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FRED XX

Flow Diverter Stent

THE NEXXT ADVANCEMENT IN
FLOW DIVERSION TECHNOLOGY

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.

Hry.[m] For more information, contact your local i
= @ MicroVention sales representative or visit \ , /\/\ICTOVG ntIOn

TERUMO

our website. www.microvention.com

" 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
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.

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

' Data on file

% 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




WEB 17

Aneurysm Embolization S
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PROFILE

NEW MORE ACCESS

SIZES OPTI NS

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®
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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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*Effective contrast enhancement at half
the gadolinium dose (0.05 mmol/kg) vs a
macrocyclic GBCA at a dose of 0.1 mmol/
kg in approved indications in the U.S."-¢t

Vueway:

(gadopiclenol] injection
4851 mg/mL

Unenhanced

Pre T1 SE

*Phase lll CNS Study Design (Study GDX-44-010)": Intra-individual, crossover comparison of 0.05 mmol/kg VUEWAY (gadopiclenol) injection vs. 0.1 mmol/kg Gadavist® in MRI
of the CNS. Patients with known or suspected CNS lesions. Three primary visualization endpoints (lesion border delineation, lesion internal morphology, degree of contrast
enhancement). The CNS study included 256 patients with known or highly suspected CNS lesion(s) with a mean age of 57 years (range: 18-84 years), and 53% female patients.

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:
¢ Chronic, severe kidney disease (GFR <30 mL/min/1.73 m?), or
e Acute kidney injury.

e 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.

e 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 with 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




65-year-old man — 3.0 T Siemens
Brain metastasis from lung adenocarcinoma’

SE = Spin Echo. These are representative images from reference studies; individual results may vary.

Gadopiclenol 0.05 mmol/kg

Post T1 SE

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.

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.

LIFE FROM INSIDE

Gadobutrol 0.1 mmol/kg

Post T1 SE

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

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

VUEWAY is a trademark of Bracco Imaging S.p.A.
All other trademarks and registered trademarks are the property of their respective owners.

References: 1. VUEWAY® (gadopiclenol) solution for injection, 485.1 mg/mL Full
Prescribing Information and Patient Medication Guide. Monroe Twp., NJ: Bracco Diagnostics
Inc.; September 2022. 2. Robic C, Port M, Rousseaux 0, 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. Chicago, IL; February 2020. 6. ProHance®
(Gadoteridol) Injection, 279.3 mg/mL Full Prescribing Information and Patient Medication
Guide. Monroe Twp., NJ: Bracco Diagnostics Inc.; June 2022. 7. Loevner LA, Kolumban B,
Hutéczki G, et al. Efficacy and safety of gadopiclenol for contrast-enhanced MRI of the central
nervous system: the PICTURE randomized clinical trial. /nvest Radiiol. 2023 May;58(5):307-313.

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

© 2023 Bracco Diagnostics Inc.
All Rights Reserved. US-VW-2300022 08/23
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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

US Patent No. 10,973,934

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

Toll Free: 1-877-272-2269 (U.S. only)
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Striking a Balance: Global
Perspectives on Neuroradiology
Workload and Quality of Service

Max Wintermark, Kei Yamada, Tchoyoson Lim, Roy Riascos,
Carlos Torres, and Tarek Yousry

he recent editorial in the American Journal of Neuroradiology

(AJNR), titled “Realistic Productivity in Academic Neuro-
radiology: A National Survey of Neuroradiology Division
Chiefs”' prompts critical reflection on the correlation among
workload, diagnostic errors, and the need for guidelines in aca-
demic neuroradiology in the United States. This discussion
gains further depth when considering international perspectives,
notably the recent position statement by the Japanese College of
Radiology (JCR).2

The JCR, representing a large proportion of Japan's radiolog-
ists, acknowledges the unique challenges faced by its members,
including a 4-fold increase in workload. In response, the JCR
issued a position statement in 2022 recommending that radiol-
ogists’ reports be limited to less than 4 cross-sectional studies
(encompassing not only neuroradiologic studies but all CT, MR
imaging, and PET/CT across all organ systems) per hour of
uninterrupted reading time. This recommendation aligns
closely with the median of 32 cross-sectional studies proposed
by the neuroradiology section chiefs in the United States, and 40
studies proposed in a study of the impact of shift volume on
neuroradiology diagnostic errors.” These thresholds prioritize
patient safety and the quality of radiology services.

The landscape for assessing the neuroradiology workload
and quality of service across the globe is very heterogeneous,
making comparisons difficult. Significant differences in wealth
across Africa, the Americas, Asia, Europe, and Oceania have a
critical impact on the distribution of resources and the provi-
sion of imaging services. In addition to economic factors, the
medical infrastructure and balance between public and private
services are very diverse with a wide spectrum of radiology

http://dx.doi.org/10.3174/ajnr.A8125

EDITORIAL

practices ranging from well-organized neuroradiology serv-
ices, with established fellowships and strong national society
presence, to those lacking formal structures and organizations.
In many countries, neuroradiology studies are actually inter-
preted by general radiologists.

The role of radiologists goes beyond image interpretation to
include choosing imaging modalities, managing protocols, and
communicating effectively as valuable members of clinical teams
along with referring physicians. These activities, though vital for
patient safety, are time-consuming and need to be factored into
workload considerations.

The juxtaposition of the US survey and the Japanese posi-
tion statement underscores the need for international guide-
lines for neuroradiology workload. Establishing a safe number
of interpreted cross-sectional studies per time unit is crucial
for maintaining the quality of radiology services worldwide.
Such guidelines should account for local practices, case com-
plexity, and the broader responsibilities of neuroradiologists.

The dialogue initiated in the AJNR in the July 2023 issue
represents a hopeful first step toward redefining neuroradiol-
ogy workload standards. As we navigate the delicate balance
between productivity and patient safety, it becomes imperative
to develop international guidelines that encompass the diverse
practices and challenges faced by neuroradiologists globally. In
doing so, we can foster a worldwide commitment to excellence
in neuroradiology while ensuring the well-being of both patients
and practitioners.
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REVIEW ARTICLE

Newly Recognized Genetic Tumor Syndromes of the CNS in
the 5th WHO Classification: Imaging Overview with Genetic
Updates

Amit Agarwal, ““ Girish Bathla, ““’Neetu Soni, “’ Amit Desai, ““’Pranav Ajmera, ‘' Dinesh Rao, “*'Vivek Gupta, and
Prasanna Vibhute
o H
ABSTRACT

SUMMARY: The nervous system is commonly involved in a wide range of genetic tumor-predisposition syndromes. The classifica-
tion of genetic tumor syndromes has evolved during the past years; however, it has now become clear that these syndromes can
be categorized into a relatively small number of major mechanisms, which form the basis of the new 5th edition of the World
Health Organization book (beta online version) on genetic tumor syndromes. For the first time, the World Health Organization has
also included a separate chapter on genetic tumor syndromes in the latest edition of all the multisystem tumor series, including
the 5th edition of CNS tumors. Our understanding of these syndromes has evolved rapidly since the previous edition (4th edition,
2016) with recognition of 8 new syndromes, including the following: Elongator protein complex—medulloblastoma syndrome,
BRCAI-associated protein 1 tumor-predisposition syndrome, DICER] syndrome, familial paraganglioma syndrome, melanoma-astrocy-
toma syndrome, Carney complex, Fanconi anemia, and familial retinoblastoma. This review provides a description of these new
CNS tumor syndromes with a focus on imaging and genetic characteristics.

ABBREVIATIONS: BAP! = BRCAl-associated protein 1; CNC = Carney complex; ELP] = Elongator protein complex; FA = Fanconi anemia; HNPG = head and
neck paraganglioma; HNSCC = head and neck squamous cell carcinoma; MAS = melanoma-astrocytoma syndrome; MMNST = malignant melanotic nerve
sheath tumor; NF = neurofibromatosis; NGS = next generation sequencing; PG = paraganglioma; PPB = pleuropulmonary blastoma; SDH = succinate dehydro-

genase; SHH = sonic hedgehog, WHO = World Health Organization

he World Health Organization (WHO) series of books (WHO

Blue Books) and their Web site (https://tumourclassification.
iarc.who.int) provide a routinely updated classification of multi-
system tumors for standardizing diagnostic practices across the
globe. This series is written by a wide group of multidisciplinary
authors and editors, including radiologists who are experts in their
respective fields, with the aim of providing the most updated no-
menclature of tumors. During the past decade, there has been a
rapid increase in our understanding of the variation in human ge-
nome sequences and identification of molecular information in
tumor pathogenesis. This increase has led to better definitions of
tumors that are difficult to classify on the basis of histomorphol-
ogy and immunohistochemistry alone, and it also adds prognostic
and therapeutic value. The diagnosis and management of tumors
increasingly depend on their genetic causative mechanism, which
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ranges from simple sequence variants (mutations) to more pro-
found genetic alterations such as translocations and gene fusions.
As a result, the WHO, for the first time in 2022, released a dedi-
cated book on genetic tumor syndromes, which forms the 14th
and final volume of the 5th edition series on tumors. Besides the
dedicated book, a new or updated chapter on genetic tumor syn-
dromes has been added to the 5th edition of each organ system,
including CNS tumors and head and neck tumors.'

The nervous system is frequently implicated in a wide range
of hereditary tumor-predisposition syndromes with 10 syn-
dromes described in the 4th edition (2016), including neurofibro-
matosis (NF), Von Hippel-Lindau disease, tuberous sclerosis, and
Li-Fraumeni syndrome. Our understanding of these syndromes
has evolved rapidly since the previous edition, with recognition
of 8 new syndromes including the following: Elongator protein
complex (ELPI)-medulloblastoma syndrome, BRCAI-associated
protein 1 (BAPI) tumor-predisposition syndrome, DICERI syn-
drome, familial paraganglioma syndrome, melanoma-astrocy-
toma syndrome (MAS), Carney complex (CNC), Fanconi anemia
(FA), and familial retinoblastoma (Online Supplemental Data).
The previous (4th) edition syndromes are preserved in the new
(5th) edition except for Turcot syndrome, which has been
removed, and its 2 subtypes (constitutional mismatch repair defi-
ciency syndrome and familial adenomatous polyposis 1) are now
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Newly recognized CNS genetic tumor syndromes in the 5th WHO classification with updates on genetic pathway

WHO Classification, 4th Edition 2016

WHO Classification, 5th Edition 2022

Familial Tumor Syndromes (Chapter 16)

Genetic Tumor Syndromes Involving the CNS (Chapter 14)

New Syndromes

NF type 1 ELPI-medulloblastoma

NF type 2 BAPI tumor predisposition
Schwannomatosis DICERT syndrome

Von Hippel-Lindau syndrome CNC

Tuberous sclerosis
Li-Fraumeni syndrome
Cowden syndrome FA

Turcot syndrome
Constitutional mismatch repair deficiency
syndrome
Familial adenomatous polyposis 1
Nevoid basal cell carcinoma syndrome
Rhabdoid tumor syndrome

Melanoma-astrocytoma
Familial paraganglioma

Familial retinoblastoma

Most Common Nervous
System Tumors
Medulloblastoma
Meningioma
Metastasis (from
pulmonary blastoma)
Malignant melanotic
Nerve sheath tumor
Glioma
Paraganglioma
Medulloblastoma

Genetic Pathway

Growth factor receptor
Ubiquitin protein
microRNA regulation

PKA signaling pathway

Cell cycle and apoptosis

Oxidative stress (Krebs)

DNA repair and
genomic stability

Cell cycle and apoptosis  Retinoblastoma

All entities from 4th edition kept in the new edition, except Turcot syndrome
Constitutional mismatch repair deficiency (previously subtype under Turcot syndrome)
Familial adenomatous polyposis 1 (previously subtype under Turcot syndrome)

identified as distinct entities. This change highlights the gradual
shift from arbitrary and eponymic naming of the syndromes to a
more gene-based system. Thus, a total of 19 CNS genetic tumor
syndromes are now identified (Table), with the understanding
that this is an evolving field and many changes may occur in the
future.

There is more emphasis on the genetic pathogenesis of the
previous and new entities in the 5th edition. Many of these syn-
dromes are also described in other organ system books, with,
however, greater emphasis on the nervous system in the book on
CNS tumors.? Also, many of the tumors can be seen in different
tumor syndromes; for example, melanocytic nerve sheath tumors
can be seen in MAS and CNC. Some of the newly recognized syn-
dromes are well-known entities, (eg, FA); however, their involve-
ment in CNS tumor predisposition has been better defined lately,
necessitating inclusion in the chapter on CNS genetic tumor syn-
dromes. Conventionally, the diagnosis of these syndromes relied
on clinical features and family history; however, with the recent
advancement in molecular genetics, the pathologist or geneticist
might be the first to identify the syndrome. Radiologists are a vital
part of the multidisciplinary team for these complex tumor syn-
dromes and should be abreast of the changes in nomenclature.
For example, it is important for the radiologist to know that most
ELP]-related medulloblastomas are desmoplastic/nodular sub-
type and occur along the lateral cerebellar convexity with a low
chance of recurrence postsurgery.” These disorders are often
highly complex, and patients are typically best served in special-
ized centers with broad multidisciplinary expertise.

In this article, we discuss the pathologic and imaging find-
ings of the new tumor syndromes and highlight the inheritance
pattern, because screening imaging examinations are increas-
ingly being performed on the family members of these patients.
Because genetic tumor syndromes are rare overall, the role of
imaging-based artificial intelligence models in their prediction
is still uncertain. However, some early studies have shown that
there may be some benefit to the incorporation of radiomic
data. Noortman et al,* showed that PET-based radiomics moder-
ately improved the distinction of cluster 1 and 2 paragangliomas

(PGs) and from sporadic paragangliomas. Similarly, a recent
meta-analysis noted that radiomics-based models showed robust
performance in predicting medulloblastoma subgroups.” Machine
learning-based studies have previously shown promise in the
identification of underlying genetic alterations in other tumors
such as glioblastomas.® The role of artificial intelligence-based
studies in differentiating syndromic-versus-nonsyndromic tumors
should be further explored in larger pooled cohorts.*”

Genetics and Signaling Pathway

Alteration in the sequence of the human genome is the basis of
heritable (constitutional) disorders further triggered by environ-
mental factors. During the past few years, it has become clear
that most genetic tumor syndromes are caused by a specific sig-
naling pathway triggered by the genetic mutations and epige-
netic factors. Figure 1 highlights the chromosomal distribution
of genes involved in the old and new CNS genetic tumor syn-
dromes, except for the succinate dehydrogenase (SDH) gene
implicated in familial paraganglioma, which is located along the
inner membrane of the mitochondria. The Table highlights
the protein-signaling pathway for the new genetic syndromes.
The growth factor receptor and the related signaling pathway
are the major categories with the highest number of CNS and
non-CNS tumor entities. These include NF, ELPI-related
medulloblastoma syndrome, and nevoid basal cell carcinoma
syndrome, among others. Some categories like the ubiquitin
protein pathway have only the single entity of BAPI-related tu-
mor predisposition syndrome. These changes in the signaling
pathway and the altered protein product form the basis of
molecularly targeted therapies and immunotherapy, an example
being targeting the sonic hedgehog (SHH) signaling pathway
through SHH inhibitors in medulloblastomas.”

The molecular and genetic information has facilitated the con-
cept of “integrated diagnosis” to summarize all the information of
a given tumor. This is a layered/tiered approach to the pathol-
ogy report with a 4-line format, including integrated diagnosis,
histologic diagnosis, WHO grade, and molecular information.
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FIG 1. This diagram highlights the chromosomal distribution of genes involved in the old (green boxes) and newly recognized (red boxes) CNS
genetic tumor syndromes, with representation of 7 of the 8 new entities. The SDH gene implicated in familial paraganglioma is located along
the inner membrane of mitochondria and is not depicted here. VHL indicates Von Hippel-Lindau syndrome.

For example, the integrated diagnosis for an ELPI-related
medulloblastoma (Fig 2) would be reported as following:
medulloblastoma desmoplastic/nodular morphology (histo-
logic), WHO grade 4 (grade), with SHH activation (TP53 wild-
type) and ELPI germline mutation (molecular and genetic
information). Molecular testing is a key component to the
integrated diagnosis and overall characterization of many
tumors, with a variety of techniques that can be used in a step-
wise approach, including immunohistochemistry, fluorescence
in situ hybridization, polymerase chain reaction, and next gen-
eration sequencing (NGS). Immunohistochemistry is a robust
and economical test (<24 hours to complete) that is an excellent
first-line method for determining the molecular subgroups.
These are very efficient tests that detect the mutant protein
(IDH, BRAF, H3) and serve as surrogate markers for genes
encoding those proteins.

Given all the genetic information now available, the WHO
decided to rename the chapter from “Familial Tumor Syndrome”
(4th edition) to “Genetic Tumor Predisposition Syndromes” (5th
edition), stressing that many individuals might have the mutation
and have a predisposition but may not develop these tumors.
Many syndromes resulting in a predisposition to leukemia or lym-
phoma have been covered under “Hematolymphoid Neoplasia
Genetic Predisposition Syndromes” and are not discussed in the
chapter on CN'S genetic tumor syndromes.

Newly Recognized Genetic Tumor Syndromes
ELP1-Medulloblastoma Syndrome. Medulloblastoma is the sec-
ond most frequent malignant CNS tumor in children, and apart

130 Agarwal Feb 2024 www.ajnr.org

from sporadic occurrence, it can be associated with multiple can-
cer-predisposition syndromes like Turcot, Li-Fraumeni, and
Gorlin syndromes. A mutation in a cancer-predisposition gene is
estimated to be present in >40% of SHH-activated medulloblasto-
mas, most commonly (14%) caused by biallelic alterations of
ELP1® ELPI-medulloblastoma syndrome is an autosomal domi-
nant disorder caused by pathogenic germline variants in the ELPI
gene (9q31.3). This is a tumor-suppressor gene that encodes for
the protein ELPI, which is a part of the 6-subunit Elongator pro-
tein complex. This plays a key role in transcription of proteins
that affect the structural framework (cytoskeleton) of the cell for a
variety of cells including neurogenesis. This is a newly recognized
genetic tumor syndrome in the WHO 5th edition of CNS tumors
and is characterized by an increased risk of SHH-activated TP5
wild-type (grade 4) medulloblastomas during childhood. The me-
dian age at diagnosis is 6years (range, 2-19 years), often with a
family history positive for medulloblastomas."® On histopathol-
ogy, the desmoplastic/nodular pattern is most common (76%),
followed by classic (18%) and large-cell/anaplastic (6%) morphol-
ogy (Online Supplemental Data).>® The imaging features of the
SHH subgroup are similar to those of the sporadic tumors and
depend on the histologic subtype with the desmoplastic/nodular
lesions located along the lateral cerebellar convexities and the less
common, classic, or large-cell/anaplastic, variants located along
the midline (Fig 2 and the Online Supplemental Data).

All the histologic subtypes are well-circumscribed and
hyperintense on T2-weighted images. The enhancement is
usually solid and intense, except the classic variant in which it
can range from minimal and patchy to marked.” ELPI



FIG 2. ELPI-related medulloblastomas in siblings. A 6-year-old boy (sibling A) with MR imaging
revealing a heterogeneously T2 hyperintense (A, axial T2 TSE) mass with cystic changes and heter-
ogeneous enhancement (B, coronal postcontrast). Histopathology with immunohistochemistry
revealed a large-cell anaplastic-pattern WHO grade 4, SHH-activated (TP53 wild-type) medullo-
blastoma. The patient’s older brother, an 18-year-old boy (sibling B), was diagnosed with a similar
tumor 7 years later. MR imaging revealed a right lateral cerebellar T2 hyperintense mass (C, axial
T2 TSE) with solid contrast enhancement (D, coronal postcontrast). Pathology revealed an SHH-
activated (TP53 wild-type) medulloblastoma with desmoplastic/nodular morphology. A neuro-
oncology genetic panel (utilizing NGS technique) in both siblings showed biallelic inactivation of
ELPT due to somatic loss of chromosome arm 9q along with homozygous deletion of the tumor-
suppressor gene PTCHI, confirming an ELPI germline mutation. Both siblings remain disease-free
(9 years postsurgery for sibling A, and 1year for sibling B) (Online Supplemental Data).

immunohistochemistry is a highly specific biomarker for iden-
tifying these medulloblastomas and is increasingly becoming a
part of the neuropathologist’s panel to screen for tumor pre-
disposition syndromes in children with medulloblastomas.
Medulloblastomas have the potential for leptomeningeal
spread, locally, or along the spinal axis and rarely extend out-
side the CNS. Leptomeningeal spread is usually along the cere-
bellar or cord surface, attached to the pia mater. Early studies
indicate a favorable prognosis for ELPI-medulloblastomas with
the 5-year overall survival rate of around 92%. Surveillance proto-
cols have been established for many known syndromes like
Gorlin syndromes and include annual MR imaging until 8 years
of age; however, no formal protocol has yet been proposed for
ELPI-medulloblastomas.®'°

BAPI1 Tumor-Predisposition Syndrome
BAPI tumor-predisposition syndrome is an autosomal dominant
disorder caused by pathogenic germline variants in the BAPI

tumor-suppressor gene (3p21.1). This
syndrome is characterized by a predis-
position to tumors of multiple organ
systems including the eye, pleura, peri-
toneum, kidneys, liver, and meninges.
Uveal melanoma and mesothelioma are
the most common tumors in this syn-
drome, seen in around 36% and 25% of
patients, respectively."' Other tumors in
descending order of frequency include
cutaneous melanoma, renal cell carci-
noma, and basal cell carcinoma (Online
Supplemental Data). Meningioma is the
most common CNS tumor of this syn-
drome, seen in around 9% of patients
(Fig 3)."> While most meningiomas are
sporadic, many tumor-predisposition
syndromes are increasingly being identi-
fied, including well-known conditions
like NF-2 (or secondary to newly
described entities like SMARCBI,
SMARCEI mutation, and BAPI syn-
drome).'® Recent studies have shown
that the patterns of mutations in many
meningiomas are strongly associated
with a distinct location and histologic
subtypes; for example, anterior skull
base meningiomas often have muta-
tions in SMO, whereas posterior fossa
and convexity meningiomas often
have mutations in NF2.

Meningiomas with rhabdoid features
represent a highly aggressive grade 3
malignancy with high rates of recur-
rence and mortality. Initial studies
have shown that rhabdoid meningio-
mas often have BAPI mutations, are
clinically aggressive, and are more
likely to recur, compared with BAPI-

12,14
Recent advancements

retained similar grade meningiomas.
in the molecular-genetic taxonomy of meningiomas help in the
identification of patients with inherited forms of meningiomas,
with assessment of mutations, like SMARCBI and BAPI,
increasingly being performed at specialized centers, especially
in cases of multiple meningiomas or younger age of onset. The
BAPI mutation can be easily assessed using simple and inexpensive
immunohistochemical testing for BAPI protein expression (Online
Supplemental Data).""” Patients with BAPI tumor-predisposition
syndrome present with a younger age of onset compared with the
sporadic counterpart for the same tumor type, with frequent occur-
rence of multiple cancers. For example, mesotheliomas with loss
of BAPI occur around 20 years earlier and are frequently perito-
neal, rather than pleural, with a substantially different clinical
course. The lifetime risk of developing cancer in this syndrome
is as high as 80%-100%, with many patients developing multiple
tumors.'*'> Most families with this germline mutation have at
least 2 types of tumors in first- or second-degree relatives.

