnr.A7751

E18 Letters Mar 2023 www.ajnr.org



to other larger and prospective studies such as by Leal et al,® show-
ing a statistically significant response to the exact same procedure
in a similar cohort of patients.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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REPLY:

We wish to thank Dr Suthar and colleagues for their interest
in our work' on the sagittal angle of the trigeminal nerve
at the porus trigeminus (SATNaPT) in patients with classic tri-
geminal neuralgia (cTN). Suthar and colleagues correctly point
out that the degree of neurovascular compression (NVC) is an im-
portant predictor of surgical outcome in patients with cTN. We
agree; in fact, our own work on this topic2 confirms the impor-
tance of the degree of NVC as an imaging biomarker. The article
by Sindou et al® as well as other intraoperative anatomic studies in
patients with trigeminal neuralgia (TN) undergoing microvascular
decompression® likely overestimate the incidence and degree of
NVC because CSF drainage during the operative approach draws
the vasculature into further contact with the trigeminal nerve.
Preoperative high-resolution MR imaging is probably better at
determining the degree of NVC of the trigeminal nerve.>”

We did not intend to suggest that SATNaPT would replace the
degree of NVC in the preoperative assessment of cTN. Rather, we
believe that SATNaPT can be an additional biomarker that identi-
fies a distinct subset of patients with ¢TN. Similarly, we are not
suggesting that microvascular decompression be supplanted as the
preferred surgical technique for patients with cTN. Perhaps, in
patients without NVC but with decreased SATNaPT, other surgi-
cal techniques may be considered, either in combination with mi-
crovascular decompression or as an alternative.

In the discussion section of our article,! we acknowledge that
severe displacement of the cisternal segment of the trigeminal nerve
by a compressing artery could result in a decreased SATNaPT, but
we note that subjective evaluation of the patients in our series did
not support this theory. In our series, 83% of patients with ¢cTN had
a SATNaPT that was similar to that in healthy individuals, so we
are trying to measure the effect of an anatomic difference in a small
subset of patients. In this circumstance, the effect of the smaller
group is often overwhelmed statistically by the larger cohort, so
one should expect that the effect of SATNaPT would not be evi-
dent in a large series that did not take SATNaPT into account.
Patients with a rare anomaly need to be studied separately, lest the
effect of the novel finding be overwhelmed by the larger popula-
tion without the predictive biomarker.

http://dx.doi.org/10.3174/ajnr.A7802

E20 Letters Mar 2023 www.ajnr.org

We are grateful that Suthar and colleagues included a figure
with their letter in which they demonstrate a diminished SATNaPT
in conjunction with NVC. This gives us the opportunity to point
out that the SATNaPT must be measured between the cisternal seg-
ment of the trigeminal nerve and the uppermost branch of the tri-
geminal nerve within the Meckel cave. Measurements made on the
largest or most convenient branch will underestimate the SATNaPT
and lead to false-positive results.

The underlying question of whether SATNaPT is truly an inde-
pendent biomarker of surgical outcome, distinct from the degree
of NVC, will require further research. These studies are ongoing,
and we look forward to sharing the results of our research on the
predictive value of the SATNaPT as an independent preoperative
imaging biomarker.
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