AINR Am J Neuroradiol 45:128-38 Feb 2024 www.ajnr.org 131



FIG 3. Rhabdoid intracranial and spinal meningiomas with loss of BAPI expression. Left lateral cerebellomedullary cistern enhancing mass (A,
axial postcontrast T1, white arrow) in a 36-year-old man, extending into the hypoglossal canal, revealing atypical meningioma (CNS WHO grade
2) on histology, with rhabdoid features (B) and loss of BAPT expression on immunohistochemistry (Online Supplemental Data). Coronal (C) and
axial (D) contrast-enhanced MR images in a different patient depict an extramedullary cervical mass extending along the left neural foramen
(arrows). Histopathology (not shown) revealed rhabdoid meningioma with loss of BAPT expression.

Genetic counseling should be offered to patients with a history
of =2 BAPI-related tumors or 1 tumor and a family history of
similar tumors. Promising therapeutic avenues are being
explored to specifically target BAPI-deficient tumor cells that
are highly sensitive to novel therapies like inhibitors of enhancer
of zeste homolog 2 (EZH2).'°

DICER1 Syndrome

DICERI syndrome is an autosomal dominant tumor predisposi-
tion syndrome caused by heterozygous germline loss-of-function
mutation in the DICERI gene (14q32.13), modifying the protein-
coding genes by modulating microRNAs. This feature confers a
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lifetime risk of a variety of neoplastic and dysplastic lesions, clas-
sically associated with pleuropulmonary blastoma (PPB), a rare
malignant tumor of the lung, seen primarily in children younger
than of 6years of age."”'” Type I PPB is a purely cystic mass,
occurring before 2 years of age. Type II is a solid-cystic tumor,
while type IIT is purely solid; both types present from approxi-
mately 2 to 6years of age and are malignant. Type III (solid) is
the most aggressive with the highest mortality (up to 60%).
Finally, “type I regressed” (Ir) is a cystic tumor lacking malignant
cells and represents regressed type I PPB with no potential for
malignancy.'® DICERI syndrome occurs in children and young
adults, with the most frequent phenotypes including PPB,



FIG 4. DICERI-mutant intracranial sarcoma. Sagittal T2 (A) and postcontrast (B) MR images in a 16-year-old adolescent girl reveal a dural-based
left parasagittal T2-hyperintense enhancing mass, presumed to be a meningioma on imaging. Histopathology, however, revealed spindle and
pleomorphic cells (C), and immunohistochemistry tests were negative for GFAP, OLIG2, SSTR2 (D), STATS6, S-100, and SOXI0, arguing against glial,
meningothelial, or melanocytic tumors. A Somatic Disease/Germline Comparator Exome sequencing panel revealed a pathogenic germline
DICERT mutation. Overall, the histomorphologic and immunophenotypic findings supported a sarcomatoid neoplasm. The additional presence
of pathogenic DICERT mutations was diagnostic of primary intracranial sarcoma, DICERI-mutant. Because the prognosis for patients with DICERI-
mutant primary intracranial sarcoma remains unknown due to limited clinical data, a CNS WHO grade designation was not rendered, according

to the 2021 WHO Classification of Tumors of the Central Nervous System.

multinodular goiter, cystic nephroma, and Sertoli-Leydig ovarian
neoplasms (Online Supplemental Data).'”

The most common CNS manifestation of DICERI syndrome
is brain parenchymal metastasis (from PPB) with the CNS being
the most common site of distal metastasis. Surveillance MR imag-
ing of the brain is recommended for up to 3 years after the diag-
nosis of aggressive forms of PPB (types II solid-cystic and III
solid), because most of the brain metastases occur within 2 years
of diagnosis. A few cases of spinal cord and leptomeningeal me-
tastasis have also been reported.”'® The primary CNS tumor

manifestations of this syndrome include pineoblastoma, pituitary
blastoma, embryonal tumor with multilayered rosettes, and
DICERI-mutant primary intracranial sarcoma (Fig 4), which are
indistinguishable on imaging and pathology from their sporadic
counterparts. Although PPBs are the most common tumors in
DICERI syndrome, pituitary blastoma is most pathognomonic of
this syndrome, with all reported cases to date arising in the set-
ting of this syndrome.*

Pineoblastoma is a rare primitive neuroectodermal grade 4
tumor, classically seen with RBI in familial retinoblastoma, that
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FIG 5. MMNST in a 26-year-old woman with CNC. Coronal MR images (A and B) reveal a mass
along the left S1-S2 neural foramen with intrinsic TI-hyperintense content (A, TI-weighted, non-
fat-saturated, arrow) with peripheral enhancement and a central nonenhancing component (8B,
postcontrast with fat saturation, arrow). Note marked expansion of the neural foramen and ero-
sive osseous changes along the inferior edge on coronal CT (C, arrow). Histopathology reveals a
spindle cell (D, white arrow) neoplasm with psammomatous bodies (D, black arrow).
Immunohistochemistry was positive for SOX10, S-100, and MelanA, confirming the diagnosis of

CNC

CNC is a rare autosomal dominant syn-
drome with almost 100% penetrance,
caused, in most cases (>70%), by hetero-
geneous inactivating pathogenic variants
in the PRKARIA gene (17q22-24). This
regulates the cell signaling of the body,
with protein kinase A (PKA) and subse-
quent loss of the tumor-suppressor func-
tion, resulting in overactivation of the
cyclic adenosine monophosphate-protein
kinase A (cAMP-PKA) pathway causing
tumorigenesis.”> CNC was initially
described in 1985, with myxomas, spotty
pigmentation, and endocrine overactivity
being the dominant features and should
not be confused with the Carney triad.
Myxomas may involve the heart (22%-
53%), skin and mucosa (10%-30%), or
bilateral breasts (25% of women with
CNCQ). Nodular vertebral lesions on MR
imaging may be seen in up to 32% of
patients.”> These lesions are often multi-
ple and can affect any part of the vertebral
body. They show T1/T2 prolongation
with postcontrast enhancement. Vertebral
lesions are invariably nonaggressive on
imaging and are presumed to represent
osteochondromyxomas.*>**

The main nervous system manifesta-
tion is malignant melanotic nerve sheath
tumor (MMNST), seen in 8%-10% of
adults with the syndrome, often along
the paraspinal sympathetic chain and the
gastrointestinal tract, less commonly in-
tracranial and dermal. Historically con-
sidered benign, these were reclassified as
malignant tumors in the 2020 WHO
Classification of Tumors as well as in the
2021 WHO Classification Tumors of the

MMNST. Neoplastic cells showed complete loss of PRKARIA, confirming an association with CNC

(Online Supplemental Data).

has also been associated with the DICERI mutation. Head and
neck manifestations of this syndrome include nasal chondrome-
senchymal hamartoma, multinodular goiter, ciliary body medul-
loepithelioma, thyroblastomas, and thyroid carcinomas."?
Multinodular goiter occurring in patients younger than 18 years
of age should prompt DICERI testing, even in the absence of a
family history or other syndromic tumors. Despite a higher risk
of malignancy, most patients with the pathogenic germline
DICERI variants live healthy lives with tumors seen in <20%
patients by the age of 50years.'” Surveillance guidelines for
these individuals include periodic chest radiographs and thyroid
and pelvic sonography.!
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Central Nervous System. Psammomatous

MMNST (which contains psammoma

bodies) accounts for about one-half of all
MMNSTs, and approximately 50% of these are associated with CNC.
A recent series noted a median age of 34.5 years (range, 25-54 years)
at presentation.”>* Lesions may show calcifications on CT and dem-
onstrate T1/T2 shortening on MR imaging due to the presence of
melanin (Fig 5 and Online Supplemental Data).”® CNC is also char-
acterized by endocrinal neoplasms, most frequently being primary
pigmented nodular adrenocortical disease, resulting in Cushing syn-
drome, seen in 26%-58% of patients with CNC. Somatotroph pitui-
tary neuroendocrine tumor (adenoma) may occur in 10%-18% of
adults. These tumors often secrete growth hormone and are generally

. . 2225
diagnosed early, often at a microadenoma stage.



FIG 6. HNPGs in 2 different patients, one with SDH mutation (patient A) and the other with nor-
mal SDH expression (patient B). Patient A has familial paraganglioma syndrome with multiple
HNPGs and a left adrenal phaeochromocytoma (4, arrowheads) on a ®Ga-DOTATATE PET scan,

Subsequent studies have found more
families with similar syndromes, link-
ing an increased risk of dysplastic nevi,
cutaneous melanoma, and nervous sys-
tem tumors, especially astrocytomas.
MAS is considered a glioma-predispo-
sition syndrome with diverse histo-
logic and genetic features. Dysplastic
nevi and melanomas associated with
MAS are predominantly cutaneous,
rather than mucosal, acral, or uveal.
Astrocytomas associated with MAS
include pleomorphic xanthoastrocy-
toma (Online Supplemental Data) and
diffuse astrocytic gliomas, ranging from
low-grade diffuse astrocytomas to high-
grade (glioblastoma), which are typi-
cally located in the cerebral hemispheres
or cerebellum.”” Patients can present
with numerous glial neoplasms, with
reported cases of simultaneous de-
velopment of pleomorphic xanthoas-
trocytoma, diffuse astrocytoma, and
paraspinal nerve sheath tumors.”
These tumors cannot be differentiated
from their sporadic counterparts on the
basis of histopathology, and detection of
the CDKN2A mutation is required for
diagnosis of the syndrome. Some cases
with large deletions involving CDKN2A
and CKDN2B have shown manifesta-
tions like neurofibromas, giant cell
tumors of bone, and multiple primary
cancers resembling NF1 or Li-Fraumeni
syndrome. Clinical outcomes and stand-
ardized surveillance protocols for MAS-
associated tumors are still being investi-
gated. Regular dermatologic examinations,
brain imaging, and genetic counseling
are usually recommended for monitor-
ing various cancers and guiding patients

and their families.?”"*°

with complete loss of SDH expression on immunohistochemistry (C). A solitary HNPG along the

right carotid artery is noted on a ®®Ga-DOTATATE PET scan in patient B (B, arrow) with normal

SDH expression on pathology (D).

MAS

MAS is a rare autosomal dominant tumor-predisposition syn-
drome caused by a germline mutation of the CDKN2A tumor-
suppressor gene (9p21.3), which codes for cell-cycle regulators
and the apoptosis pathway (PI6INK4A and PI4ARF). MAS is
characterized by an increased risk of multiple tumors, including
cutaneous melanoma, astrocytoma, nerve sheath tumors, pancre-
atic cancer, and squamous cell carcinoma of the oropharynx.”’ In
1993, Kaufman et al*® identified familial MAS in a 3-generation
family with members having melanomas or astrocytomas.

Familial Paraganglioma Syndrome

Familial paraganglioma syndrome repre-
sents a group of inherited cancer syn-
dromes characterized by the development
of PGs and pheochromocytomas. These are highly vascular neu-
roendocrine tumors arising from the extra-adrenal neural crest
tissue or the adrenal medulla, respectively. Head and neck PGs
(HNPGs) develop within the parasympathetic chain, most com-
monly along the ninth and tenth cranial nerves (jugular fora-
men, carotid body), followed by the middle ear cavity. Nearly
95% of these are nonsecretory, contrary to secretory PGs, which
mainly involve the adrenal medulla (pheochromocytomas).
About 30%-40% of PGs in adults are hereditary, characterized
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FIG 7. Cerebroretinal vasculopathy and leukoencephalopathy in a 20-year-old man with FA. MR

Overall,
imaging has a sensitivity and specific-

contrast-enhanced MR

ity of nearly 95% and 99%, respec-
tively, but CT has a better sensitivity
to identify tumors of <1 cm and
those in the jugulotympanic region.*
MR imaging perfusion may help dif-
HNPGs
tumors such as schwannomas, with

ferentiate from non-PG
the former showing markedly higher
vascularity and perfusion. SDH-intact
(no mutation) tumors show higher
mean and normalized ADC values (nor-
malized mean ADC, 1.73 versus 1.31;
P <.001) compared with SDH-mutated
tumors.” Gallium 68DOTATATE PET
demonstrates high lesion detectabil-
ity for SDH-mutated PGs and is gen-
erally considered first-line imaging
for HNPGs, especially when suspect-
ing metastatic or multifocal disease
(Fig 6) or identifying peptide-recep-
tor therapy candidates. This has
emerged as the new standard of care
for functional imaging of neuroendo-
crine tumors. It is highly sensitive for
the detection of both solitary and
metastatic PGs, substantially more so
than 'I metaiodobenzylguanidine
scintigraphy, CT, or MR imaging,
particularly for demonstrating meta-

static bone disease.>*>¢

imaging including a sagittal T2-weighted image (A), axial diffusion (B), T2 TSE (C), and postcontrast
(D) images reveal a large area of white matter edema with heterogeneous enhancement and cen-
tral necrosis in the right frontal lobe. The primary radiographic differential included a high-grade
glial neoplasm, and a biopsy was performed. Histopathology revealed severe vasculopathy exhib-
iting vascular hyaline changes and perivascular and transmural chronic inflammation. The back-
ground white matter demonstrated extensive vacuolization and gliosis with necrosis surrounding
the vessels. No evidence of JC virus or Epstein-Barr virus was identified by in situ hybridization,
and no fungal organisms were detected. Follow-up MR imaging (Online Supplemental Data) after
6 months of immunosuppressive treatment showed marked reduction in the right frontal edema
and enhancement, however, with new areas of edema and enhancement in the left parieto-occi-
pital lobe. Advanced veno-oclusive retinopathy with neovascularization was noted on fundo-

FA

FA is a clinically heterogeneous multi-
system disorder with an incidence of
around 1 per 100,000 live births and is
more common in Ashkenazi Jews,
Afrikaners, and Spanish gypsies. The
underlying etiology is the inability of
the affected cells to repair DNA inter-

scopy (Online Supplemental Data).

by a younger age at presentation and a higher risk of multiplicity
and metastatic spread, along with a higher incidence of extra-
adrenal tumors.>’ Apart from the genetic mutations in Von
Hippel-Lindau disease, multiple endocrine neoplasia type 2, and
NEF-1, nearly 10 separate genes have been implicated in this syn-
drome. Of these, the mitochondrial succinate dehydrogenase
(SDH) complex subunit genes (SDH A-D) and 1 complex cofac-
tor, SDHAF2, are collectively responsible for nearly one-half of
all germline mutations. Inactivating mutations in any of the
SDH genes result in the accumulation of succinate and the for-
mation of reactive oxygen species (pseudohypoxia cluster).
HNPGs are largely either sporadic or associated with germline
SDH variants. Of these, carriers of SDHD/SDHAF2 mutations
have the highest risk of multifocal HNPGs.****
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strand crosslinks.”” At least 22 genes

have been implicated (FANCA-

FANCW) with most inherited in an
autosomal recessive pattern and a smaller minority being X-linked
recessive (2%) or autosomal dominant (RAD51).*® This syndrome
is characterized by developmental abnormalities in the major
organs, inherited bone marrow failure characterized by pancyto-
penia, and a high predisposition to cancer."”” The median age at
diagnosis is about 7 years, though earlier diagnosis is becoming
common with higher disease awareness and prenatal screening.
The most common neoplasms associated with this syndrome are
myeloproliferative conditions, including myeloid leukemia, squa-
mous cell carcinoma of the head and neck (HNSCC), Wilms tu-
mor, and medulloblastoma. Leukemia, specifically acute myeloid
leukemia, is the most common cancer in patients with FA.
Overall, HNSCC is the most common solid tumor in patients



with FA, with the incidence being 500-700 times higher than in
the general population. Patients with FA generally develop
HNSCC at a younger age (20-50years), usually with a more
aggressive clinical course and advanced disease at presentation.
HNSCC is the leading cause of death in patients with FA in adult-
hood. Thus, surveillance for HNSCC in FA is recommended start-
ing at a young age and continuing through life.*”
Medulloblastoma is the characteristic CNS tumor in FA sec-
ondary to biallelic germline mutations in BRCA2 or PALB2.>*
A few cases of cerebroretinal vasculopathy and leukoencephalop-
athy have been reported in literature. These are characterized by
recurrent space-occupying brain lesions that can mimic glial neo-
plasms along with retinal vasculopathy, with patients presenting
in their early twenties (Fig 7 and Online Supplemental Data).*'
Rare cases of embryonal tumors and glioblastomas have also
been reported with these mutations. These mutations are also
associated with cancers of the breast, ovaries, and pancreas.
Medulloblastomas arising in the setting of FA are usually the
large-cell/anaplastic histologic type, with SHH-activated TP53-
mutant being the most common molecular subtype. These
medulloblastomas with germline BRCA2 or PALB2 mutations
have a poor prognosis and a significantly higher risk of the
patient developing metastases after treatment.*”** The poor
prognosis is due to the aggressive biology of the tumor and
because these patients cannot tolerate high-dose chemotherapy,
given the underlying myelodysplastic condition. The essential
diagnostic criterion for FA is positive findings on the diepoxy-
butane test, wherein chromosomal breakage is seen after expo-
to diepoxybutane

pathogenic germline mutations in a FANC gene through NGS
1,38

sure in leukocytes. Identification of

is, however, more sensitive and desirable.

Familial Retinoblastoma
Retinoblastoma is the most common intraocular malignancy in
children with small, blue, round-cell morphology and a classic his-
tologic pattern characterized by hyperchromatic small, round,
blue cells arranged in sheets, nests, and trabeculae (rosettes). This
CNS tumor can be secondary to a germline RBI mutation (herit-
able) or somatic mutation (RBI sporadic, MYCN-driven). MYCN
oncogene-related retinoblastomas are the least common, are non-
hereditary, and are almost always unilateral, with a very early age
of presentation.*> Familial retinoblastoma is secondary to a germ-
line RBI mutation with bilateral ocular disease in 60% of patients
along with synchronous or metachronous intracranial tumors
(pineal or suprasellar). Histologic features of pineal and ocular
tumors are identical in familial retinoblastoma. The combination
of intraocular retinoblastoma (unilateral or bilateral) and a histo-
logically similar-but-independent focus of brain tumor (pineal
region or suprasellar) is called “trilateral retinoblastoma.” Children
with familial retinoblastoma have a particularly high incidence of
and earlier onset of trilateral retinoblastoma.***> Most of these
tumors are seen in children younger than 3 years of age, with fami-
lial tumors arising at an earlier age (younger than 1year) com-
pared with the sporadic counterpart.

These tumors arise from the inner or outer retinal layers, and
can be endophytic or exophytic, causing vitreous invasion or reti-
nal detachment, respectively. The most important predictive

factors for recurrence include the extent of retrolaminar optic
nerve involvement and choroidal invasion (Online Supplemental
Data).1 Patients with familial retinoblastoma, whether treated by
radiation or not, are at higher risk of subsequently developing
sarcomas as a second neoplasm. With better understanding of tu-
mor genetics, a clear association of the RBI gene in oncogenesis
of osteosarcomas has been established.*”*® Patients with familial
retinoblastomas should be screened for osteosarcomas (10—

20 years of age) and soft-tissue sarcomas (10-50 years).*”

CONCLUSIONS

Multiple new genetic tumor syndromes have been described in
the new 5th edition of the WHO Classification of Tumors of the
Central Nervous System, highlighting the rapid advances in our
understanding of the molecular and genetic tumor markers,
including the diversity of clinically relevant molecular types and
subtypes. Recognition of these genetic tumor-predisposition
syndromes is of great importance to patients and their families.
Surveillance protocols for individuals affected by these syn-
dromes are being established, with consensus from international
experts. The radiologist plays a vital role in identification, sur-
veillance, and follow-up of CNS tumors seen in these genetic
syndromes and for screening examinations for family members.
Radiologists should be aware of the tumors associated with these
syndromes, the inheritance pattern, and the latest guidelines for
screening of family members and can expect to see higher num-
bers of screening examinations in their practice.

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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STATE OF PRACTICE

Recommended Resting-State fMRI Acquisition and
Preprocessing Steps for Preoperative Mapping of Language
and Motor and Visual Areas in Adult and Pediatric Patients

with Brain Tumors and Epilepsy

V.A. Kumar, ““). Lee, ““'H.-L. Liu, ““J.W. Allen, ““'C.G. Filippi, ““’A.l. Holodny, “*/K. Hsu, R. Jain, M.P. McAndrews, ““'KK. Peck,
G. Shah, “¥).S. Shimony, S. Singh, ““'M. Zeineh, *’). Tanabe, ““'B. Vachha, ““A. Vossough, ““’K. Welker, ““'C. Whitlow,
M. Wintermark, *“’G. Zaharchuk, and ““H.I. Sair

ABSTRACT

Resting-state (rs) fMRI has been shown to be useful for preoperative mapping of functional areas in patients with brain tumors and
epilepsy. However, its lack of standardization limits its widespread use and hinders multicenter collaboration. The American Society
of Functional Neuroradiology, American Society of Pediatric Neuroradiology, and the American Society of Neuroradiology
Functional and Diffusion MR Imaging Study Group recommend specific rs-fMRI acquisition approaches and preprocessing steps that
will further support rs-fMRI for future clinical use. A task force with expertise in fMRI from multiple institutions provided recom-
mendations on the rs-fMRI steps needed for mapping of language, motor, and visual areas in adult and pediatric patients with brain
tumor and epilepsy. These were based on an extensive literature review and expert consensus.

Following rs-fMRI acquisition parameters are recommended: minimum 6-minute acquisition time; scan with eyes open with fixation;
obtain rs-fMRI before both task-based fMRI and contrast administration; temporal resolution of =2 seconds; scanner field strength
of 3T or higher. The following rs-fMRI preprocessing steps and parameters are recommended: motion correction (seed-based corre-
lation analysis [SBC], independent component analysis [ICA]); despiking (SBC); volume censoring (SBC, ICA); nuisance regression of
CSF and white matter signals (SBC); head motion regression (SBC, ICA); bandpass filtering (SBC, ICA); and spatial smoothing with a
kernel size that is twice the effective voxel size (SBC, ICA).

The consensus recommendations put forth for rs-fMRI acquisition and preprocessing steps will aid in standardization of practice

and guide rs-fMRI program development across institutions. Standardized rs-fMRI protocols and processing pipelines are essential
for multicenter trials and to implement rs-fMRI as part of standard clinical practice.

ABBREVIATIONS: BOLD = blood oxygenation level-dependent; EC = eyes closed; EO-F = eyes open with fixation; EO = eyes open without fixation; FC =
functional connectivity; GSR = global signal regression; ICA = independent component analysis; rs = resting-state; rs-FC = rs-functional connectivity; RSN =

resting-state networks; SBC = seed-based correlation analysis; STC = slice timing correction; tb = task-based; TR = repetition time

Resting—state (rs) fMRI has been found promising for presurgi-
cal mapping of eloquent brain areas for brain tumor and epi-
lepsy surgery.! For example, rs-fMRI is beneficial in localizing
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language areas when task-based (tb) fMRI cannot be performed
due to cognitive impairment or limited tb-fMRI.2 However, more
studies are needed to validate the clinical utility of rs-fMRI for
preoperative localization of language in adults and pediatric
patients.

Rs-fMRI can be performed while the patient is at rest, and it
can be acquired without the need for highly trained personnel.
However, rs-fMRI is more susceptible to head motion than tb-
fMRIL>* It is critical to specify rs-fMRI acquisition and prepro-
cessing steps and parameters to isolate the blood oxygen level-
dependent (BOLD) signal corresponding to networks of interest.
Additionally, not all preprocessing steps may be needed because
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some potentially carry the risk of removing the intrinsic
BOLD signal.’

Yet, there is no standardization of rs-fMRI acquisition and
preprocessing steps across institutions, hindering data sharing,
comparison of results, and scientific transparency. Therefore, an
expert task force consisting of 16 neuroradiologists, 2 pediatric
neuroradiologists, 2 imaging physicists, and 1 clinical neuropsy-
chologist with expertise in fMRI was formed to provide recom-
mendations for specific rs-fMRI acquisition and preprocessing
steps based on literature review and expert consensus for presur-
gical mapping of language, motor, and visual areas in patients
with brain tumor and epilepsy. This task force hopes to encour-
age multicenter studies to implement rs-fMRI for widespread
clinical use. Unlike tb-fMRL> our recommendations can be used
for both adult and pediatric patients.

LITERATURE SEARCH STRATEGY AND REVIEW
PROCESS
References were identified through a literature search on PubMed
and the Web of Science using the following keywords: (functional
connectivity OR resting state OR resting-state) AND (fMRI OR
functional MR imaging OR functional MR imaging) AND (brain
neoplasm OR brain tumor OR epilepsy) AND (motor OR sensori-
motor OR language OR visual OR vision) in July 2022. Although
in some publications, the terms are used interchangeably, for the
purpose of this article, rs-fMRI refers to BOLD signal acquisition
during rest and rs-functional connectivity (rs-FC) refers to post-
processed resting-state correlation results. Rs-FC data are often
represented as resting-state networks (RSN) of closely connected
areas across the brain (eg, language).

From the total of 1291 articles that were identified from the
initial keyword search, 305 duplicate articles were removed. The

Table 1: Resting-state fMRI acquisition parameters
Recommended

Acquisition Parameters

Length of scan Minimum of 6 minutes

Eye status EO-F

Order of rs-fMRI vs tb-fMRI rs-fMRI before tb-fMRI
TR =2 Seconds
Physiologic noise source monitoring Optional

IV contrast administration After rs-fMRI

Scanner field strength 3T or higher

Table 2: Resting-state fMRI preprocessing steps

abstracts of the remaining 986 articles were evaluated and further
subselected for the following criteria: rs-fMRI studies written in
English that localized and/or lateralized individual language,
motor, and/or visual areas in patients with brain tumor and/or
epilepsy for preoperative planning from January 2008 until July
2022. Studies that used rs-fMRI to localize seizure-onset zones to
examine connectome or local properties of the rs-fMRI signal
with an amplitude of low-frequency fluctuation and regional ho-
mogeneity analysis without localizing functional areas were
excluded. A total of 75 articles met the inclusion criteria.

All the acquisition and preprocessing steps that each article
used were recorded. For articles that used >1 parameter for a
step, they would be counted more than once for analysis. For
example, if an article used 2 different temporal resolutions,
this article would be counted as 2 different studies. Articles
that used a near-equivalent number of patients with brain tu-
mor and epilepsy would also be counted as 2 distinct studies.
Additionally, when we recorded the number of studies that
used specific preprocessing steps, they were separated on the
basis of whether they used seed-based correlation analysis
(SBC), independent component analysis (ICA), and/or other
algorithms such as multilayer perceptron, cortical parcellation,
or deep learning analysis. If articles used >1 type of algorithm,
they would be included in the analysis more than once. Thus, a
total of 86 studies were used for the literature review. In addi-
tion, for articles that did not report the length of the scan, this
was calculated by multiplying the temporal resolution used by
the number of volumes scanned.

Individuals with expertise in fMRI were invited to form a task
force to reach expert consensus on the specific rs-fMRI acquisi-
tion and preprocessing steps for presurgical planning in patients
with brain tumors and epilepsy (Tables 1 and 2). Across a total of
4 Webinar meetings, the task force members anonymously voted
on every acquisition and preprocessing step after presentation of
the literature review and after the ensuing group discussion. On
the basis of a Delphi method, expert consensus was reached
when =60% of the members recommended a specific acquisition/
preprocessing step.® The parameters that were not recommended
were deemed optional. Subsequently, 2 American Society of
Pediatric Neuroradiology neuroradiologists with expertise in pedi-
atric fMRI were invited to provide additional input as it related to
pediatric rs-fMRI.

RECOMMENDATIONS OF

Preprocessing Steps

Recommended

ACQUISITION AND

Motion correction Yes, for SBC and ICA
STC Optional for TR =2

Recommended for TR >2 for SBC and ICA

Elimination of systematic odd-even
slice-intensity differences

Despiking

Volume censoring/scrubbing

Linear detrending

Nuisance regression: CSF/white matter

Nuisance regression: head motion

Nuisance regression: global signal

Temporal filtering

Spatial smoothing

Optional

Yes, for SBC only
Yes, for SBC and ICA
Optional

Yes, for SBC only
Yes, for SBC and ICA
Optional

size for SBC and ICA

Yes, bandpass filtering for SBC and ICA
Yes, with smoothing kernel at twice the voxel

PREPROCESSING STEPS
Acquisition Steps

Length of Scan: Recommend Minimum
of 6 Minutes. Because the scan acquisition
time for rs-fMRI can influence the sensi-
tivity, reliability, and stability for detecting
1s-FC, determining the appropriate scan
length is important. The task force recom-
mends a minimum rs-fMRI scan time of
6 minutes for preoperative mapping of the
motor, language, and visual areas in
patients with brain tumor and epilepsy.
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The reliability, consistency, and strength of rs-fMRI increases
with scan duration. Birn et al” have shown that the reliability
across the 153 rs-FCs increased with scan duration and demon-
strated improvement in the intrasession reliability of rs-fMRI FC
by 20% at 12 versus 6 minutes. An even greater improvement in
intrasession reliability was noted at 6 minutes (intraclass correla-
tion coefficient = 0.4) compared with 3 minutes (intraclass corre-
lation coefficient= 0.2).” Stronger reliability of the functional
connectivity (FC) was noted with increased scan acquisition, but
this improvement plateaued at around 13 minutes.” However,
these studies were conducted on healthy subjects.

For patients with neurologic deficits who need mapping of
large cortical areas, shorter scan duration may be more clinically
optimal® In most preoperative MR imaging examinations,
patients need to undergo scanning for extended periods of time
to include anatomic registration images, tb-fMRI, DTI, and other
clinical sequences, and lying still in a scanner will likely be tiring
and uncomfortable, especially for patients who are claustropho-
bic.® Furthermore, longer scan times could increase the chance of
excessive head motion and patients falling asleep. Six minutes of
scanning time was shown to be sufficient for the correlation
strengths within and between major RSN to stabilize in healthy
participants, with only minimal benefits beyond this duration.’
Even shorter scan times, approximately 3-4 minutes, have been
shown to reliably detect motor and language areas, using a high-
speed multiband acquisition with a very short (eg, <500 ms) tem-
poral resolution in patients with glioma.'®

For the purposes of presurgical mapping of motor, language,
and visual areas, we thus recommend a minimum of 6 minutes of
scan time, acknowledging that more scan time may be needed to
map other rs-fMRI networks. From our literature review, 79/86
(92%) studies reported the scan length per session that they used.
The mean, mode, and median scan lengths per session were the
following: 7, 6, and 6.1 minutes with the scan length ranging
from 4.3 to 28 minutes. In addition to reporting the total length
of the scan, we chose to report the scanning time by the length of
scan per session: 67/79 (85%) studies had 1 rs-fMRI acquisition
session, 9/79 (11%) studies had 2 rs-fMRI sessions, and 3/79 (4%)
had 4 rs-fMRI sessions. Thus, on the basis of the literature review,
most of the studies used only 1 rs-fMRI acquisition session.

Eye Status: Recommend Eyes Open with Fixation. Three eye sta-
tus conditions during presurgical rs-fMRI were considered: eyes
closed (EC), eyes open with fixation (EO-F), and eyes open with-
out fixation (EO). The specific eye status condition can impact
the strength, reliability, and consistency of rs-FC.'' As discussed
below, the task force recommends EO-F, typically to a crosshair.
At institutions that cannot accommodate EO-F, the EC is consid-
ered acceptable for presurgical planning.

Patients closing their eyes during a rs-fMRI scan increases
their risk of falling asleep.'>'* Tagliazucchi et al'® demonstrated
in 71 healthy subjects with EC during a rs-fMRI scan that after
4 minutes of scanning, one-third of the participants fell asleep,
and within 10 minutes, one-half were asleep. However, in EO-F,
they stayed awake longer compared with either EC or EO."* Most
importantly, Tagliazucchi et al showed changes in rs-FC in vari-
ous brain areas, including the sensorimotor and visual areas,

during sleep compared with the awake state.'> Furthermore,
Wang et al'* showed that being awake increased test-retest reli-
ability across various RSN, including the somatomotor and vis-
ual networks. Furthermore, Agcaoglu et al'® noted that the EC
condition likely led to subjects being drowsy and daydreaming,
which led to more variability and no interactions with demo-
graphic covariates in contrast to the EO-F condition.

Conversely, the EC and EO states are considered true resting
states and not as cognitively demanding as EO-F.'® Additionally,
multiple studies have shown that variability in the strength or

15,17,18 111,16,17 net-

reliability of the FC of sensorimotor and visua
works to other networks depends on the eye status condition.
While this result would be a factor to consider if we were to quan-
tify or analyze FC, for the purpose of preoperative mapping of
cortical areas, ensuring that the patients are awake and minimiz-
ing movement should be emphasized. In this regard, both the EC
and EO are less favorable because of potential excess eye move-
ment during the scan compared with EO-F."! In EC, patients fall-
ing asleep could lead to excessive head motion.

From our literature review, 70/86 (81%) studies reported the eye
status condition of their patients. Thirty-five of 70 (50%) studies
had their patients close their eyes, 24/70 (34%) studies had patients
fixate their eyes on a crosshair, 6/70 (8.6%) studies had patients
open eyes without fixation, and 5/70 (7.1%) studies had sedated
patients. More rs-fMRI studies using the eyes closed condition may

be because it is logistically easier than displaying a crosshair.

Order of rs-fMRI versus tb-fMRI: Recommend rs-fMRI before
tb-fMRI. The task force recommends that rs-fMRI be obtained
before tb-fMRI when feasible. The FC of rs-areas can be influ-
enced by tasks.'”* Wang et al'® reported changes in the nodal
degree and global efficiency across intra- and extra-default mode
areas and FC during the posttask relative to pretask resting states
in healthy participants. Tung et al*’ noted a transient (5 minute)
effect of increased FC between the motor cortex in the post-
motor task resting state compared with pretask.”® This effect was
not noted in the control group. Because tb-fMRI protocols can
vary among patients and institutions, having patients undergo rs-
fMRI and then tb-fMRI will allow better standardization for mul-
ticenter studies. Furthermore, because rs-fMRI is more sensitive
to motion artifacts than tb-fMRL* acquiring it near the start of
the imaging session would reduce the chance of these artifacts.
Nevertheless, if tb-fMRI needs to be obtained before rs-fMRI due
to established institutional protocols and subject limitations, it is
the opinion of the task force that rs-fMRI can still be analyzed. A
compromise is that other structural imaging such as DTT can be
performed between tb- and rs-fMRI acquisitions to minimize
potential tb-fMRI influences on rs-fMRI FC.

From our literature review, 58/86 (67%) studies reported
using both rs-fMRI and tb-fMRI paradigms. Twenty-six of 58
studies (45%) reported a specific order in which they performed
both fMRI scans. Eighteen of 26 (69%) studies acquired rs-fMRI
before tb-fMRI paradigms, whereas 8/26 (31%) studies per-
formed tb-fMRI before rs-fMRI.

Repetition time (TR): Recommend TR of =2 Seconds. For rs-
fMRI, using a single-shot EPI sequence is most common. TR
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defines the repetition time or the rate of sampling of the low-
frequency rs-BOLD signal fluctuation. The task force recommends
a TR of =2 seconds.

An accelerated TR can improve the discrimination of different
components with ICA because of the increase in temporal infor-

mation.”!

The Human Connectome Project (https://www.
humanconnectome.org/) used a TR of 0.7 seconds to scan 1200
controls, improving identification of resting-state signal fluctuations
and increasing their ability to detect physiologic noise.”* Voets et
al® reported similar findings and compared the use of 3 different
temporal sampling rates at 0.72, 1.56, and 3.5 seconds to localize the
motor region in patients with gliomas. Using a TR of <2 seconds
compared with 3.5 seconds resulted in greater success in localizing
and spatially separating the motor region into its 3 functional
zones.” Additionally, a long TR of >4-5seconds approaches the
Nyquist limit frequency for typical BOLD frequencies (<0.1 Hz).
Using simulated tb-fMRI, Parker et al** observed a decrease in t-sta-
tistics with longer TRs.** The gain in t-statistics due to the slice tim-
ing correction (STC) was negligible at a TR of <2 seconds
compared with a TR of >2 sections (see STC correction below).

In modern scanners, multiband acquisition allows shorter TR
while maintaining whole-brain coverage, which can increase
rs-fMRI sensitivity*' and statistical power. If one is not using si-
multaneous multislice scanning, shortening the TR will compro-
mise the spatial resolution or section coverage.”> Multislice
scanning capability may not be readily available on clinical scan-
ners at this time.

From our literature review, 85/86 (99%) studies reported the TR
they used. The mean, mode, and median TRs were the following:
2.2, 2, and 2 seconds with the TR ranging from 0.14 to 5 seconds.

Physiologic Noise-Source Monitoring: Optional. Physiologic
noise-source monitoring of cardiac and respiratory origins aims
to remove low-frequency physiologic fluctuations unrelated to
neuronal activity that could introduce artifacts and decrease the
sensitivity of rs-fMRL*® The 2 main sources of physiologic fluctu-
ations are heart-related variations, typically around 0.9-1.2 Hz,
and respiratory variations, around 0.2-0.4 Hz2° which can be
detected via photoplethysmography on the index finger and a
pneumatic belt around the abdomen, respectively.”” Cardiac pulsa-
tions can cause CSF and brain parenchymal movement, which can
cause changes in the BOLD fMRI series, specifically in the verte-
brobasilar system.*® Respiratory movement can affect rs-fMRL>®
The task force considers physiologic noise monitoring optional.
Although physiologic recording correction for physiologic
variations is possible using retrospective correction techniques
like RETROICOR,?® the signal variation can also be minimized
through a combination of appropriate data-preprocessing steps.”
RETROICOR can suppress both cardiac and respiratory fluctua-
tions by 68% and 50%, respectively.”® Finite impulse response
band-reject digital filters and retrospective gating in k-space using
data-driven algorithms can also remove cardiac and respiratory
fluctuations.”® However, these steps require external physiologic
monitoring, which would be additional steps that could unneces-
sarily lengthen the fMRI procedure in the clinic. In contrast, there
are software solutions that do not require such external monitor-
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ing. For example, Behzadi et al” have shown that by using

142 Kumar Feb 2024 www.ajnr.org

anatomic component correction, cardiac and respiratory noise can
be simultaneously removed by conducting white matter and CSF
regression without external monitoring. Van Dijk et al” showed that
regressing nuisance correlations from white matter, ventricular, and
whole-brain signals can adequately remove artifacts from cardiores-
piratory sources. Bandpass filtering out low-frequency fluctuations
can also remove physiologic fluctuations. Separating noise compo-
nents with independent component analysis could offer additional
correction.™

Monitoring physiologic noise for removal may be helpful in
patients anticipated to have excessive physiologic variation, such
as pediatric patients or those with movement disorders. Notably,
variations in respiration could be <0.1 Hz, which overlaps with
BOLD signal fluctuations between 0.01 and 0.1 Hz,>* precluding
straightforward removal by bandpass filtering. However, even in
the situation above, using a short TR, ICA, or a combination of
various preprocessing techniques, such as nuisance regression9 or
global signal regression,®' can reduce the noise contributions and
make it feasible to detect the rs-BOLD signal relevant to preoper-
ative mapping of rs-FC. In multislice fMRI data, physiologic
noise sources at greater frequencies than the expected bandwidth
of rs-fMRI BOLD fluctuations can, through undersampling, be
aliased down into the target signal band.*

Two of 86 (2.3%) studies in our literature review externally
monitored and adjusted for cardiac and respiratory sources of
variation in the BOLD signal.

Gadolinium-Based Contrast Agent Administration: Recommend
rs-fMRI before Contrast Administration. There is limited literature
support for IV administration of gadolinium-based contrast
agents before or after rs-fMRI. Clinical decisions on when to
administer gadolinium-based contrast agent will typically depend
on institutional policy, experience, and/or the purpose of the
fMRI scan. In a tb-fMRI study, Naganawa et al*> showed that
administering gadolinium-based contrast agents decreased the
sensitivity at which the primary motor cortex could be localized
in 8 healthy participants who underwent a self-paced motor task
compared with precontrast imaging.

The task force recommends obtaining the rs-fMRI scan before
contrast administration. However, in cases in which a patient’s
standard-of-care imaging needs to be prioritized and information
gleaned from rs-fMRI might be helpful, postcontrast rs-fMRI
data could still be interpreted with caution. This suggestion is
especially relevant in cases in which the patient may not be able
to complete the entire scan.

Scanner Field Strength: Recommend 3T or Higher. Based on the
literature review, the most common MR imaging field strength
used for rs-fMRI is 3T. Scanners of all 3 field strengths (1.5T, 3T,
and 7T) can be used for preoperative mapping of rs-areas.
Scanners with higher field strengths produce higher SNRs, which
can be used to achieve higher spatial resolution.>* Additionally,
the greater magnetic susceptibility effects at higher magnetic field
strengths increase the expected BOLD signal change. Garcia-

Eulate et al’> showed that 3T MR imaging showed improved
localization of the motor and somatosensory areas with rs-fMRI

compared with 1.5T. Krasnow et al*® also determined activation
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in several regions such as the inferior frontal gyrus, orbitofrontal
gyrus, and lingual gyrus with 3T, which could not be detected
with 1.5T.

Compared with 3T, a 7T study has shown more precise map-
ping of RSNs,”” and another study showed that the measured rs-
fMRI signal increased almost 2-fold.*® However, not only is 7T
less widely available than 3T, it can introduce more physiologic,
motion, and susceptibility artifacts.>® If a patient has implants
that are MR imaging—conditional at only 1.5T or metal objects
that are expected to cause susceptibility artifacts near the func-
tional areas of interest, then 1.5T may be preferable.

From our literature review, 85/86 (99%) studies that used rs-
fMRI for presurgical mapping reported the scanner field strength
used. Seventy-five of 85 (88%) studies acquired rs-fMRI with 3T
scanners, 9/85 (11%) studies used 1.5T scanners, and 1/85 (1.2%)
studies used a 7T scanner.

Preprocessing Steps

Motion Correction: Recommended for Both SBC and ICA.
Motion correction involves spatially realigning the dynamic vol-
umes acquired during the rs-fMRI scan to a reference volume
that is usually the first or the middle volume of the scan.*® The
task force recommends including motion correction as a prepro-
cessing step for both SBC and ICA.

Head movement, even in the order of millimeters, can prevent
accurate rs-fMRI estimates.” Head motion can cause a change in
tissue composition within a voxel, which can, in turn, affect its
net magnetization and introduce spin-history artifacts that could
be difficult to distinguish from true rs-fMRI signal.” Head motion
introduces distance-dependent bias,*® in which movement can
increase BOLD signal changes in certain regions of the brain but
cause a decrease in others.*! Finally, head motion can introduce
BOLD signals that may not be distinguishable from neural activ-
ity,> contributing to false-positive connections. Especially with
the high susceptibility to motion artifacts of rs-fMRI, motion cor-
rection is essential to improve its sensitivity” and specificity.**

Jo et al*® showed a decrease in distance-dependent correlation
bias after motion correction.*” Maknojia et al> noted that motion
correction was essential to isolate true rs-networks from noise, and
Beall et al** showed a reduced image temporal standard deviation
(SD) after motion correction. Additionally, motion parameters can
be included in the general linear model for nuisance regression.**
Oakes et al*? did a comparative analysis of commonly used soft-
ware programs such as Analysis of Functional Neuro Images
(AFNI http://afni.nimh.nih.gov/afni), SPM (http://www.fil.ion.ucl.
ac.uk/spm/software/spm12), FSL http://www.fmrib.ox.ac.uk/fsl,
AIR,>* and BrainVoyager (https://www.brainvoyager.com/bv/
doc/UsersGuide/BrainVoyager
UsersGuide.html) and concluded that all performed equivalently.

While motion correction can improve data quality, it cannot
negate all the effects of head motion.*”*” Head motion control
should be emphasized to the patients being scanned. Additionally,
other preprocessing techniques such as despiking, volume censoring,
and/or head motion regression should additionally be considered.””

All the studies in our literature review, including those that
used SBC, ICA, and other methods, conducted motion correction
(100%, 86/86).

STC: Optional at a TR of =2 Seconds; Recommended at a TR of
>2 Seconds for Both SBC and ICA. The majority of fMRI studies
use a 2D multislice single-shot gradient-echo EPI sequence.
Because the slices are acquired via a sequential or interleaved
mode, each section is acquired at a different time within the
TR.2* These time differences cause temporal shifts in the data,
which could result in a mismatch between the measured-versus-
actual hemodynamic response.*® STC accounts for such time dif-
ferences by temporally realigning the individual slices to a refer-
ence section to correct for any phase shifts, to model the signal
from the whole volume at the same time point.*” The task force
recommends STC at a TR of >2 seconds for both SBC and ICA.
If the recommended TR parameter is followed at a TR of =2,
then STC would be an optional step.

At a TR of =2 seconds, STC will likely have minimal benefit
in detecting activation in the RSNs compared with not applying
the correction.*’ At this short TR, acquisition delays between sli-
ces are minimal. The Human Connectome Project rs-fMRI used
a subsecond TR and did not use STC because of unavoidable
errors from temporal interpolation that could obscure high-fre-
quency signals.*> Parker et al** have shown that STC at a TR of
<2 seconds for tb-fMRI TRs of 0.5and 1.1 seconds using FSL and
SPM resulted in only minimal benefits of 2.2% and 5% compared
with uncorrected data at TR = 2seconds for which the benefit
was 15.6%.>* Poldrack et al’® do not recommend using STC at a
short TR because artifacts in the reference image could be propa-
gated to other slices.

Atalonger TR, STC can improve detection of both rs-FC and
tb-fMRI activations by removing temporal sources of variance,”
particularly in cases with medium-to-high motion.** Parker et
al** demonstrated a improvement of 55.7% in global t-statistics at
a TR of 5seconds compared with or without STC. STC is espe-
cially important when mapping the dorsal areas such as the
motor cortex.*® STC at a TR of >2 can also be synergistic when
combined with other preprocessing steps. Because movement
introduces both spatial and temporal artifacts, a combination of
STC and motion correction is needed to avoid the time-series
consisting of temporally nonuniform samples.*® Additionally,
STC is necessary when using spatial smoothing because slices
with large delays could introduce residual data when averaged
with adjacent slices with smaller delays.**

From our literature review, 62/86 (72%) studies performed
STC, among which 26 studies were scanned at a TR of
=2 seconds and the other 36 were scanned at TR >2 seconds.

Elimination of Systematic Odd-Even Section-Intensity Differences:
Optional. During interleaved section acquisition, odd-numbered
and even-numbered slices are acquired with a relatively large
time difference, which can be up to half the TR. The task force
considers elimination of systematic odd-even section-intensity
differences an optional preprocessing step.

On the basis of expert opinion, it is no longer necessary to elim-
inate odd-even section-intensity differences with newer model
scanners. However, before the advent of such scanners, elimination
of odd-even section-intensity differences was necessary to exclude
crosstalk between interleaved section acquisitions.” Additionally, lim-
ited studies and rs-fMRI software tools use this preprocessing step.
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From our literature review, 11/86 studies (13%) eliminated
systematic odd-even section-intensity differences.

Despiking: Recommended for SBC Only. Despiking is a method
to correct spikes representing artifacts induced by sudden motion
or system instability in the fMRI time-series by truncating,
removing, or interpolating® signal of the independent voxels.
Spikes are often defined as signals that exceed the median and/or
mean of the rs-fMRI time-series by a set SD. The task force would
recommend despiking for SBC only. On the basis of the literature, a
maximum threshold of <<5% would likely be acceptable. Patel et
al® reported wavelet despiking at an average of 1.5% and excluded
patients with spike percentages of >5% because they had moved
excessively. Power et al> also used the despiking setting of 4% with
the ArtRepair software (https://www.nitrc.org/projects/art_repair/).

Despiking can identify and remove a wide range of move-
ment-induced artifacts across different frequencies that may not
be typically removed by other preprocessing techniques, such as
linear regression.”> Even small movements of the head can intro-
duce secondary sources of artifacts, including spin-history arti-
facts, which have failed to be effectively removed by nuisance
regression and/or volume censoring.”> However, despiking, spe-
cifically wavelet despiking, recently introduced by Patel et al*> has
proved effective in removing these types of motion artifacts from
low-to-high frequencies. Patel et al showed that combining wave-
let despiking with regression was superior in removing both lin-
ear and nonlinear sources of artifacts related to movement and
retained less signal variance compared with nuisance regression
alone. When combined with nuisance regression, it could identify
correlation estimates at strengths similar to those of volume cen-
soring.** However, compared with volume censoring, despiking
removes voxels with motion artifacts without removing the entire

volume of data.*?

Despiking is especially recommended in
patients with potentially rapid head movements, such as patients
with epilepsy and/or pediatric patients.”

On the other hand, despiking can potentially flag too many
data points for correction. Replacing flagged data by interpolating
adjacent data could add too many artificial signals. Removing too
many data points could prohibit detection of functional correla-
tions. Therefore, when using despiking, users need to avoid being
too aggressive.

From our literature review, only 8/86 studies (9.3%) used des-
piking, because it is not available in many commonly used soft-
ware packages. However, among the 8 studies that used it, 14% of
the studies that employed SBC used despiking, whereas 5% of the
studies that utilized ICA used despiking.

Volume Censoring/Scrubbing: Recommended for Both SBC and
ICA. Volume censoring or scrubbing is frame wise removal of any
volume with excessive movement or signal changes over a prede-
termined threshold.*' Such volumes are identified by first calcu-
lating the frame wise displacement of the head position, which
measures how much the head moved compared with previous
time points and/or DVARS (D: temporal derivative of time
courses, VARS: RMS variance over voxels), which measures the
rate of change of BOLD signal across the entire brain at each
frame of data.*' If the frame wise displacement or DVARS of
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specific volume exceeds a set threshold, that volume would be ei-
ther dampened, removed,*! or in‘[erpolated.27 The task force
would recommend volume censoring for both SBC and ICA.

The threshold will determine how much data will be removed.
It will depend on various factors, such as the number of time
points and the duration of the scan. The task force cannot recom-
mend a specific threshold at this time. On the basis of the litera-
ture, Power et al*! chose a value of 0.5mm for frame wise
displacement and a 0.5% change in BOLD signal for DVARS to
represent the minimum threshold for movement in still adults. In
healthy children, they reported approximately 25% of the rs-
fMRI data being affected by motion artifacts. They required a
minimum of at least 125 frames, around 5 minutes of data, to be
kept after scrubbing, but they had no maximum threshold for
how much data could be removed.*'

Artifacts in rs-fMRI data can be caused by various sources.*!
Susceptibility artifacts can cause image distortions and signal
dropouts.*! Even a small head movement can cause a shift in the
position of the brain in space, which can cause a large difference
in the amplitude of the BOLD signal and subsequently changes in
rs-FC.*' Head movement can also cause short-range correlations
to strengthen, whereas medium- to long-distance FC weakens
them.*” Volume censoring can correct for this bias.*> Although
volume censoring and despiking have similar goals in eliminating
motion artifacts exceeding a threshold, volume censoring may be
advantageous in patients with the potential for large movements,’
removing entire frames of data instead of only affected voxels.
Additionally, when slow, residual movements are spread over
consecutive voxels, volume censoring may, in theory, perform
better than despiking.

The disadvantage with volume censoring is that because entire
frames of data are removed, more data are typically removed
than in other preprocessing steps. Power et al*! reported remov-
ing up to 39% of the data after volume censoring of 22 healthy
children who underwent rs-fMRI. For cooperative patients with
relatively little motion, volume censoring is expected to be benefi-
cial; however, in patients who move excessively, volume censor-
ing may be unfavorable.

From our literature review, 20/86 (23%) studies performed
volume censoring.

Linear Detrending: Optional. Linear detrending removes linear
BOLD signal drifts or trends typically caused by scanner instabil-
ity, physiologic fluctuations, and/or head motion.”*** The task
force considers linear detrending optional.

Typically, linear signal drifts are low-frequency in nature and
can mostly be accounted for by using bandpass and/or high-pass
filtering. However, if temporal filtering is not performed, linear
detrending is necessary and can help account for scanner instabil-
ities or residual slow head movement.

From our literature review, 41/86 (48%) studies performed
linear detrending.

Nuisance Regression: CSF/White Matter Regression—Recommended
for SBC Only. Nuisance signal regression removes temporal compo-
nents in BOLD signal time courses that are correlated with head
motion and CSF/white matter signal fluctuations to eliminate non-


https://www.nitrc.org/projects/art_repair/

neural contributions.® Currently, the main method for nuisance sig-
nal regression is a general linear model-based approach in which
motion time curves and tissue-based signal time courses are
regressed from the rs-fMRI data.®® The task force would recom-
mend nuisance regression of CSF/white matter signal time curves
for SBC only.

Because most neuronal activation occurs in the gray matter,
signal changes in the white matter and CSF would mostly be
non-neural in origin, such as cardiac and respiratory fluctua-
tions.”” These can be estimated from various sources including
anatomic data, ROIs with high temporal SDs, and noise compo-
nents from ICA or principal component analysis.”>>” Nuisance
regression of CSF, white matter, and head motion can reduce
temporal SDs* and improve the specificity at which FC can be
estimated.>® Muschelli et al*®
causing variability in FC while preserving the signal of interest

noted a decrease of motion artifacts,

with nuisance regression of CSF and white matter. While band-
pass filtering without nuisance regression reduces BOLD signal
fluctuations due to motion, it did not prevent the spread of
motion-contaminated BOLD signal fluctuations.”®

In cases of standard space transformation for individual
patients, incorrect tissue segmentation or inclusion of nuisance
signals that represent neural activity would reduce the perform-
ance of nuisance regression.”” Furthermore, a portion of white
matter or CSF can be misclassified by large brain tumors or other
lesions, affecting the fidelity of the nuisance regressors. From our
literature review, 51/86 (59%) studies performed nuisance regres-
sion of CSF and/or white matter. Forty-eight of 51 (94%) of these
performed both white matter and CSF regression, while 3/51
(5.9%) performed regression for only CSF. Of these 51 studies,
79% of the studies used SBC compared with 33% of the studies
that used ICA.

Nuisance Regression: Head Motion Regression—Recommended
for Both SBC and ICA. Head motion regression is another type of
nuisance regression in which translational and rotational motion
estimates from image realignment are applied as the nuisance
regressors.”” The number of motion parameters ranges from 6 to
36,27°° with 6 being the most common.?” The expert task force
recommends head motion regression for both SBC and ICA.

Due to the complex effects of head motion, image spatial
realignment is not enough to fully eliminate motion artifacts,”®
and additional correction is of benefit. Although volume registra-
tion works well for small movements, larger motion errors can
arise during realignment.® Patients may move more than healthy
adults.® Furthermore, head movement can warp the magnetiza-
tion gradient,? possibly resulting in image distortions.

A possible problem with head motion regression is that in
cases of extensive head motion, the realignment parameters may
still not fully explain the motion-related signal changes.”’”
Additionally, an excess of motion regressors could remove neuro-
nal-related signal fluctuations,”” especially in cases in which there
is minimal head movement.® From our literature review, 45/86
(52%) studies conducted head motion regression.

Nuisance Regression: Global Signal Regression Optional. Global
signal regression (GSR) is regressing out the average time-series

across the whole-brain volume. GSR is an effective though con-
troversial means of reducing widely shared variance and thereby
improving the spatial specificity of computed maps.®*** The task
force considers GSR an optional preprocessing step.

Part of the global signal is of neural origin;*> however, much
of the global signal represents non-neural artifacts attributable to

physical effects of head motion®"**%*

and variations in the par-
tial pressure of arterial carbon dioxide.*® GSR can reduce signal
variances due to head motion and physiologic fluctuations better
than CSF and white matter regression and motion correction
combined.’ Without GSR, all parts of the brain appear to be
strongly positively correlated.”7® GSR causes all subsequently
computed correlation maps to be approximately zero-centered;
in other words, positive and negative values are approximately
balanced over the whole brain.®’ Thus, GSR negatively biases all
computed correlations but preserves relative iso-correlation con-
tours. This negative bias has caused some to criticize GSR because

7172 and removes neural

it induces artifactual anticorrelations
components in the global signal, though an alternative counter
view is that widely shared variance in the fMRI signal induces
artifactual positive correlations. More recent objections to GSR
suggest that it can distort quantitative FC differences across diag-
nostic groups.”>’* A more recent consensus article attempts to
reconcile these opposing viewpoints.”

From our literature review, 27/86 (31%) studies conducted GSR.

Temporal Filtering: Recommended Bandpass Filtering for Both
SBC and ICA. Bandpass, low-pass, or high-pass temporal filtering
has been commonly applied for rs-fMRI. This preprocessing step
removes BOLD signal components with frequencies typically
lower than 0.01 Hz and/or higher than 0.1 Hz. The task force rec-
ommends bandpass filtering the rs-fMRI data for both SBC and
ICA. On the basis of the literature, 0.01-0.08 Hz was the most
common bandpass filtering frequency range.

Filtering out any frequencies outside the typical rs-fMRI fre-
quency range of 0.01-0.1 Hz is important to eliminate any residual
noise from head motion, physiologic origins, and/or low-frequency
drifts.”® Bandpass filtering increased the signal-to-noise separation
within well-known RSNs and increased the test-retest reliability of
whole-brain connectivity in both healthy controls and subjects with
mild Alzheimer disease.”” Bandpass filtering is often combined
with nuisance regression of CSF/WM, motion, and global signal.™®
In a study conducted by Risk et al,”® the accumulation of spatially
heterogeneous multiband noise, the physiologic noise from CSF
pulsations, and the variance from intracranial brain motion
increased the SD and resulted in reduced rs-FC estimates, even
when using nuisance regression. However, when nuisance regres-
sion was combined with bandpass filtering, they obtained higher
functional correlations at higher multiband factors.”® Additionally,
Van Dijk et al”” demonstrated that linear trends were removed
with bandpass filtering, while maintaining frequencies of <0.08 Hz.
Overall, bandpass filtering allows removal of extremes of high and
low BOLD signal frequencies and would, therefore, allow the best
estimate of localization of RSNs. The upper and lower thresholds at
which the BOLD signal is filtered usually depend on the institution.

A disadvantage of bandpass filtering is that neural signal
above or below the thresholds could be lost.”® Physiologic
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fluctuations in BOLD signal existing from 0.01 to 0.1 Hz may still
not be removed with bandpass filtering. For example, low-fre-
quency fluctuations due to the heart rate can occur at 0.04 Hz,
and small fluctuations in breathing, at 0.03 Hz* While such
physiologic fluctuations are non-neural in nature,”” they will be
reflected in the BOLD signal in white matter and CSF, which can
be removed through nuisance regression.

Low-pass and high-pass filtering can also be used in rs-fMRI
preprocessing. Low-pass filtering is advantageous because it can
filter out non-neural signals that are typically above 0.1 Hz.*’
Because most physiologic noise typically presents at high fre-
quencies,®® low-pass filtering can effectively remove such sources
of noise while retaining the rs-BOLD signal of interest. However,
intrinsic brain signal could still exist beyond 0.1 Hz.*’ Studies
that used high-pass filtering detected only frequencies above, usu-
ally, 0.01 Hz, because any frequencies below 0.01 Hz most likely
do not represent true rs-fMRI signal but represent noise instead.
High-pass filtering can be used as an alternative to linear detrend-
ing because it can remove linear drifts that occur at low frequen-
cies, below 0.02 Hz. However, high-pass filtering cannot remove
motion artifacts at frequencies above 0.01 Hz.

From our literature review, 75/86 (87%) studies applied a tem-
poral filter to the rs-fMRI data. Forty-five of 75 (60%) studies
applied bandpass filtering, 20/75 (27%) studies applied low-pass
filtering, and 10/75 (13%) studies applied high-pass filtering.

Spatial Smoothing: Recommended with a Kernel Size Twice the
Voxel Size for Both SBC and ICA. For spatial smoothing, the sig-
nal at each voxel is averaged across a range of neighboring voxels
to reduce noise® and increases sensitivity.*' The task force rec-
ommends spatial smoothing for both SBC and ICA with a kernel
size approximately twice the acquired voxel size. Kokkonen et
al® reported unsuccessful mapping of sensorimotor areas when
using unsmoothed data. Huang et al*® reported that a Gaussian
kernel size of 6-mm full width at half maximum with approxi-
mately 3-mm isotropic voxels increased the SNR of BOLD to
enable more reliable mapping of motor and language areas.
Alakorkko et al®® showed that spatial smoothing can increase the
correlation strength of voxels across rs-FCs. With young children
with smaller brain sizes, the operator could consider proportion-
ally reducing the voxel size and number of slices.

A smoothing kernel that is too small may have little benefit,
while a kernel that is too large could reduce spatial specificity.®’
A kernel size that is twice the voxel size of the functional images
has been recommended®** to ensure the validity of the random
field theory-based multiple comparison correction.®

From our literature review, 78/86 (91%) studies performed
spatial smoothing. The kernel size ranged from 1 to 10 mm full
width at half maximum, with a mean, mode, and median of 6.1,
6, and 6 mm full width at half maximum, respectively. Seventy-
four of 78 (95%) studies reported the kernel size they used.
Thirty-eight of 74 (51%) studies used a kernel size that was twice
the voxel size.

CONCLUSIONS
The American Society of Functional Neuroradiology, the
American Society of Pediatric Neuroradiology, and the American
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Society of Neuroradiology Clinical Translation of Functional and
Diffusion MR Imaging Study Group suggests the use of the pro-
posed standardized rs-fMRI acquisition and preprocessing steps
as initial guidelines for institutions using rs-fMRI for preopera-
tive mapping of language, motor, and visual areas in patients
with brain tumors and epilepsy. The recommendations provided
are based on a comprehensive review of the literature and con-
sensus opinion from experts in fMRI from institutions in the
United States and Canada. These rs-fMRI guidelines may lead to
the development of a standard rs-fMRI pipeline as well as com-
mercial rs-fMRI processing software. The rs-fMRI guidelines will
also encourage and standardize multicenter studies that will help
validate rs-fMRI for widespread clinical use. Future studies are
needed to define a specific order of the rs-fMRI preprocessing
steps, because currently, there is insufficient literature support and
not enough expert consensus to provide an order for all the steps.
Further studies are also needed evaluating the interactions of dif-
ferent preprocessing steps based on their order of implementation.
Finally, the task force would emphasize that while the recom-
mended acquisition/preprocessing steps are preferred, the ones
that were deemed optional are not necessarily precluded and may
be beneficial depending on the circumstances.

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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Diffusion-Weighted Imaging Reveals Impaired Glymphatic
Clearance in Idiopathic Intracranial Hypertension

Derrek Schartz, Alan Finkelstein, Nhat Hoang, Matthew T. Bender, ““ Giovanni Schifitto, and Jianhui Zhong
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ABSTRACT

BACKGROUND AND PURPOSE: The pathophysiology underlying idiopathic intracranial hypertension (IIH) remains incompletely
understood. While one theory postulates impaired cerebral glymphatic clearance in IIH, there is a paucity of methods to quantify
glymphatic activity in human brains. The purpose of this study was to use advanced diffusion-weighed imaging to evaluate the
glymphatic clearance of IIH patients and how it may relate to clinical severity.

MATERIALS AND METHODS: DWI was used to separately evaluate the diffusivity along the cerebral perivascular spaces and lateral asso-
ciation and projection fibers, with the degree of diffusivity used as a surrogate for glymphatic function (diffusion tensor image analysis
along the perivascular space. Patients with IIH were compared with normal controls. Glymphatic clearance was correlated with several
clinical metrics, including lumbar puncture opening pressure and Frisen papilledema grade (low grade: 0-2; high grade: 3-5).

RESULTS: In total, 99 patients with IIH were identified and compared with 6 healthy controls. Overall, patients with IIH had significantly
lower glymphatic clearance based on DWI-derived diffusivity compared with controls (P =.005). Additionally, in patients with IIH, there
was a significant association between declining glymphatic clearance and increasing Frisen papilledema grade (P =.046) but no correlation
between opening pressure and glymphatic clearance (P = .27). Furthermore, healthy controls had significantly higher glymphatic clearance
compared with patients with IIH and low-grade papilledema (P =.015) and high-grade papilledema (P=.002). Lastly, patients with IIH and
high-grade papilledema had lower glymphatic clearance compared with patients with IIH and low-grade papilledema (P =.005).

CONCLUSIONS: Patients with IIH possess impaired glymphatic clearance, which is directly related to the extent of clinical severity.
The DWI-derived parameters can be used for clinical diagnosis or to assess response to treatment.

ABBREVIATIONS: AQP = aquaporin; AUC = area under the curve; DTI-ALPS = DTl analysis along the perivascular space; FA = fractional anisotropy;

IIH = idiopathic intracranial hypertension; ROC = receiver operating characteristic

diopathic intracranial hypertension (ITH) is a disease character-
ized by increased intracranial pressure of unknown etiology."
While generally considered multifactorial, a principal underlying
process driving ITH pathophysiology has yet to be identified. A
small number of groups have recently theorized that ITH might
primarily be a consequence of abnormally functioning cerebral
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glymphatics with impaired clearance of CSF and cerebral intersti-
tial fluid.** Broadly, the cerebral glymphatic system is a “brain-
wide pathway for fluid transport, which includes the para-arterial
influx of subarachnoid CSF into the brain interstitium, followed
by clearance of interstitial fluid along large-caliber draining

veins.”

Nonetheless, experimental evidence supporting the dys-
functional glymphatic model for ITH remains sparse, largely due
to a paucity of methods to measure glymphatic flow within the
human brain.

Recently, MR imaging has been leveraged to noninvasively
evaluate the cerebral glymphatic system.®® More specifically, the
diffusion tensor image analysis along the perivascular space
(DTI-ALPS) technique has emerged as a robust imaging method
to quantify the degree of glymphatic clearance and has been used
in numerous prior studies.®'® DTI-ALPS allows the assessment
of glymphatic activity without intravenous or intrathecal contrast
agent injection. The glymphatic clearance assessed with DTI-
ALPS has been shown to be correlated with that assessed with the
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FIG 1. ROI by using atlas-based ALPS index. Top row: The projection (superior and posterior co-
rona radiata, magenta) and association (superior longitudinal fasciculus, yellow) fibers were
defined by the labels of the ICBM DTI-81 Atlas. Bottom row: Gray-scale maps of X, Y, and Z diffu-

sion with ROls.

direct intrathecal tracer-based measurement in humans.®'° In
short, the DTT-ALPS method measures the diffusivity along the
perivascular space compared with projection and association fibers
adjacent to the lateral ventricle body, and serves as a measure of
glymphatic outflow.”'* Here, we hypothesized that patients with
ITH possessed impaired glymphatic clearance that could be directly
identified and measured by using the DTI-ALPS method.

MATERIALS AND METHODS

Patient Cohort

In this retrospective study, approved by our Institutional
Research Subject Review Board (STUDY00008280), 99 patients
with clinically diagnosed IIH were retrospectively identified
from our single-center tertiary care institution from 2016 to
2023. A small set of healthy controls (n = 6) were also retrospec-
tively identified who possessed no significant medical history
(including no history of chronic headaches), and had normal
brain MRIs. All subjects had previously undergone MR imaging
as part of their standard of care (performed as part of a standar-
dized MR imaging protocol), including structural T1-weighted
imaging and DWI with 12 or 14 directions.

Inclusion and Exclusion Criteria
Patients with clinically diagnosed ITH were enrolled according to
diagnostic criteria as previously described by Friedman et al.''

Patients with no other confounding neurologic disorders (eg,
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brain tumor, migraine, multiple sclerosis,
meningitis, etc) were retrospectively iden-
tified based on the inclusion of a T1-
weighted scan and DWI with at least 12
directions. All imaging was completed
within 3 months of clinical diagnosis and
before any medical or interventional treat-
ment. Patients up to the age of 50 were
eligible for inclusion; patients older than
50 years were excluded because increasing
age and small vessel disease have been
shown to influence ALPS index and may

function as a confounding variable.>'?

Clinical Data

Clinical data on IIH patient demo-
graphics, presenting clinical features,
and pertinent past medical history were
collected and presented. Furthermore,
documented Frisen papilledema grade
at time of initial presentation and diag-
nosis was collected along with lumbar
puncture opening pressure in the lateral
decubitus position.

Image Acquisition

All images were acquired on a 3T
Discovery 750 MR imaging system (GE
Healthcare) with an 8-channel head
coil. Anatomic T1-weighted imaging
was acquired as well as a standard clini-
cal DTI protocol with 12-14 diffusion-weighted directions with
b=1000 seconds/mm? and 4 b = 0 reference images.

Quantification with DTI-ALPS

This study leveraged the DTT-ALPS technique to quantify the degree
of cerebral glymphatic function, which has been well described in
prior studies.'® DWI data were corrected for eddy current-induced
distortion by using EDDY_CORRECT in FSL (https:/fsl.fmrib.ox.
ac.uk/fsl/fslwiki/eddy). Susceptibility-induced distortion was cor-
rected by using INVERSION consisting of inverse contrast normal-
ization of T1-weighted data and diffeomorphic coregistration by
using symmetric normalization in ANTSs (http://stnava.github.io/
ANTs/).2 Diftusivity maps along the x-axis (Dxx), y-axis (Dyy), and
z-axis (Dzz) were computed in addition to fractional anisotropy
(FA), mean diffusivity, axial diffusivity, and radial diffusivity by
using DIPY (https://dipy.org/index.html). FA maps were coregis-
tered to the FA map template FMRIB58 atlas by using ANTSs. The
FA registration matrix was used to warp all other DTI maps to
standard space. Modified JHU ICBM white matter labels were used
for the projection (superior corona radiata) and association fibers
(superior longitudinal fasciculus) in the periventricular area.'* As a
quality assurance step, ROIs were defined in standard (MNI) space,
and all diffusion directions were warped to MNI space. In addition,
all subjects were individually reviewed for correct registration and
ROI placement. An example atlas-based ROI determination can be
seen in Figure 1. In accordance with prior studies, the DTI-ALPS
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FIG 2. A, Association between lumbar puncture opening pressure and Frisen papilledema grade
in patients with IIH. B, Association between glymphatic function (ALPS index) and Frisen papille-
dema grade. The glymphatic clearance on the x-axis is declining moving left to right. C,
Association between glymphatic clearance and lumbar puncture opening pressure in patients
with IIH. D, Box-and-whisker plot showing difference in glymphatic clearance between patients
with 1IH and low Frisen grade papilledema (0-2) and lower opening pressure (<50th percentile in
cohort) compared with patients with IIH and high Frisen grade papilledema (3-5) and higher open-

ing pressure (=50th percentile). * indicates P < .05.

index, which is used as a measure of glymphatic flow, was then
computed by using these labels, defined by the following:

mean(Dxxproj, DXXgssoc )

ALPS index =
mean(Dyypmj, Dzzussoc)

Statistical Analysis

Correlations among continuous variables (opening pressure,
Frisen papilledema grade, ALPS index, etc) were performed
via linear regression. Differences between and among groups
were assessed by an unpaired, 2-tailed ¢ test or 1-way ANOVA.
Additionally, receiver operating characteristic (ROC) curve
analysis with calculation of the area under the curve (AUC)
was completed to assess the diagnostic performance of the

ALPS index for patients with ITH
versus controls and between less-
severe and more-severe ITH cases. All
statistical analyses were completed
and graphed by using GraphPad
Prism statistical software (version
10). For all statistical tests, a P value
of =.05 was used to indicate statisti-
cal significance.

RESULTS

Patient Clinical Characteristics

A total of 99 patients with clinically
diagnosed ITH with sufficient MR
imaging sequences for analysis were
retrospectively identified. The average
age at diagnosis was 29years (SD:
8 years), 88% were female, and the av-
erage body mass index was 40.7 (SD:
8.3). Regarding presenting clinical
features, 90% presented with a head-
ache, 69.7% had visual disturbance,
94% had papilledema at presentation,
and the mean opening pressure on
lateral decubitus lumbar puncture
was 37.6 cmH,0 (SD: 9.4). Frisen pap-
illedema grade was explicitly docu-
mented in 81 of the patients with ITH
(median grade = 2). MRV was com-
pleted in 91 (92%) patients with ITH,
and some degree of venous sinus ste-
nosis was present in 82 (90%) cases.
Complete pertinent clinical character-
istics of the patients with IIH are
shown in the Online Supplemental
Data. Regarding healthy controls, 6
female patients were identified with a
mean age of 25.2 (SD: 2.3) and mean
body mass index of 27.2 (SD: 6.3).
There was no significant difference in
mean age between patients with ITH
and controls (P =.2). These 6 controls
had normal brain MRIs and had no
significant past medical history, including no history of chronic
headaches.

Glymphatic Clearance and DWI Analysis

First, there was no statistical difference in the number of DTI dif-
fusion directions between the subjects (mean, 17.529; SD: 9.4)
and controls (mean, 16.5; SD: 4.5) (P=.45). Overall, control
patients had significantly higher glymphatic clearance (ALPS
index mean, 1.23; SD, 0.04; coefficient of variation: 3.2%) com-
pared with patients with ITH (mean, 1.15; SD, 0.07) (P =.005).
Additionally, there was a significant correlation between worsen-
ing/increasing Frisen papilledema grade and lumbar puncture
opening pressure within the patients with IIH (P <.0001) (Fig
2A). There was also a significant association between declining
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FIG 3. A, Box-and-whisker plot showing glymphatic clearance and how it relates between controls
and patients with IIH and varying Frisen papilledema grades. B, Box-and-whisker plot showing differ-
ence in glymphatic clearance between controls and patients with IIH and low-grade papilledema
(Frisen grade 0-2) and high-grade papilledema (Frisen grade 3-5). * indicates P < .05; ** indicates P < .Ol.

FIG 4. ROC curve analysis assessing the diagnostic performance of
the ALPS index between patients with IIH versus controls and
between patients with IIH and less-severe (Frisen papilledema grade
0-1) and more-severe (Frisen papilledema grade 2-5) disease.

glymphatic clearance and worsening Frisen grade (P=.046)
(Fig 2B). However, there was no significant relation between
glymphatic outflow and lumbar puncture opening pressure
(P=.27) (Fig 2C). Given the significant association between
Frisen grade and opening pressure (Fig 2A), we hypothesized
that there may be a difference in glymphatic clearance between
patients with ITH and both low Frisen grade (0-2) and lower
opening pressure (<50 percentile of cohort) compared with
patients with both high Frisen grade (=3) and higher opening
pressure (=50 percentile). We found that patients with both a

152 Schartz  Feb 2024 www.ajnr.org

high Frisen grade and higher opening
pressure had significantly lower glym-
phatic clearance compared with those
with a low Frisen grade and lower open-
ing pressure (P =.029) (Fig 2D).

Because we found that glymphatic
clearance was significantly associated
with the clinical severity of papille-
dema (Fig 2B), we investigated how
the glymphatic outflow of controls
compared with patients with ITH and
varying Frisen grade. Between-groups
ANOVA test demonstrated signifi-
cantly different degrees of glymphatic
clearance between controls and differ-
ent Frisen grades (P=.01, Fig 3A).
Furthermore, patients with low Frisen
grade (0-2) papilledema had signifi-
cantly lower glymphatic clearance
compared with controls (P=.015).
Similarly, patients with high Frisen
grade papilledema (3-5) also had sig-
nificantly lower glymphatic clearance
compared with healthy controls
(P=.002). Last, patients with ITH and
high-grade papilledema also had significantly lower glymphatic
clearance compared with patients with ITH and low-grade papil-
ledema (P =.005) (Fig 3B).

ROC Curve Analysis

ROC curve analysis was completed to assess the diagnostic per-
formance of the ALPS index between IIH cases versus controls
and between patients with IIH and less-severe (Frisen grade 0-1)
and more-severe (Frisen grade 2-5) cases. Regarding ITH cases
versus controls, ROC curve analysis demonstrated an AUC of
0.842 (SD, 0.06, P=.005), where an ALPS index of <1.197 was
found to have a sensitivity of 71.7% and a specificity of 100% (Fig
4). When comparing less-severe IIH cases to more-severe IIH
cases, ROC curve analysis demonstrated an AUC of 0.64 (SD:
0.07, P=.045), where an ALPS index of <1.179 had a sensitivity
of 66.1% and a specificity of 60% (Fig 4). However, when com-
paring Frisen grade 0-2 versus Frisen grade 3-5, ROC curve anal-
ysis was not statistically significant (AUC: 0.62, P = .06).

DISCUSSION

This study used the DTI-ALPS technique to evaluate the cerebral
glymphatic system in patients with IIH. We found that overall
patients with IIH had significantly lower glymphatic clearance
compared with healthy controls (P=.005). Additionally, we
found a direct association between worsening clinical papille-
dema and declining glymphatic clearance (P =.046). Moreover,
this study demonstrated that, compared with controls, patients
with ITH had lower glymphatic clearance with both low-grade
(P=.015) and high-grade papilledema (P=.002). Overall, these
findings suggest that there is impaired glymphatic clearance in
ITH and that the degree of impaired clearance is directly associ-
ated with degree of clinical severity.



The pathophysiology of ITH remains incompletely under-
stood. Though many consider the pathophysiology to be multi-
factorial, there is a developing hypothesis that ITH is principally
due to impairment of the cerebral glymphatic system.>* Likewise,
some have postulated a link between aquaporin-4 (AQP4) altera-
tions and impaired glymphatic outflow resulting in ITH.>'
However, this hypothesis is largely theoretical with limited exper-
imental evidence to substantiate that glymphatic dysfunction is
actually present in ITH. One of the reasons for this is a paucity of
methods to evaluate the glymphatic system in patients.

While data are overall sparse, a few studies have suggested
that impaired glymphatic flow is present in ITH. One of the first
studies to suggest glymphatic dysfunction in IIH was by Alperin

et al'®

who compared 11 patients with ITH with 11 controls by
using MR imaging and showed increased gray matter interstitial
volume in patients with IIH. Additionally, a prior study by using
gadobutrol MR imaging tracer compared 15 patients with ITH
with 15 controls and found delayed tracer clearance in patients
with ITH, suggesting impaired glymphatic clearance.'” It has also
been shown that patients with ITH possess a higher quantity of
cerebral perivascular spaces, a suspected pathway of the glym-
phatic system, which has indirectly suggested impaired glym-
phatic outflow in TTH.'®

The presented analysis is the first study to demonstrate that
the magnitude of glymphatic clearance as defined with diffusion
measurement in ITH is directly associated with the extent of clini-
cal severity (Figs 2B, 3B), suggesting that impaired glymphatic
clearance underlies ITH pathophysiology and may drive disease.
These findings, combined with impaired cerebral venous outflow
thought to be involved in ITH, further suggest that ITH is a “glym-
phedema” of the brain.'® Likewise, it has been previously
hypothesized by Alperin et al'®* that resistance to cerebral ve-
nous return is the potential genesis leading to increased brain in-
terstitial volume. Together, this could suggest that impaired
cerebral venous return — possibly, via venous sinus stenosis, or
other mechanisms — results in veno-glymphatic congestion and
either causes or exacerbates the observed impaired glymphatic
clearance. Future studies may investigate how diffusivity is related
to extent of venous collaterals or degree of venous sinus stenosis.

Nonetheless, while our findings provide evidence for the IIH
glymphatic dysfunction model, the underlying molecular mecha-
nisms have yet to be elucidated. However, it has been theorized
that defective AQPs involved in cerebral fluid transport and
glymphatic outflow may be dysfunctional in ITH, possibly due to
hormonal or genetic alterations.” Likewise, AQP4 has been
shown to regulate water transport between the brain and CSF,?
and has also been shown to be differentially expressed in IIH.*'
Similarly, AQP1 has been implicated in drug-induced ITH.*
Regardless, further research is required to unravel the molecular
mechanism between IIH and possible glymphatic dysfunction.
Also, additional imaging analysis of other DTT parameters, such
as perfusion or chemical exchange saturation transfer imaging,
may yield clinically meaningful insights in patients with ITH.

This study has several limitations that need to be considered.
First, this is a single-center retrospective analysis, which subjects
it to the inherent biases of this study design, such as selection bias
of the included participants. In addition, recent work has shown

the ALPS index to be a robust metric across scanning parameters,
but that it can vary with the number of diffusion-weighting direc-
tions.® Additionally, an obvious limitation is the small number of
healthy controls within our cohort (n=6). Given the retrospec-
tive design of this study, identifying healthy controls without any
significant possibly confounding medical history, and with
adequate MR imaging sequences for analysis, is challenging.
Nonetheless, even with such a small number of controls, we still
detected a significant overall difference in glymphatic clearance
in patients with ITH (Fig 2). Moreover, we found that papilledema
grade was directly related to the extent of impaired glymphatic
clearance in ITH, which is inherently a control-independent anal-
ysis (Figs 2B, 3B). Regardless, we believe that future studies inves-
tigating the glymphatic system in patients with IIH should ideally
be prospectively designed and with a larger number of controls.

CONCLUSIONS

Based on DWI-derived diffusivity, patients with IIH possess
impaired glymphatic clearance that correlates with the extent of
disease severity, providing further evidence that primary glym-
phatic dysfunction may underlie ITH pathophysiology. These
DWI-derived parameters can also be used for clinical diagnosis
or to assess early response to treatment. Further studies are
needed to assess the efficacy of DTI-ALPS as a diagnostic and
prognostic biomarker in patients with ITH.

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
NEUROVASCULAR/STROKE IMAGING

Assessment of Collateral Flow in Patients with Carotid
Stenosis Using Random Vessel-Encoded Arterial Spin-
Labeling: Comparison with Digital Subtraction Angiography

Shanshan Lu, “*’Chungiu Su, “*'Yuezhou Cao, ““’Zhenyu Jia, ““’Haibin Shi, ““'Yining He, and ““Lirong Yan

ABSTRACT

BACKGROUND AND PURPOSE: Collateral circulation plays an important role in steno-occlusive internal carotid artery disease
(ICAD) to reduce the risk of stroke. We aimed to investigate the utility of planning-free random vessel-encoded arterial spin-
labeling (rVE-ASL) in assessing collateral flows in patients with ICAD.

MATERIALS AND METHODS: Forty patients with ICAD were prospectively recruited. The presence and extent of collateral flow
were assessed and compared between rVE-ASL and DSA by using Contingency (C) and Cramer V (V) coefficients. The differences in
flow territory alterations stratified by stenosis ratio and symptoms, respectively, were compared between symptomatic (n = 19)
and asymptomatic (n = 21) patients by using the Fisher exact test.

RESULTS: Good agreement was observed between rVE-ASL and DSA in assessing collateral flow (C = 0.762, V = 0.833, both
P <.001). Patients with ICA stenosis of =90% were more likely to have flow alterations (P <.001). Symptomatic patients showed a
higher prevalence of flow alterations in the territory of the MCA on the same side of ICAD (63.2%), compared with asymptomatic
patients (23.8%, P =.012), while the flow alterations in the territory of anterior cerebral artery did not differ (P =.442). The collateral
flow to MCA territory was developed primarily from the contralateral internal carotid artery (70.6%) and vertebrobasilar artery to a
lesser extent (47.1%).

CONCLUSIONS: rVE-ASL provides comparable information with DSA on the assessment of collateral flow. The flow alterations in
the MCA territory may be attributed to symptomatic ICAD.

ABBREVIATIONS: ACA = anterior cerebral artery; AcomA = anterior communicating artery; ASL = arterial spin-labeling; ECA = external carotid artery;
ICAD = internal carotid artery disease; pCASL = pseudocontinuous ASL; PcomA = posterior communicating artery; rVE-ASL = random vessel-encoded arterial
spin-labeling; SS = super-selective; VBA = vertebrobasilar artery; VE = vessel-encoded

ollateral circulation plays a pivotal role in maintaining cere-

bral perfusion, metabolism, and function in patients with
steno-occlusive internal carotid artery disease (ICAD).! The over-
all annual risk of stroke is ~9%-18% in symptomatic patients
with ICAD with compromised cerebral perfusion and poor col-
lateral flow.> Adequate collateral circulation can prevent hemody-
namic deterioration and lower the risk of stroke occurrence.>’
The primary collateral flow develops in the circle of Willis via the
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anterior and posterior communicating arteries (AcomA and
PcomA, respectively). Secondary collateral pathways include the
external carotid artery (ECA) via the ophthalmic artery and lepto-
meningeal anastomoses at the brain surface, which are recruited
when the primary collaterals are insufficient.* In clinical practice,
DSA remains the reference standard to assess collateral circula-
tions. However, this procedure is invasive and bears the risk of
neurologic complications and ionizing radiation, limiting its
availability for routine long-term surveillance.>® A noninvasive
method that demonstrates selective angiographic information is
desired to investigate collateral blood flow.

Arterial spin-labeling (ASL) MR perfusion imaging offers a
noninvasive approach to measuring cerebral perfusion.” '’
Among the ASL variants, vessel-selective ASL techniques enable
depicting flow territories and assessing collateral pathways, where
an individual or groups of brain-feeding arteries are labeled.>'' ">
Super-selective ASL (SS-ASL) and vessel-encoded ASL (VE-ASL)
are 2 conventional vessel-selective ASL techniques that are based
on pseudocontinuous ASL (pCASL) but employ additional
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gradients in between the radiofrequency pulses.'*'® SS-ASL ena-
bles the labeling of a single artery,'*'> while VE-ASL can label
multiple vessels simultaneously.'® However, prior knowledge of
the positions of the feeding arteries is required during the imple-
mentation of both SS-ASL and VE-ASL, which increases the
complexity of the protocol setting and prolongs scan preparation
time.!?> Furthermore, these conventional vessel-selective ASL
techniques are vulnerable to field inhomogeneity at the labeling
locations.'”'® To address the limitations, a random VE-ASL
(rVE-ASL) has been introduced,”® which not only allows for
mapping vascular territories without prior knowledge but also
uniquely identifies the locations of the corresponding feeding
arteries in the tagging plane.

In this study, we aimed to evaluate the clinical utility of rVE-
ASL in assessing collateral flows by comparison with DSA as the
reference standard in patients with ICAD. We further investi-
gated the flow alterations between patients with symptomatic and
asymptomatic ICAD.

MATERIALS AND METHODS

Patients

The ethics committee of our institution approved the study pro-
tocol, and written informed consent was obtained from all
patients. From February 2018 to December 2021, we recruited 53
patients with ICAD presenting with ICA stenosis (=50%) or
occlusion on noninvasive imaging (CT angiography, MR angiog-
raphy, or ultrasonography) who underwent DSA for further eval-
uation and agreed to participate in rVE-ASL imaging from our
single center. Those patients either experienced recent neurologic
events (acute ischemic stroke or transient ischemic attack) or
nonspecific neurologic symptoms, such as dizziness and head-
ache. For patients with nonspecific symptoms, DSA was consid-
ered by clinicians for further evaluation when patients presented
with ICA stenosis of =70%, or with ICA stenosis of =50% and
had unstable plaques on noninvasive images. The time interval
between DSA and rVE-ASL was within 1 week. After imaging,
those with severe motion artifacts (n = 8) on rVE-ASL, bilateral
ICA stenosis (n = 3), or severe intracranial arterial stenosis (n =
2) were excluded from further analyses. Finally, 40 patients (34
men, mean age 68.0 £ 10.8years) were enrolled, including 19
symptomatic patients and 21 asymptomatic patients.

MR Imaging Protocol

All the experiments were performed on a 3T MR scanner
(Magnetom Skyra, Siemens) by using a 20-channel head-neck
coil. Compressed-sensing time-of-flight MRA (CS TOF-MRA)
equipped with inline reconstruction was performed with the fol-
lowing parameters:'” TR = 21 ms, TE = 3.49 ms, flip angle =
18°, FOV = 220 x 200 mmz, matrix = 368 x 334, acquired reso-
lution = 0.6 X 0.6 x 0.6 mm?>, and reconstructed resolution =
0.4 x 0.4 x 0.4 mm’. The TOF coverage extended from the
bifurcation of the common carotid artery to the body of the cor-
pus callosum (16 cm). DWI was performed with the imaging pa-
rameters as follows: b-value = 1000 mm?/s, TR = 6400 ms, TE =
98 ms, FOV = 220 x 220 mm?, matrix = 192 x 192, section
thickness = 4 mm, 20 slices. T2-weighted FLAIR was performed
with the following parameters: TR = 8000 ms, TE = 97 ms, TI =
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Table 1: Distribution of collaterals grades by rVE-ASL and DSA

DSA collateral grade

rVE-ASL collateral grade 0 1 2 3 Total
0 0 0 0 0 0
1 0 12 2 0 14
2 0 1 4 0 5
3 0 0 0 21 21
Total 0 13 6 21 40

Note:— 0: poor, no visible collaterals; 1: intermediate, partial collateral flow to
the side of stenosis/occlusion; 2: good, full collateral flow to the side of steno-
sis/occlusion; 3: normal antegrade flow.

2370 ms, FOV = 230 x 230 mmz, matrix = 256 x 230, section
thickness = 5 mm, 20 slices.

rVE-ASL scan with background suppressed single-shot 3D
gradient- and spin-echo acquisition was performed with the fol-
lowing parameters: FOV = 220 x 220 mmz, matrix = 64 X 64,
TR = 3650 ms, TE = 36 ms, labeling duration = 1500 ms, post-
labeling delay = 1500 ms, 12 slices with the section thickness of
8 mm, 60 pairs of encoding steps with random orientation, phase
and wavelength were acquired with 2 additional pairs of global
label/control, leading to a total scan time of 7 minutes 32 seconds.

DSA Protocol

DSA was performed by using the modified Seldinger method
with a DSA machine (Allura Xper FD20, Philips). A 5F head-
hunter catheter was introduced into the ascending aorta via the
transfemoral route and navigated into the appropriate carotid or
vertebral artery, as decided by the angiographer. The arteries
were displayed in at least 2 projections by automatic injection of
6-8 mL of iodixanol 320 (Visipaque, GE Healthcare). DSA was
performed with a 270-mm FOV and a 1024 matrix, yielding a
measured pixel size of 0.27 x 0.27 mm”. We used variable
frames-per-second (fps) in the DSA protocol containing 3 phases
(phase 1: 6 fps for 4s; phase 2: 2 fps for 8s; phase 3: 1 fps for the
remaining acquisition).

rVE-ASL Postprocessing

rVE-ASL analysis was performed in MATLAB (MathWorks). The
images were subtracted pair-wise, resulting in 60 vessel-encoded
perfusion maps and 2 global perfusion maps. Theoretical ASL
signals at each location in the labeling plane were calculated by
using the 60 sets of predefined encoding parameters. The loca-
tions of feeding arteries were identified by calculating the corre-
lation coefficient between the acquired perfusion signal per
voxel and the theoretical ASL signals, and the corresponding
perfusion territorial maps were subsequently determined based
on the maximum correlation coefficient of each voxel. We di-
vided the perfusion territories into 3 regions: right ICA, left
ICA, and vertebrobasilar artery (VBA) territories. These images
were subsequently combined into a red-green-blue frame to
demonstrate the spatial distribution of the 3 perfusion territories
(right ICA territory as green, left ICA territory as red, and VBA
territory as blue).

Assessment of ICA Stenosis and Collateral Flow
The luminal stenosis ratio was calculated by 1 experienced neu-
rointerventional radiologist (14 years of experience) on DSA



FIG 1. A 71-year-old male asymptomatic patient with left ICA stenosis. A, TOF-MRA shows the ab-
sence of the left Al segment of the circle of Willis in this patient. B-D, DSA reveals a left ICA stenosis
of 60%, but with a normal antegrade flow (grade Ill). The right ICA angiogram reveals normal ante-
grade flow to the left ACA territory. E, Vascular territory maps generated by rVE-ASL display flow
territories of left ICA (red), right ICA (green), and VBA (blue), along with detected feeding arteries on
the labeling plane. The right ICA supplies the left ACA territory, consistent with the findings on DSA.

according to the North American
Symptomatic Carotid Endarterectomy
Trial method:* stenosis ratio (%) =
(1 - artery diameter at the narrowest
site/normal vessel diameter at the distal
end of stenosis) X 100%. If there were
multiple stenoses in 1 segment, only
the most stenotic site was selected for
calculation.

The presence of collateral flow was
assessed with reference to a previous
report:*! 1) anterior collateral flow:
from the normal side across the
AcomaA to the A2 segment on the side
of ICAD only or flow from the normal
side across the AcomA and retrograde
flow in the Al segment on the steno-
occluded side that supplies both the A2
segment and the MCA on the side of
the ICAD; 2) posterior collateral flow:
from the PcomA that supplies the vas-
cular territory of MCA on the side of
the ICAD; and 3) collateral flow in the
leptomeningeal anastomoses was con-
sidered to be present if DSA showed
cortical branches extending from the
posterior cerebral artery or anterior
cerebral artery (ACA) into the vascular
territory of the MCA. It is worth noting
that any changes in flow territories
caused by normal anatomic variants of
the circle of Willis, such as hypoplasia/
absent Al segment or fetal origin of
posterior cerebral artery, were not con-
sidered as the presence of collateral
flow in this study. However, in cases
where there was no variation in ACA
(hypoplasia/absent Al segment), flow
from the contralateral side passing
through the AcomA to reach the A2
segment on the side of ICAD was con-
sidered as anterior collateral flow.

The extent of collateral flow was
graded on both rVE-ASL and DSA at
the ipsilateral hemisphere to the ICAD
for each patient, respectively, giving a
total of 40 hemispheres. Two neurora-
diologists (10 and 6 years of experience,
respectively) and 2 neurointerventional
radiologists (14 and 8 years of experience,
respectively) independently assessed
the collateral grades, according to the
following scale: 0: poor, no visible col-
laterals; 1: intermediate, partial collat-
eral flow to the side of ICAD; 2: good,
full collateral flow to the side of
ICAD; 3: normal antegrade flow. Any
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Table 2: Flow alterations on rVE-ASL stratified by stenosis ratio

With Flow Without Flow
Stenosis Ratio Alterations, n (%) Alterations, n (%) P Value
Flow territory of MCA on the side of ICAD < 90% (n = 24) 2(83) 22 (917) <.001
= 90% (n =16) 15 (93.8) 1(6.2)
Flow territory of ACA on the side of ICAD < 90% (n=124) 0 (0.0) 24 (100.0) <.001
= 90% (n=16) 8 (50.0) 8 (50.0)
Table 3: Flow alterations on rVE-ASL stratified by symptoms
With Flow Without Flow
Patient Group Alterations, n (%) Alterations, n (%) P Value
Flow territory of MCA on the side of ICAD Symptomatic (n =19) 12 (63.2) 7 (36.8) .012
Asymptomatic (n =21) 5(23.8) 16 (76.2)
Flow territory of ACA on the side of ICAD Symptomatic (n =19) 5(26.3) 14 (73.7) 442
Asymptomatic (n = 21) 3 (14.3) 18 (85.7)

disagreement between the readers was solved by another sen-
ior neuroradiologist (28 years of experience).

Statistical Analysis

Quantitative data conforming to a normal distribution were rep-
resented as the mean = SD; otherwise, as the median (interquar-
tile range presented as the 25th and 75th percentiles). Categoric
data were recorded as counts and percentages. Cohen kappa coef-
ficient was calculated to evaluate the interobserver reliability for
assessing the extent of collaterals on rVE-ASL and DSA.
Contingency (C) and Cramer V (V) coefficients were calculated
with y? statistics and were used to compare the collateral grades
between rVE-ASL and DSA. The difference in flow alterations
between symptomatic and asymptomatic patients was assessed by
using the Fisher exact test. The P value was 2-sided, and P < .05
was considered statistically significant. All statistical analyses
were conducted by using SPSS 22.0 (IBM).

RESULTS

Patient Characteristics

Of the 40 patients, 35 presented with ICA stenosis of 50%-99%
and 5 presented with ICA occlusion. Anatomic variations of the
circle of Willis were observed in 26 patients, including 16 patients
with hypoplasia or absent A1 segment, 7 patients with fetal poste-
rior cerebral artery, and 3 patients with both. The demographic,
clinical, and imaging characteristics of patients are detailed in
Online Supplemental Data.

Comparison of Collateral Grades between rVE-ASL and DSA
The interreader agreement in grading collaterals by using rVE-
ASL and DSA was found to be good to excellent, with kappa val-
ues of 0.876 and 0.764, respectively. Good agreement was
achieved between rVE-ASL and DSA in grading collateral flow
(C=0.762; V. = 0.833; P <.001). Of the 40 patients, only 2 cases
that were graded as collateral grade II on DSA were misclassified
as grade I on rVE-ASL, and 1 case showing grade I collaterals on
DSA was classified as grade II on rVE-ASL. For the remaining 37
cases, the collaterals revealed by rVE-ASL match completely with
the findings from DSA (Table 1). Figure 1 shows an example of
the vascular territory maps revealed by rVE-ASL from an asymp-
tomatic patient with left ICA stenosis of 60%, where a normal
antegrade flow was observed, consistent with the DSA findings.
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Flow Alterations on rVE-ASL Stratified by Stenosis Ratio
and Symptoms
Flow alterations were observed in 17 patients in the territory of
MCA and 8 patients in the territory of ACA, respectively, on the
side affected by ICAD (Online Supplemental Data). Notably,
these flow alterations were more frequently observed in patients
with high-grade ICA stenosis (=90%) compared with those
with <90% ICA stenosis, in both MCA and ACA vascular territo-
ries (P < .001 for both territories), as indicated in Table 2.
Symptomatic patients exhibited a high prevalence of flow
alterations (63.2%) in the territory of MCA ipsilateral to ICAD,
compared with asymptomatic patients (23.8%) (P=.012, as
shown in Table 3). The collateral flow was primarily developed
from the contralateral ICA via AcomA in 12 of 17 (70.6%)
patients and from VBA via PcomA in 8 of 17 (47.1%) patients.
Detailed information can be found in Online Supplemental Data.
However, there were no significant differences in flow alterations
in the territory of ACA between symptomatic and asymptomatic
patients (P =.442). Figure 2 shows an example of an asymptom-
atic patient with right-side high-grade ICA stenosis. rVE-ASL
demonstrated flow alterations in the territory of MCA with col-
laterals from the VBA, which was confirmed by DSA. Figure 3
shows a symptomatic case of ICAD with right ICA occlusion.
Evident flow alterations in the territory of the right MCA with
collaterals from the left ICA and the VBA were observed on rVE-
ASL, consistent with DSA findings.

DISCUSSION

In this study, we successfully demonstrated the feasibility of using
rVE-ASL to assess collateral flows in patients with ICAD. Our
results showed a good to excellent agreement between rVE-ASL
and the reference standard of DSA in determining the presence
and the extent of collaterals. Patients with a severe grade of ICA
stenosis (=90%) were more prone to experiencing flow altera-
tions. The presence of flow alterations in the territory of the
MCA may be linked to symptomatic ICAD.

The ability to determine the arterial source of blood supply
to specific brain regions or lesions is crucial for the clinical eval-
uation and treatment of patients with ICAD. Some noninvasive
methods, such as dynamic contrast-enhanced MRA, 4D flow
MR imaging, or MR perfusion, can be considered to evaluate



FIG 2. An 8l-year-old male patient with dizziness for 2 years. A-D, DSA images reveal a very high-grade stenosis of the right ICA indicated by
the white short arrow. The right ICA angiogram shows decreased flow to the right MCA territory (white arrows). The VBA angiogram shows sig-
nificant collateral flow to the right MCA territory (white hollow arrow). The extent of collaterals is classified as grade I. E, Evident flow altera-
tions are shown on vascular territory maps generated by rVE-ASL. The territory of right MCA is supplied by the right ICA (green) and VBA (blue),
while the territory of right ACA is supplied by left ICA (red), consistent with the DSA findings. The extent of collaterals is also classified as grade
| on rVE-ASL. The locations of the detected feeding arteries are shown in the bottom right of figure (E).
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FIG 3. A 60-year-old man with left limb weakness for 3 days. A, TOF-MRA shows the occlusion in the right ICA and the absence of the right Al segment of the circle of
Willis in this patient. B-D, DSA confirms the occlusion of the right ICA, and the extent of collaterals is classified as grade I. The left ICA angiogram shows collateral flow
to the right ACA and MCA territory via the AcomA and the leptomeningeal anastomoses (white arrows). The VBA angiogram shows collateral flow to the right MCA ter-
ritory via the PcomA and leptomeningeal anastomoses (white hollow arrow). E, Vascular territory maps of rVE-ASL show flow territories of left ICA (red) and VBA (blue),
while the flow territory of the right ICA (green) is absent. The territory of right MCA is mainly supplied by the left ICA, followed by VBA, consistent with the findings on
DSA. The extent of collaterals is also classified as grade | on rVE-ASL. The locations of the detected feeding arteries are shown in the bottom right of figure (E).
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patients with ICAD in clinical practice. Dynamic contrast-
enhanced MRA and 4D flow MR imaging are considered “lume-
nography” and focus on depiction of dynamic blood flow pat-
terns or measuring blood flow velocities in the cerebral
vasculature. MR perfusion techniques, such as dynamic suscep-
tibility contrast and conventional ASL, allow for CBF imaging.
However, these MR imaging techniques can not characterize
the collateral flow territories. Previous studies have suggested
that vessel-selective ASL, such as VE-ASL and SS-ASL, could
be a valuable tool for mapping the territories of main brain
feeding arteries.””*>>* However, the conventional vessel-selec-
tive ASL techniques require prior knowledge of the locations
of vessels to be tagged.'>'”"'® This in turn necessitates a collec-
tion of an angiogram and expertise in planning. In contrast, the
rVE-ASL used in our study cannot only map vascular territories
without the need for explicit planning but also identify the loca-
tions of corresponding source arteries in the tagging plane. This
simplifies the scan procedure similar to conventional pCASL. In
the conventional vessel-selective ASL based on pCASL, potential
off-resonance at the locations of the arteries in the tagging plane
can significantly impact the tagging efficiency. In contrast, rVE-
ASL is insensitive to off-resonance effects similar to multiphase
pseudocontinuous ASL."> Our study demonstrated a high consis-
tency between vascular territory mapping by using rVE-ASL and
DSA, indicating that rVE-ASL could serve as an alternative and
noninvasive method to evaluate individual collateral pathways in
patients with ICAD.

In this study, we observed that symptomatic patients with
ICAD had a higher prevalence of flow alterations in the MCA
territory on the affected side, compared with asymptomatic
patients. However, there was no significant difference found in
flow alterations in the ACA territory between symptomatic and
asymptomatic patients. These findings are consistent with a pre-
vious study by van Laar et al,*' which reported significant differ-
ences in the flow territories of the contralateral ICA and VBA in
patients with symptomatic ICA occlusion compared with those
in control subjects. They also reported that the MCA territory
ipsilateral to the occluded ICA was primarily supplied by the
VBA, whereas the flow territory of ACA on the occluded side
was mainly supplied by the contralateral ICA. However, in con-
trast to their findings, our study found that collateral flow to the
MCA territory on the side of ICAD was primarily developed
from the contralateral ICA (70.6% via AcomA) and, to a lesser
extent, from the VBA (47.1% via PcomA). These differences in
the collateral flow patterns may be attributed to variations in the
circle of Willis among individuals. Previous studies have also
emphasized the importance of collateral flow from the contra-
lateral ICA via AcomA or VBA.*>* Our results further support
the significance of collateral flows from the contralateral ICA
in maintaining blood flow in the MCA territory on the side of
ICAD. In symptomatic patients without flow alteration, inad-
equate collateral compensation may lead to a borderzone
infarct. Additionally, artery-to-artery embolism induced by vul-
nerable plaque can also contribute to the occurrence of stroke/
TIA in these patients.

Our study also revealed a significant association between flow
alterations and the degree of stenosis. Consistent with the

1’30

findings of Chen et al,”™ who reported the existence of high-grade
stenosis associated with hemispheric asymmetry in flow territory
map, we found that a high-grade ICA stenosis (=90%) was most
likely to result in flow alterations. Traditionally, the stenotic rate
of ICA =70% is considered an indicator of hemodynamic impair-
ment. However, our study indicates that patients with high-grade
ICA stenosis could remain asymptomatic despite exhibiting flow
alterations. These findings suggest that changes in flow territory
may occur before CBF deficits manifest, and adequate compen-
sating collateral flow may protect patients from the deterioration
of clinical symptoms. Flow assessment by rVE-ASL can demon-
strate the redistribution of CBF from the contralateral ICA and
VBA, reflecting compensating patterns and the presence of collat-
eral pathways in patients with ICAD, and may help predict the
borderzone prone to infarction. Importantly, rVE-ASL offers sev-
eral advantages, such as noninvasive imaging without radiation
exposure, no requirement for additional contrast agents, and
high compatibility with other routine MR imaging (eg, DWI).
Therefore, rVE-ASL can be a valuable tool for longitudinal moni-
toring of disease progression in patients with ICAD and may
assist in decision-making regarding patient selection for interven-
tional therapy.

This study has limitations. First, this is a pilot study with lim-
ited sample size, which may affect the generalizability of the
results. Future studies with larger cohorts are needed to further
validate the clinical utility of the rVE-ASL method. Second, some
secondary collateral pathways, such as the ECA via the ophthal-
mic artery, were not evaluated in our study. However, such sec-
ondary collaterals generally develop only in patients with near-
total occlusion or total occlusion of ICA when primary collaterals
are insufficient. There were 4 patients who showed secondary col-
lateral pathways developed from the ECA via the ophthalmic ar-
tery on DSA in our study. Flow territories of the ECA were
successfully detected by rVE-ASL. One representative case is
shown in Online Supplemental Data. Third, the number of symp-
tomatic patients with ICA stenosis of 50%-90% was relatively
small, potentially introducing some bias in the interpretation of
findings. Finally, prospective studies are still warranted to investi-
gate the prognostic effect of compensating patterns in patients
with ICAD, which could be helpful in guiding patient selection
for interventional therapy.

CONCLUSIONS

Our study demonstrates the feasibility of using rVE-ASL to
assess collateral flows in patients with ICAD, yielding results
comparable to DSA. Patients with very high-grade ICA steno-
sis (=90%) are prone to exhibit flow alterations. The collateral
flow in the territory of MCA on the affected side is primarily
developed from the contralateral ICA, and its presence could
serve as a potential predictor of symptomatic ICAD. These
findings emphasize the potential clinical utility of rVE-ASL in
assessing collateral circulation and its possible role in predict-
ing and managing ICAD.

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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Value of Immediate Flat Panel Perfusion Imaging after
Endovascular Therapy (AFTERMATH): A Proof of Concept
Study
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ABSTRACT

BACKGROUND AND PURPOSE: Potential utility of flat panel CT perfusion imaging (FPCT-PI) performed immediately after mechani-
cal thrombectomy (MT) is unknown. We aimed to assess whether FPCT-PI obtained directly post-MT could provide additional
potentially relevant information on tissue reperfusion status.

MATERIALS AND METHODS: This was a single-center analysis of all patients with consecutive acute stroke admitted between June
2019 and March 2021 who underwent MT and postinterventional FPCT-PI (n = 26). A core lab blinded to technical details and clinical
data performed TICI grading on postinterventional DSA images and qualitatively assessed reperfusion on time-sensitive FPCT-PI
maps. According to agreement between DSA and FPCT-PI, all patients were classified into 4 groups: hypoperfusion findings per-
fectly matched by location (group 1), hypoperfusion findings mismatched by location (group 2), complete reperfusion on DSA with
hypoperfusion on FPCT-PI (group 3), and hypoperfusion on DSA with complete reperfusion on FPCT-PI (group 4).

RESULTS: Detection of hypoperfusion (present/absent) concurred in 21/26 patients. Of these, reperfusion findings showed perfect
agreement on location and size in 16 patients (group 1), while in 5 patients there was a mismatch by location (group 2). Of the
remaining 5 patients with disagreement regarding the presence or absence of hypoperfusion, 3 were classified into group 3 and 2
into group 4. FPCT-PI findings could have avoided TICI overestimation in all false-positive operator-rated TICI 3 cases (10/26).

CONCLUSIONS: FPCT-PI may provide additional clinically relevant information in a considerable proportion of patients undergoing MT.
Hence, FPCT-PI may complement the evaluation of reperfusion efficacy and potentially inform decision-making in the angiography suite.

ABBREVIATIONS: AlS = acute ischemic stroke; eTICl = expanded Thrombolysis in Cerebral Infarction; FPCT-PI = flat panel CT perfusion imaging; MT = me-
chanical thrombectomy; T,.x = time to maximum

he current standard for assessing reperfusion success after ~ intra-arterial thrombolytics after incomplete reperfusion, more

mechanical thrombectomy (MT) is 2D DSA and it is usually ~ treatment options are now available, but none are without

evaluated with the Thrombolysis in Cerebral Infarction (TICI)
scale." Recognition, treatment, and individualized postinterven-
tional care of residual distal vessel occlusions after MT for proxi-
mal large-vessel occlusions are of increasing relevance.” With the
advent of devices dedicated to distal MT and the potential use of
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risks.>® A sensitive and correct assessment of the residual perfu-
sion deficit — at best with an estimation of eloquence — allows for
a thorough risk-benefit assessment, which can inform subsequent
clinical decisions. However, interventionalists performing the pro-
cedure are prone to overestimating the technical success based on
standard DSA, biasing the overall estimation of the reperfused ter-
ritory.”® Besides a general overestimation bias, specific locations
may also be more prone to false-positive TICI 3 ratings.”*
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Periprocedural perfusion imaging might serve as an adjunct
for more accurate evaluation of reperfusion success,””* especially
in cases of subtle distal occlusions or overlapping capillary phase
hypoperfusions, which are hard to detect on DSA runs alone.'*"?
Pronounced collaterals with competing flow in peripheral vessels,
on the other hand, may result in an underestimation of reperfu-
sion outcome. Postinterventional perfusion imaging might help
guide decision-making on whether to pursue adjuvant treatments
for patients with incomplete reperfusion.'*"

Presently, there is a paucity of data on feasibility, clinical utility,
and diagnostic sensitivity of new-generation flat panel CT perfu-
sion imaging (FPCT-PI) acquired after MT. In this proof-of-con-
cept study, we aimed to qualitatively assess whether FPCT-PI
obtained directly in the angiography suite at the end of the inter-
vention could provide additional potentially relevant information
on tissue reperfusion status compared with the current standard.

MATERIALS AND METHODS

Patient Population

This is a single-center retrospective observational study. The
University Hospital Bern is a tertiary-level care center with a 24
hour stroke service, including availability of 24-hour MT treatment.
The University Hospital Bern serves as a referral institution for all
patients with acute ischemic stroke (AIS) in central Switzerland
covering a population of ~2 million residents with >2000 patients
with stroke treated annually. All consecutive patients with AIS
admitted between June 2019 and March 2021 who underwent MT
were screened for eligibility. Patients with internal carotid artery or
middle cerebral artery (M1 or M2 segment) occlusion who had im-
mediate postinterventional FPCT-PI were considered for the final
analysis, as these occlusion patterns usually show highest interrater
agreement with regard to grading of reperfusion success. Patient
records and clinical charts were screened for any adverse events
related to additional radiation or contrast exposure during the hos-
pital stay. This study was approved by the local ethics committee
(reference ID 231/14, 2019-00547, 2023-00892) and performed
according to the standards of the Declaration of Helsinki. Study
data are available from the corresponding author upon presentation
of a research plan and clearance by the ethics committee. Reporting
was performed according to the Strengthening the Reporting of
Observational Studies in Epidemiology statement."*

Flat Panel CT Imaging Acquisition and Perfusion Imaging
Postprocessing

Details on FPCT-PI image acquisition have been previously
reported.’” In short, we used a biplane flat panel CT (Artis Icono
and Artis Q; Siemens) with 10 rotational sweeps (5seconds per
sweep with 1-second turnaround) of the C-arm system with Z-
axis covering the entire brain. Perfusion maps were computed by
using an offline prototype software provided by Siemens

Healthineers.'®”

Perfusion maps were computed by using
deconvolution-based perfusion analysis.'® Present software dem-
onstrated almost equivalent results to syngio.via (Siemens) when
using time to maximum (Ty,.x) and TTP maps (Pearson correla-
tion coefficient 0.95-0.98 for qualitative analysis).'”'® Further
details on FPCT-PI acquisition and perfusion postprocessing are

available in the Online Supplemental Data.
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Rating on DSA and FPCT-PI
Study ratings for all imaging data were performed independently
of the intervention by a core lab (years of neuroradiology train-
ing: >10, >4, and >3 years) blinded to technical details and clin-
ical data. The interrater agreement is reported with Krippendorff
alpha coefficient. Reperfusion grading was performed on the final
anteroposterior and lateral whole-brain DSA runs, which were
acquired immediately before the FPCT-PL Degree of reperfusion
was graded by using the expanded TICI (eTICI) scale on the final
DSA series.! Locations of the residual occlusions after MT were
classified into frontal, parietal, temporal, and occipital regions
(Online Supplemental Data).”® For comparative purposes, we also
reported TICI reperfusion as graded by the operating intervention-
alist at the end of the procedure, by extracting the scores from the
acute interventional report that was filled out immediately after the
procedure. Whenever the eTICI is reported, it refers to the core lab
adjudicated grading, whereas TICI refers to the operators’” assess-
ment, as no eTICI was available from the operators’ reports.
Presence or absence of hypoperfusion findings was rated on
postprocessed perfusion maps, which were acquired immediately
after the intervention. Presence of hypoperfusion was defined as
focal, wedge-shaped perfusion delay within the initial target terri-
tory, suggesting a residual vessel occlusion. Careful correlations
with preadmission imaging were done, so that perfusion abnor-
malities related to chronic parenchyma deficits or cervical vessel
stenosis were not considered as remaining vessel occlusions. Ty
and TTP perfusion maps were used for qualitative visual evalua-
tion of persisting perfusion deficits as per the definition stated
above. Ty, and TTP have the highest sensitivity for early detec-
tion of perfusion abnormalities caused by vessel occlusions and
show the best correlation to the perfusion maps generated by
commercially available software.'®'”'® Classification of the loca-
tion of the hypoperfusion on FPCT-PI was done by using the
same regions as for the DSA maps (Online Supplemental Data).
The Core lab was blinded to DSA findings for FPCT-PI evalua-
tion and vice versa. For all patients with hypoperfusion on
FPCT-PI, manual segmentation of the hypoperfused area was
performed with 3D Slicer (http://www.slicer.org) to obtain
hypoperfused tissue volumes (Online Supplemental Data and

respective caption for Methodology).*!

Hypoperfusion on
FPCT-PI was correlated with follow-up imaging at 24 hours
regarding the evolution of new infarcts in the residually hypo-
perfused territory on FPCT-PI, ie, a new infarct occur in the
area of hypoperfusion on FPCT-PI that was not evident on
admission imaging (Online Supplemental Data and respective

caption for Methodology).

DSA and FPCT-PI Agreement

To determine the agreement between the findings on final DSA
runs and FPCT-PI, all patients were allocated to 1 of 4 groups.
Groups 1 and 2 included patients with concurring dichotomized
classification of presence or absence of hypoperfusion on both
imaging modalities. For this purpose, patients were classified into
no evidence of hypoperfusion on DSA (ie, eTICI 3) or evidence
of hypoperfusion on DSA (eTICI <3). Likewise, FPCT-PI find-
ings were dichotomized into presence or absence of hypoperfused
areas. Further specifications were made accordingly. In group 1,



FIG 1. Concurring ratings regarding the presence of hypoperfusion. A, Patient with a left-M1 occlusion with complete reperfusion (eTICI 3) on
the final angiography imaging and normal perfused tissue on FPCT-PI. B, Patient with a left-M1 occlusion with incomplete reperfusion (eTICI
2b50) on the final angiography imaging and corresponding frontal and parietal hypoperfusion deficits on the FPCT-PI. C, Patient with a left-M1
occlusion with incomplete reperfusion (eTICI 2b67) on the final angiography series, with a clear deficit in the parietal region. On follow-up FPCT-
PI, the corresponding hypoperfusion is visible in the same area (green circle), with an additional hypoperfusion noted in the temporal region
(red circle). The temporal branch occlusion was not noted by the core lab, but confirmed after making FPCT-PI available. D, Patient with a right-
M2 occlusion with incomplete reperfusion on the final angiography series (€TICI 2b67, green circle) and hypoperfusion on the contralateral unaf-

fected side (red circle).

hypoperfusion findings were perfectly matched by location, for
example, TICI 2b hypoperfusion in the parietal area on DSA
matched with hypoperfusion deficit in the same parietal area on
FPCT-PI (Fig 14, -B). In contrast, group 2 included patients with
concurring dichotomized hypoperfusion findings but a mismatch
in the locations of the hypoperfused areas between the two imag-
ing modalities, for example, TICI 2b patient without reperfusion
in the parietal area on the DSA but with hypoperfusion in both
the parietal and temporal regions on the FPCT-PI (Fig 1C).
Groups 3 and 4 included patients with discrepant dichotomized
classification of presence or absence of hypoperfusion between the
two imaging modalities. In group 3, this discrepancy was defined
as complete reperfusion on the final DSA (ie, TICI 3) but clearly
demarcated hypoperfusion on FPCT-PI (Fig 24, -B). Group 4
patients had incomplete reperfusion on the final DSA run
(TICI <3) but no hypoperfusion findings on FPCT-PI (Fig 2C).
Results from groups 2, 3, and 4 were categorized as potentially
clinically relevant, as dichotomized hypoperfusion findings in
these 3 groups were mismatched and might reveal additional
details on tissue reperfusion status. Core lab graded eTICI scores
were used in the initial analysis of agreement between DSA and
flat panel CT and for group allocation. To assess sensitivity, we
also performed a subanalysis between DSA and FPCT-PI agree-
ment based on operator-graded TICI scores.

RESULTS
During the study period, 251 patients with AIS were treated with
MT. One of 5 neurointerventionalists at our center acquired

postinterventional FPCT-PI during the study period. Fifty AIS
cases were treated by this operator, and the decision to acquire
FPCT-PI was with the operator, usually dependent on working
hours versus off hours and the availability of a technician trained
in acquiring FPCT-PI. During the initial study period, perfusion
postprocessing failed in 4 patients due to failed timing of contrast
bolus and the start of image acquisition. The remaining 26
patients were included in the agreement analysis (Fig 3). In the
final study cohort, 69% of the patients were male; mean age was
77 years (IQR, 61-83); and median NIHSS score at admission
was 15 (IQR, 11-20). Medium DSA-to-FPCT-PI time was
18seconds (IQR 3 minutes
30 seconds). Median dose of contrast agent used for angiography
and FPCT-PI was 200 mL (IQR, 183-228 mL). Hence, the median
additional contrast dose required for FPCT-PI constituted 30% of
the total contrast agent dose. Other baseline, interventional, and
outcome characteristics are presented in Table and Online

4 minutes 12 seconds—7 minutes

Supplemental Data. There were no differences between patients
with and without FPCT-PI during the study period (Online
Supplemental Data). Interrater agreement was very good (for
DSA: 0.87, 95% CI, 0.74-0.94; for FPCT-PI: 0.88, 95% CI 0.82-
0.94). Compared with the final DSA imaging, postinterventional
perfusion imaging revealed new and potentially clinically relevant
information in more than one-third of patients (10/26).

Concurring Ratings Regarding the Presence of Hypoperfusion
The ratings of presence or absence of any hypoperfusion were con-
curring in 21/26 patients, and these constituted groups 1 and 2. In
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FIG 2. Discrepant ratings regarding the presence of hypoperfusion. A, Patient with a right-M1 occlusion rated as complete reperfusion (eTICI 3)
on the final angiography imaging, but follow-up FPCT-PI revealed distal nonperfused tissue. A small residual M4 branch occlusion was confirmed
by the core lab after making FPCT-PI available. B, Patient with a left-ICA occlusion rated as complete reperfusion (eTICI 3) on final angiography
imaging, but follow-up FPCT-PI revealed a new hypoperfusion due to a distal frontal anterior cerebral artery branch occlusion. C, Patient with a
left-M1 occlusion with incomplete reperfusion (eTICI 2b67) on the final angiography series with a clear capillary phase deficit in the frontal
region. Follow-up FPCT-PI showed complete delayed reperfusion without any perfusion delays. D, Patient with a left-M1 occlusion with a small
persisting deficit in the parietal region on the final angiography run (eTICI 2¢, green circle). Follow-up FPCT-PI shows no perfusion delay on the
left side; however, there was a hypoperfusion deficit on the contralateral side (red circle).

FIG 3. Study flow chart and patient allocation based on the agreement between the findings on final DSA runs and FPCT-PI.

group 1 (16/26), hypoperfusion findings were perfectly matched
by location and size between the 2 imaging modalities. Three
patients had complete reperfusion (eTICI 3) with corresponding
findings on the FPCT-PI (ie, no hypoperfusion noted; Fig 1A).
Thirteen patients had incomplete reperfusion on the final DSA
run (eTICI<3), which precisely matched the areas and size of
hypoperfusion on the FPCT-PI (Fig 1B). In group 2 (5/26), there
were findings of hypoperfusion location mismatch, where on
both imaging modalities there was a clear case of demarcated hy-
poperfusion, but the location and regions of hypoperfusions were
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mismatched. In all 5 patients, the core lab found more hypoper-
fused area on FPCT-PI than on DSA (Fig 1C).

Discrepant Ratings Regarding the Presence of Hypoperfusion
Disagreements regarding the presence or absence of hypoperfu-
sion were found in 5/26 patients encompassing groups 3 and 4.
DSA-to-FPCT-PI time did not differ between the 5 patients with
discrepant dichotomized hypoperfusion ratings and those with
concordant dichotomized hypoperfusion ratings (4 minutes
12 seconds versus 4 minutes 18 seconds, P=.9). In group 3 (3/26),



Baseline and Interventional Characteristics

Variables N = 26°
Baseline
Age 77 (61, 83)
Sex (male) 18 (69%)
NIHSS on admission 15 (11, 20)
Intervention
eTICl score (core-lab adjudicated grading)
2a 2 (8%)
2b50 2 (8%)
2b67 10 (38%)
2 5 (19%)
3 7 (27%)
Time from DSA to FPCTP (min) 43(3.2,7.5)
Total contrast dose for both DSA and FPCTP (mL) 200 (183, 228)
Outcome
NIHSS at 24 hours 6 (2,15)
90-day mRS
0 2(7.7%)
1 8 (31%)
2 2 (7.7%)
3 4 (15%)
4 3 (12%)
5 1(3.8%)
6 6 (23%)

2 Data are median (IQR); n (%).

reperfusion was rated as complete (e€TICI 3) on DSA, but there
were hypoperfusion findings on the FPCT-PL After making
FPCT-PI for 2 group 3 patients available to the core lab, reassess-
ment of the final DSA showed peripheral occlusions correspond-
ing to the hypoperfusion findings on FPCT-PI (Fig 24, -B). In
group 4, 2 patients had incomplete reperfusion on the DSA run,
but no hypoperfusion on FPCT-PI (Fig 2C). Upon reevaluation of
DSA images, the core lab did not change their rating. Individual
median DSA-to-FPCT-PI time for these 2 particular cases was
2 minutes 14 seconds and 10 minutes 31 seconds.

A sensitivity analysis for concurring and discrepant ratings
regarding the presence or absence of hypoperfusion based on op-
erator-graded TICI scores showed a higher number of potentially
clinically relevant cases (13/26). The highest increase was seen in
patients allocated to group 3, as operators had a tendency to rate
more cases as complete reperfusion when using DSA alone (oper-
ator versus core lab adjudicated group 3 rates: 31% versus 11%,
Online Supplemental Data). Contralateral to the affected hemi-
sphere with the MT target territory, we noted hypoperfusion
findings in 3 patients (Figs 1D-,2D; Online Supplemental Data
and respective caption for Results).

Perfusion Imaging and Clinical Outcomes
In total, operators graded reperfusion as complete on the final DSA
(TICI 3) in 16/26 patients. Operator overestimation of final reperfu-
sion score occurred in 10/26 patients compared with the core lab rat-
ings on DSA (Online Supplemental Data), and all of these patients
showed hypoperfusion on FPCT-PL There were new infarcts on fol-
low-up within area of FPCT-PI hypoperfusion in 10/26 cases, 5 of
these belonging to group 1 and the other 5 to group 2.

Subanalyses on different patient subgroups (stratified by
TICI, eTICI, presence or volume of perfusion deficit) indicated
better clinical outcome for patients with higher reperfusion

scores, without perfusion deficits on FPCT-PI and with lower
hypoperfusion volumes (Online Supplemental Data). Two
patients had a marked increase in creatinine levels during the
acute hospital stay (Online Supplemental Data), but only 1 of
them fulfilled the diagnostic criteria for acute kidney injury.** In
these 2 patients, acquisition of FPCT-PI constituted 30% and
37% of the total contrast media dose, respectively.

DISCUSSION

This proof-of-concept study demonstrates that FPCT-PI pro-
vides additional and potentially clinically relevant information
on tissue reperfusion status for more than one-third of patients
undergoing immediate perfusion imaging after thrombectomy.
In a considerable percentage of patients, interpreting final reper-
fusion status based on DSA alone will underestimate the total
area of hypoperfused territory. Underestimation is even greater
when considering assessments by the operators during the acute
treatment phase. Other discrepant findings between DSA and
FPCT-PI observed in this study may relate to persistent micro-
vascular obstruction or early spontaneous reperfusion, findings
that deserve further studies.

Value of Perfusion Imaging

The additional value of immediate perfusion imaging after MT is
unknown. Several studies performed perfusion imaging after M T,
but timing of the follow-up images varied.'***** When using im-
mediate perfusion imaging, we observed more sensitive delinea-
tion of hypoperfusion with additional territory involvement than
with DSA alone. In 5/26 patients with matching dichotomized
hypoperfusion grading, we observed additional territories of
hypoperfused tissue on FPCT-PI. Interpretation of hypoperfused
areas on gray-scale DSA images without spatial resolution can be
complex, in particular when performed under time restraints or
off-hours,” especially because most interventionalists tend to
overestimate the percentage of reperfused tissue in the acute set-
ting.” Notably, operators overestimated TICI reperfusion in a
considerable number of cases; and in all cases, false TICI readings
would have been revealed if perfusion maps had been available
during or directly after the acute treatment. In this study, the de-
cision on pursuing additional treatment was made by the inter-
ventionalist; processed FPCT-PI was not available at the time
point of decision-making, only 4D angiography, which is auto-
matically calculated from the acquisition. FPCT-PI was obtained
with a prototype software package offline, and the software can-
not yet be used for real-time decision-making.

Several studies have previously shown good correlation
between perfusion maps on standardized CT and MR imaging
protocols and FPCT-PL*** including a multicenter analysis.”®
The overall quality of FPCT-PI maps in this study was sufficient,
and the percentage of maps that failed perfusion postprocessing
on the FPCT-PI was comparable to the rates of failed postpro-
cessing on standardized CT and MR imaging perfusion proto-
cols.?® Specifically, in all 4 patients with failed postprocessing, the
failure was due to timing imbalances of contrast application and
start of FPCT-PI rotational runs, a systematic error that occurred
during the early study period.
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Spontaneous Reperfusion
In 2 patients, there were no hypoperfusion findings on FPCT-
PI, although they clearly had

(eTICI <3) on the final DSA run. Spontaneous reperfusion af-
10,12,23

incomplete reperfusion
ter incomplete reperfusion is known to occur frequently.
Previous analysis on spontaneous reperfusion reported rates of
up to 60% of patients when evaluating 24 * 12-hour follow-up
perfusion imaging.'*® Even when perfusion imaging is per-
formed 30 minutes after the intervention, it revealed spontane-
ous reperfusion in almost one-half the patients with a final
reperfusion grade of mTICI =2b."” Excellent pial collaterals
could have masked residual distal occlusion; however, in our 2
patients, we saw no rapid collateral blood flow to the ischemic
territory on the final DSA runs. Potential explanation for spon-
taneous reperfusion could be that FPCT-PI was not thresholded
to properly identify residual hypoperfusion. It could have also
been an artifact finding, especially as in 1 of these 2 cases there
was hypoperfusion on the contralateral, unaffected, side. In the
other case, a longer DSA-to-FPCT-PI time (median time
10 minutes 30 seconds) could have increased the chances of
delayed reperfusion on FPCT-PI.

New infarct on follow-up imaging was seen in 5/16 patients
from group 1 and all patients from group 2. Five patients from
group 1 who developed a new infarct in the area of FPCT-PI hy-
poperfusion generally had lower final reperfusion scores and
slower collateral flow, which could explain the occurrence of new
infarcts.'®*® On the other hand, all patients in group 2 had addi-
tional perfusion deficit that was difficult to detect on DSA alone
and could have been potentially treated if FPCT-PI were immedi-
ately available.

Persistent Microvascular Hypoperfusion

Immediate postinterventional FPCT-PI could enable the evalua-
tion of microvascular reperfusion and with it the discrepancy
between microvascular and macrovascular reperfusion (ie,
detection of the no-reflow phenomenon). Reports on detection
of microvascular reperfusion on follow-up perfusion imaging
are heterogeneous.'>*>** Even though tissue reperfusion is
time-dependent,®" these discrepant findings between the studies
are probably related to the lack of standardized criteria for
defining microvascular hypoperfusion.*> We found 1 patient
(group 3) with potential persistent microvascular hypoperfusion
without any distal vessel occlusions on the retrospective DSA
analysis (Online Supplemental Data). However, we would be
reluctant to classify this as a no-reflow phenomenon because of
uncertainties regarding its definition. Use of different perfusion
imaging modalities, quantitative cutoffs, and follow-up times
are the most likely reasons for discrepant definitions and rates
of the no-reflow phenomenon across studies.*

Impact of FPCT-PI on the Workflow

One advantage of FPCT-PI is that it offers a simple workflow.
With this technique, it is possible to get information about the
patients’ perfusion and potentially tissue status, while options for
intra-arterial treatment are still available. Currently, FPCT-PI is
not available for all angiography suites, and commercial software
packages are lacking. With more advanced tools and streamlined
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workflows in the angiography suite, FPCT-PI may be a real-time
evaluation tool for decision-making in the future.”> Standardized
training of nurses and interventionalists on the use of FPCT-PI is
required; however, having a clear set of indications and scenarios
for FPCT-PI could streamline its implementation in the operating
protocol.”® Other potential strategies to mitigate misinterpretations
from the DSA could be with the use of validated deep learning-
based approaches, especially in suspicion of distal thromboembo-
lism.** Automating and quantifying perfusion deficits on DSA
could minimize the risk of interobserver and intraobserver vari-
ability (eg, experience of the rater, inspection attentiveness, TICI
scale variations).®> Moreover, combination of standard DSA with
perfusion imaging (ie, DSA perfusion) could be useful in quantify-

ing the degree and nature of reperfusion after the intervention.”

Potential Risks of FPCT-PI

FPCT-PI is not devoid of misinterpretations and artifacts.*®
Notably, postprocessing failed in 4/30 cases. However, deconvo-
lution-based parametric maps could offer higher sensitivity to
alteration in hemodynamics and higher quantitative reliability of
perfusion deficits compared with DSA maps.*® Moreover, if the
interventionalist observes a perfusion deficit of FPCT-PI, it might
prompt them to reevaluate the DSA for residual occlusion. Other
potential risks of FPCT-PI could be related to the increased con-
trast agent and radiation doses.>” However, there does not seem
to be any difference between effective radiation dose from FPCT-
PI and standard multidetector CT protocols (2.88 mSv versus
2.17 mSv) when using the current FPCT-PI protocols with colli-
mation.”® If FPCT-PI were to become standard of care, the theo-
retical minimal stochastic risks from such overexposure to
radiation in a large pool of patients would have to be balanced by
— yet to be shown — individual benefits of therapeutic approach
modifications derived from FPCT-PI. Concerns have also been
raised about the impact of administering additional contrast
agent. In the present cohort, 2 patients had increased creatinine
levels; however, it is difficult to determine whether this change is
driven purely by additional contrast agent administered for
FPCT-PI, especially considering that a more complex MT proce-
dure can easily result in a comparable dose of total contrast.
Overall, data consistently show a low risk of contrast-induced acute
kidney injury after MT, even in patients with chronic kidney dis-
ease.””™*! General consensus is that the benefits of detecting and
evaluating eloquence of remaining residual occlusions are likely to
outweigh the minimal risk of contrast medium-associated kidney

failure 4!

Limitations

This is a single-center retrospective proof-of-concept study per-
formed in highly selected patients, which prompts confounding
and selection bias. Even though T,,.x and TTP maps are most
sensitive to perfusion abnormalities,'® they might not be sensitive
enough to detect hypoperfusion on a microvascular level; other
perfusion maps should be considered for a more comprehensive
assessment of the microvasculature. Patient clinical outcome was
not the focus of the present manuscript; because of the limited
sample size, we advise caution when interpreting these results.
Despite our best efforts to mitigate possible signal-induced errors
in perfusion maps, there could still be effects that are masked or



unaccounted for. Specifically, there were fewer runs with FPCT-
PI resulting in worse time-resolution than conventional CT
perfusion imaging. Moreover, previous intra-arterial contrast
injection and accumulation of that contrast in territories of
brain-barrier breakdown could influence the calculation of
attenuation-time curves.

CONCLUSIONS

Immediate postinterventional FPCT-PI may provide additional
clinically relevant information in a considerable percentage of
patients undergoing MT. Potential benefits of FPCT-PI may be
its high sensitivity for residual vessel occlusions, taking into
account collaterals from different territories and determining
anatomic location of hypoperfused areas. If these findings are
confirmed, FPCT-PI may be used to complement the evaluation
of reperfusion efficacy following acute stroke interventions in the
future.

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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Transarterial Embolization of Anterior Cranial Fossa Dural
AVFs as a First-Line Approach: A Single-Center Study

Carl A. ). Puylaert, ““’René van den Berg, Bert A. Coert, and Bart J. Emmer

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular treatment has been increasingly used for anterior cranial fossa dural AVFs. Evidence
on the safety and efficacy of different endovascular treatment strategies is limited. We report clinical and angiographic outcomes
of patients with anterior cranial fossa dural AVFs who underwent treatment using transarterial embolization with n-BCA as a first-
line approach.

MATERIALS AND METHODS: Consecutive patients undergoing treatment for anterior cranial fossa dural AVFs at the Amsterdam
University Medical Centers between 2010 and 2023 were retrospectively included. Transarterial embolization was used as a first-line
approach, while transvenous treatment and surgery were used in cases of unsuccessful transarterial embolization. Treatment was
evaluated on the basis of the angiographic cure rate, procedural complications, and clinical outcome.

RESULTS: Fourteen patients were included with 15 anterior cranial fossa dural AVFs. All patients underwent primary endovascular
treatment (12 transarterial, 1 transvenous, and 1 combined). Complete occlusion using only transarterial embolization was reached in
69% of patients (9/13), while the overall complete occlusion by endovascular treatment was reached in 79% of patients (11/14).
Navigation and embolization were performed through the ophthalmic artery in 13 patients, with no procedural complications.
Visual acuity was preserved in all patients. Three patients underwent an operation after failed endovascular treatment. All patients
had complete anterior cranial fossa dural AVF occlusion at follow-up.

CONCLUSIONS: Treatment of anterior cranial fossa dural AVFs using transarterial embolization with n-BCA as a first-line approach
is a safe and feasible first-line treatment strategy. No visual complications due to embolization through the ophthalmic artery
occurred in this study.

ABBREVIATIONS: ACF = anterior cranial fossa; dAVF = dural AVF

Anterior cranial fossa (ACF) dural AVFs (dAVFs) are a
rare and relatively aggressive subtype of intracranial dural
dAVE. Because of their drainage through cortical veins and the
associated risk of hemorrhage, treatment is recommended in
nearly all cases.! The most common primary arterial feeders of
ACF-dAVFs are formed by ethmoidal branches from the
ophthalmic artery, with possible secondary contribution
through collateral branches from the internal maxillary and
middle meningeal arteries. Following advances in endovascular
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microcatheters and embolic agents, endovascular treatment of
ACF-dAVFs has become the primary treatment technique in
the past decade.”> However, no consensus exists on the optimal
endovascular approach, either transarterial or transvenous, or
if microsurgical disconnection is preferred over these techni-
ques.3’6

Transarterial embolization is most commonly performed
through the ophthalmic artery. A common concern with this
approach is occlusion of the central retinal artery due to excessive
reflux of embolic agent®> Thus, some authors have proposed
transvenous embolization as a preferred first-line approach.*’
However, a venous approach carries the risk of venous perfora-
tion, and catheter positioning can be arduous in case of a tortu-
ous venous anatomy.>*”

A recent study evaluated the use of transarterial embolization
of ACF-dAVFs as a first-line approach, though primary transarte-
rial embolization was only performed in 54% of patients (19/34),
with central retinal artery occlusion occurring in 1 patient after
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embolization using Onyx (Medtronic).” Ethylene-vinyl alcohol
copolymers dissolved in dimethyl sulfoxide, such as Onyx or
Squid (Balt), have been increasingly used in recent years for dAVF
embolization, because they allow long injection times and con-
trolled embolization. However, in contrast to n-BCA, copolymers
require reflux for distal progression of the liquid agent, which is
unwanted in embolization through the ophthalmic artery due to
the proximity of the central retinal artery. The aim of this study
was to report on outcomes of patients who underwent treatment
of ACF-dAVFs using transarterial embolization through the oph-
thalmic artery with n-BCA as the first-line approach.

MATERIALS AND METHODS

Study Design

We retrospectively retrieved consecutive patients with ACF-
dAVFs who were treated at Amsterdam University Medical
Centers between January 2010 and April 2023. Of 14 eligible
patients, 13 were previously included in a large cohort investi-
gating the association between dAVFs and cerebral venous
thrombosis, though without a description of the current sub-
group and specific outcome measures.® For this observational
study, the ethics committee of the Amsterdam University
Medical Centers waived the necessity for formal approval. In ac-
cordance with the General Data Protection Regulation, all eligi-
ble patients received an information letter about the study, with
the option of refusing the use of their pseudonymized data. The
current study was performed in accordance with Strengthening
the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.’

Treatment and Follow-Up

All referred patients were discussed in our neurovascular multi-
disciplinary team meeting to determine the indication for endo-
vascular or surgical treatment. When possible, a first-line
endovascular approach was preferred due to a less invasive nature
than surgery. A primary transarterial approach was used, except
in cases with unfavorable arterial anatomy or unfavorable (high)
flow conditions. Depending on the angiographic anatomy, a pri-
mary route was chosen through the ophthalmic artery, ethmoidal
branches, or middle meningeal artery. As a first choice, catheteri-
zation of the ophthalmic artery was attempted in all cases, regard-
less of the caliber or angle of origin. Flow-directed microcatheters
(Magic 1.2F or 1.5F; Balt) in combination with microguidewires
were used for selective microcatheterization. The size of the
microcatheter was chosen depending on the caliber of the (distal)
feeding branch from the ophthalmic artery. This choice allowed
very distal catheterization with the goal of obtaining, as much as
possible, a wedged microcatheter position. No vasodilators were
used. A mixture of n-BCA (Histoacryl; B. Braun) and ethiodized
oil (Lipiodol; Guerbet) was used for embolization with a ratio
ranging from 1:1.5 to 1:4, depending on the estimated distance,
flow speed, and size of the catheterized vessel. A wedged position
of the microcatheter was preferred to allow maximum forward
progression of n-BCA. Embolization through the ophthalmic ar-
tery was only performed if a safe position could be reached far
enough distal to the origin of the central retinal artery. Injection
with n-BCA was stopped after successful occlusion of the venous
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outlet or in case of progressive reflux nearing the origin of the
central retinal artery. In cases of partial occlusion or when no
embolization could be attempted, a transvenous approach could
be considered, depending on the estimated risk of venous perfo-
ration. In cases of unsuccessful endovascular treatment, patients
were referred for surgical disconnection. All endovascular proce-
dures were performed by neurointerventional radiologists with
extensive experience in endovascular procedures. Operations
were performed by vascular neurosurgeons with extensive experi-
ence in dAVF surgery. Frontal or frontotemporal approaches
were used with subsequent selective surgical disconnection.

Data Collection

Patient data on demographics, medical history, symptoms, and
clinical outcome were retrieved from our electronic patient file
system. Clinical outcome was defined on the basis of the present-
ing symptoms of the ACF-dAVF and classified as asymptomatic,
improvement of symptoms, worsening of symptoms, or death.
Visual function was subjectively assessed after treatment, while
advanced assessment was performed in cases of suspected visual
symptoms. Overall functional outcome at the last follow-up visit
was retrospectively assessed using the mRS. An mRS=3 was
defined as a poor (unfavorable) outcome.'® Follow-up imaging
studies were reviewed for each patient.

The angiographic anatomy of each lesion was detailed by
describing the arterial feeders, venous drainage pattern, and the
presence of venous ectasia. Each lesion was classified according
to the Cognard classification.'' Angiographic outcomes after
embolization were complete or partial occlusion; the latter was
defined as residual flow through the fistulous point and/or early
venous filling of the draining vein of the dAVF.

Statistical Analysis

All analyses were performed using SPSS Statistics 28.0 (IBM).
Continuous variables were described using mean (SD) or median
with interquartile range, depending on their distribution.

RESULTS

Patient Characteristics

Fourteen patients were included in the study (Online Supplemental
Data). The mean age was 59 (SD, 11)years with a range of 34-
79 years. Sixty-four percent of patients were men (9/14). Medical
history showed evidence of hypertension (n = 1), a previous cere-
brovascular accident (n = 4), and previous cranial surgery (n = 2).
Ten patients (71%) were past smokers, though none were active
smokers. No patients had known previous head trauma. ACF-
dAVF diagnosis was made by CT in 3 patients, MR imaging in 5
patients, and angiography in the remaining 6 patients. Twelve
patients (86%) were symptomatic. Three patients presented with
hemorrhage, namely SAH (n = 1) and frontal intraparenchymal
hemorrhage (n = 2), the latter in 1 case combined with a subdural
hematoma. Two patients were asymptomatic; in both, the ACF-
dAVF was discovered incidentally.

Angiographic Anatomy
A total of 15 ACF-dAVFs were described for 14 patients, because
1 patient was found to have 2 ACF-dAVFs with separate arterial



FIG 1. A patient with 2 dAVFs with separate arterial feeders and venous drainage. A right-sided
injection of the ICA shows a dAVF with supply from the right ophthalmic artery with drainage
through a dilated cortical vein on the left side (arrow) into the superior sagittal sinus (A and B).
After successful embolization through 1of the 2 ethmoidal branches of the left ophthalmic artery
(C), a repeat right ICA injection clearly shows the second remaining fistula with separate transeth-
moidal supply refluxing into a nondilated vein on the right-sided cortical frontal vein (arrow-
heads) into the superior sagittal sinus. The bayonet sign is seen, signifying the origin of the central
retinal artery (white arrowhead, D and E). Because the first embolization was performed without
substantial arterial reflux, the second fistula was again successfully embolized through the right

ophthalmic artery (F).

Treatment characteristics

Value (%)

Variable (No.)

Primary endovascular treatment
Transarterial
Transvenous
Combined
Secondary surgery after failed
endovascular treatment
Endovascular outcome
Complete occlusion
Partial occlusion
No embolization attempt
Clinical outcome®
Asymptomatic
Improvement of symptoms
Worsening of symptoms
Death
Procedural complications
Endovascular treatment

100% (14/14)
86% (12/14)
7% (1/14)
7% (1/14)
21% (3/14)

79% (11/14)
7% (1/14)
14% (2/14)

29% (4/14)
71% (10/14)
0% (0/14)
0% (0/14)

0% (0/14)

Surgery 67% (2/3)
Seizure 33% (1/3)
Anosmia 33% (1/3)

#This concerns symptoms attributed to the dAVF.

feeders and venous drainage (Fig 1). All ACF-dAVFs were sup-
plied by the ophthalmic artery; in 67% of cases (n = 10), there
was bilateral supply from the ophthalmic artery. Additional dural
feeders were seen from the internal maxillary artery (n = 5), mid-
dle meningeal artery (n = 3), and facial artery. Pial feeders were
seen in 1 ACF-dAVF through a branch from the orbitofrontal ar-
tery. All ACF-dAVFs showed drainage through cortical veins

before entering the venous sinus
(Borden type III). All ACF-dAVFs
drained to the superior sagittal sinus,
while 2 showed additional drainage to
the cavernous sinus (n = 2) and super-
ficial middle cerebral vein, connected
through the vein of Labbé to the sig-
moid sinus (n = 1).

Treatment and Outcome

All patients underwent primary endo-
vascular treatment (Table). Complete
occlusion using endovascular treatment
was achieved in 79% of patients (11/14).
In 13 patients, transarterial catheteriza-
tion was performed. In 11 of these
patients with 12 ACF-dAVFs, emboli-
zation was attempted with a total of 14
glue injections through the ophthalmic
artery (10 unilateral and 2 bilateral)
with a mean injection time of 31 (SD,
25-38
Additionally, 1 glue injection was

8) seconds; range, seconds).
through the middle meningeal artery,
and 1 glue injection, through a pial
feeder from the orbitofrontal artery.
Using only transarterial embolization,
we achieved complete occlusion in 69%
of patients (9/13) (Fig 2). In 1 patient with unsuccessful transarte-
rial embolization, subsequent transvenous embolization was per-
formed in the same session with complete occlusion of the ACF-
dAVEF. A primary transvenous approach was used in 1 patient
because of high fistulous flow and very unfavorable vasculariza-
tion through multiple small dural arteries. Treatment resulted in
complete occlusion of the ACF-dAVF by glue embolization of
the proximal part of the draining vein.

Endovascular treatment was unsuccessful in 3 of 14 patients
(21%). One ACF-dAVF was only partially occluded despite mul-
tiple transarterial embolization attempts, which had to be halted
due to progressive reflux of the embolic agent (Fig 3). In the
remaining 2 patients, no embolization attempt was made because
a distal-enough microcatheter position could not be obtained to
allow safe embolization. All 3 patients were referred for surgery,
with successful surgical disconnection of the ACF-dAVF.

No procedural complications of endovascular treatment were
seen. Visual acuity was preserved in all patients. Procedural com-
plications were seen in 2 of 3 patients who underwent surgery.
One patient developed postoperative anosmia, while another
patient had transient postoperative symptoms attributed to a
seizure.

Follow-Up

All patients had clinical follow-up with a median length of
13 months (range, 4-94 months). At last follow-up, 12 patients
(86%) had an mRS of 0-2. Two patients had a poor clinical out-
come (mRS 3 and 4) related to neurologic damage from the initial
hemorrhage.
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FIG 2. A patient who presented with transient aphasia. Angiography demonstrated a dAVF with
arterial feeding through ethmoidal branches of the right ophthalmic artery in a posterior-anterior
projection (A), the left ophthalmic artery in a lateral projection (arrowheads) (B), and the frontal
branch of the left middle meningeal artery (not shown). Cortical venous reflux is seen through
ectatic left-sided cortical veins (arrow) toward the superficial middle cerebral vein before ending
in the sigmoid sinus (A and B). Embolization through the right ophthalmic artery, with filling of
the proximal refluxing vein with a minor spill of glue in the more distal venous territory (C).
Complete occlusion of the fistula was achieved. The bayonet sign is seen, signifying the origin of
the central retinal artery (white arrow) (D). The patient was asymptomatic at follow-up.

FIG 3. A patient with a complex dAVF with extensive arterial supply from both ophthalmic
arteries (arrow), right middle meningeal artery (arrowhead), and infraorbital branch from the
maxillary artery (white arrowhead). Due to proximal elongation, the exact location of the bayo-
net cannot be determined (A and B). Multiple venous ectasias are visible along the cortical drain-
ing vein (white arrows). Embolization was attempted through both ophthalmic arteries, which
had to be halted due to reflux before glue could reach the venous outlet. The patient finally
underwent surgery, with successful disconnection of the fistula.

treatment including transvenous and
combined approaches reached com-
plete occlusion in 79% of patients. No
procedural complications from endo-
vascular treatment were seen. Visual
acuity was preserved in all patients.
Three patients underwent secondary
surgery after failed endovascular treat-
ment. All patients had complete ACF-
dAVF occlusion at follow-up.
ACF-dAVFs are exceedingly rare
lesions. The classification of “aggres-

subtype
because modern literature has shown

sive” should be nuanced
relatively lower rates of hemorrhage,
ranging from 27% to 57%,”> compared
with the high rates of hemorrhage
(62%-91%) reported in earlier litera-
ture.">"> The hemorrhage rate of 21%
in our study supports this notion and
underlines the importance of a nonin-
vasive first-line treatment approach.
Previous studies on endovascular treat-
ment of ACF-dAVFs have shown com-
plete occlusion rates ranging from 53%
to 92% and complication rates ranging
from 3.6% to 12%.>>'* In a recent
study, 23 patients underwent transarte-
rial ACF-dAVF embolization using
varying types of embolic agents (n-
BCA, Onyx, and Squid).3 In this study,
1 case of central retinal artery occlusion
occurred due to excessive reflux of
Onyx. To our knowledge, no other
cases of central retinal artery occlusion
after embolization through the ophthal-
mic artery have been published, though
this complication is likely underre-
ported. When one performs emboliza-
tion through the ophthalmic artery,
only minimal reflux is allowed due to
the proximity of the central retinal ar-
tery."> Because copolymers require
reflux to provide forward push of the
embolic agent, from a procedural point
of view, these are unfavorable in this
n-BCA,
which allows better control of reflux. In

procedure compared with
our study, only 13% of #n-BCA injections
through the ophthalmic artery (2/15)
had to be aborted due to reflux, and this
reflux could be safely managed without

DISCUSSION

In this study, we describe outcomes of patients who were treated
for ACF-dAVF using transarterial embolization with n-BCA as
a first-line approach. Transarterial embolization reached direct,
complete occlusion in 69% of patients. Overall, endovascular
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embolic material nearing the origin of the central retinal artery. In
all other cases, no reflux occurred proximal to the tip of the
microcatheter.

The experience of the neurointerventionalist does play an im-
portant role in the choice of the embolic agent, which might



explain the predominant use of Onyx in all major studies on
transarterial embolization of ACF-dAVE>>'*1% Two recent
case reports have indicated that micro-balloon-assisted emboliza-
tion might be used to avoid Onyx reflux through the ophthalmic
artery."®'” However, the more difficult navigation and risk of ves-
sel perforation due to balloon inflation should be taken in
account under these circumstances. In our opinion, the use of n-
BCA in our study is an important factor in the relatively high rate
of successful transarterial embolization without occurrence of
complications.

Several technical aspects are important to consider when using
a transarterial approach. In our center, we prefer very distal cathe-
terization of the ophthalmic artery with very soft-flow-directed
microcatheters allowing injection of diluted n-BCA for treatment
of ACF-dAVFs. This approach allows control of the antegrade
injection of the embolic agent with only very sparse reflux. The
aim of embolization should be occlusion of the proximal venous
outlet. Partial or absent occlusion of the proximal venous outlet
and persistent outflow after occlusion of the primary arterial
feeder might induce the development of secondary feeders
through collateral arteries, with persistent flow through the dAVF
and a continued risk of hemorrhage. Reflux of the embolic agent
should not be allowed close to the origin of the central retinal ar-
tery. In most cases, the origin of the central retinal artery can be
found where the ophthalmic artery crosses the optic nerve with
the classically described “bayonet” appearance.'® However, under
arteriovenous high-flow conditions, the ophthalmic artery will
show elongation, making identification of the bayonet more chal-
lenging. In addition, the central retinal artery will hardly be opaci-
fied because of the steal effect toward the fistula. In such cases,
any risks should be minimized by obtaining a very distal position
and by allowing only minimal reflux. Furthermore, a wedge posi-
tion of the microcatheter is preferred to reduce reflux. A transve-
nous approach can be used in cases with drainage to the superior
sagittal sinus, though it is important to evaluate the venous anat-
omy, tortuosity, and presence of venous ectasia to estimate the
likeliness of safely obtaining a distal position for embolization.

Limitations of our study included the retrospective nature of the
study, which prohibited exhaustive data collection. However,
patients were included consecutively, and a consistent treatment
approach was used during the study period. Although several larger
multicenter studies on endovascular treatment of ACF-dAVFs have
been published, these have inconsistencies in treatment approaches,
technique, and types of embolic agents used for embolization.*>'*
Our study is the largest single-center study on transarterial emboli-
zation of ACF-dAVFs to date. Prospective registry studies could be
used for comparison of treatment strategies of ACF-dAVFs.

CONCLUSIONS

Our study shows that endovascular treatment using transarterial
embolization with #-BCA as a first-line approach is a safe and feasible
treatment strategy for ACF-dAVF. Although copolymers have seen
increased usage compared with n-BCA, we recommend maintaining
experience with n-BCA for specific indications such as ACF-dAVF.

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
NEUROINTERVENTION

Safety and Efficacy of Low-Profile Braided Stents versus Flow
Diverters in the Reconstructive Technique in the Treatment
of Patients with Vertebrobasilar Dolichoectasia Aneurysms: A
Cohort of 47 Patients with Long-Term Follow-Up

Zhe Ji, Chuan He, Jingwei Li, ““'Jiewen Geng, ““Peng Hu, Guilin Li, and ““’Honggi Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Vertebrobasilar dolichoectasia aneurysm is a rare type of cerebrovascular disorder with a poor nat-
ural history, and endovascular treatment is widely accepted. Whether a high-profile braided stent (flow diverter) could promote
occlusion of vertebrobasilar dolichoectasia aneurysm without increasing the complications rather than a low-profile braided stent
remains uncertain. The aim of the study was to present a single-center experience of the safety and efficacy of a low-profile
braided stent versus a flow diverter in treating patients with vertebrobasilar dolichoectasia aneurysms.

MATERIALS AND METHODS: The retrospective review was conducted on a total of 432 consecutive patients diagnosed with poste-
rior circulation aneurysms who underwent endovascular treatment in our center from August 2013 to December 2021. Among these
patients, 47 individuals with vertebrobasilar dolichoectasia aneurysms who were treated with low-profile braided stents or flow
diverters were included. Vertebrobasilar dolichoectasia aneurysms involving only the vertebral artery were excluded. Patients were
divided into 2 groups: the low-profile braided stent group and the flow diverter group based on the device used. Safety and effi-
cacy outcomes were subsequently analyzed.

RESULTS: There were 25 total patients enrolled in low-profile braided stent group and 22 patients in flow diverter group. The safety of
low-profile braided stents and flow diverters in the treatment of vertebrobasilar dolichoectasia aneurysms was evaluated by clinical
outcome, a new neurologic deficit due to procedural complications, and neurologic death. The rates of good clinical outcome were
similar between the 2 groups (low-profile braided stent, 56%, versus flow diverter, 59.1%; P =.831), and the rates of neurologic death
were also similar (low-profile braided stent, 12%, versus flow diverter, 9.1%; P = 747). Higher rates of new neurologic deficits due to pro-
cedural complications were observed in the flow diverter group, but the difference was not significant (low-profile braided stent, 24%,
versus flow diverter, 40.9%; P = 215). The efficacy was evaluated by angiographic occlusion of vertebrobasilar dolichoectasia aneurysms
and progression of mass effect resulting from these aneurysms. Significantly higher rates of complete occlusion of vertebrobasilar doli-
choectasia aneurysms were shown in the flow diverter group (41.2%; P =.028) than in the low-profile braided stent group (10%).

CONCLUSIONS: Both low-profile braided stents and flow diverters have similar high risks in reconstructive techniques in the treat-
ment of vertebrobasilar dolichoectasia aneurysms, while a flow diverter is more effective in promoting complete occlusion of ver-
tebrobasilar dolichoectasia aneurysm than a low-profile braided stent. A flow diverter may be a better alternative for carefully
selected patients with vertebrobasilar dolichoectasia aneurysms.

ABBREVIATIONS: FD = flow diverter; LPBS = low-profile braided stent; VBDA = vertebrobasilar dolichoectasia aneurysm

Vertebrobasilar dolichoectasia aneurysm (VBDA) is a rare
type of cerebrovascular disorder resulting in ectasia, elonga-
tion, and tortuosity of the vertebrobasilar artery. Flemming et al'
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assumed that the incidence was <0.05%, while Ince and Alpaslan®
revealed that a VBDA was detected in approximately 2.06% of the
first-ever stroke population. Patients with VBDAs commonly pres-
ent with ischemic stroke, intracranial hemorrhage, and compres-
sion of the brainstem and/or cranial nerves, which could lead to
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FIG 1. Artistic illustration of the inclusion criteria: VBDA involving the basilar artery (A), and VBDA
involving both basilar and vertebral arteries (B) with superimposed dilation of a portion of the ar-
terial segment. Artistic illustration of the exclusion criteria: A VBDA presenting with only elonga-
tion and/or tortuosity but without ectasia (C), and a VBDA only involving only the vertebral

artery (D). The pictures are drawn by courtesy of Dr Jian Ren.

high rates of morbidity and mortality.>” The natural history of
VBDA is poor, and the cumulative proportion of survivors free
of adverse health events was 54.1% at 5years, 39.5% at 10 years,
and 23.5% at 15years.® Such a poor natural history indicated
that professional intervention was necessary. However, treat-
ment of VBDAs was also challenging.

Surgical treatment of VBDAs is rarely reported, and even the
most experienced team reported an extremely high mortality in
surgical outcome.”'® Endovascular treatment is more widely
accepted and relatively simple in comparison. The low-profile
braided stent (LPBS) has proved to be effective and relatively safe
in treating VBDA during short-term follow-up, but it showed lim-
ited effectiveness in improving long-term prognosis and clinical
outcome of patients with compressive symptoms.'' The flow
diverter (FD) has revolutionized the treatment of intracranial
aneurysms and showed great potential in treating such nonsaccu-
lar intracranial aneurysms. However, complication rates using a
FD in treating posterior circulation aneurysms are much higher
than those for the anterior circulation.'* Additionally, patients
with basilar artery aneurysms have even significantly higher rates
of mortality than those with vertebral artery aneurysms due to a
high profile and existence of pontine perforators."> Whether a
high-profile braided stent (FD) could promote occlusion of
VBDAs without increasing the complications more than LPBSs
remains questionable. Therefore, we aimed to present our single-
center experience based on 47 patients with VBDAs treated with
LPBSs and FDs.

MATERIALS AND METHODS

Study Design

This was a single-center retrospective study; it was approved by
the ethics committee and local institutional review board of
Xuanwu Hospital, Capital Medical University, Beijing, China
(Nos. NO.2017024 and No 2017082). The requirement for writ-
ten informed consent was waived because of the retrospective
nature. The retrospective review was conducted on a total of 432
consecutive patients diagnosed with posterior circulation aneur-
ysms who underwent endovascular treatment in our center
from August 2013 to December 2021. The diagnosis of all en-
rolled patients with VBDAs was radiologically confirmed by DSA
after admission. The inclusion criteria for the subjects were as

follows: 1) untreated and unruptured
VBDAs meeting the diagnostic criteria
defined as uniform aneurysmal dilation
of an artery of >1.5 times normal
involving the basilar artery with a
superimposed dilation of a portion of
the basilar trunk;’ and 2) use of a
reconstructive technique with an LPBS
or FD for treatment, with or without
adjunctive coils. The exclusion criteria
for the subjects were as follows: 1) a
VBDA presenting with only elongation
and/or tortuosity but without ectasia
(Fig 1C); 2) a VBDA involving only the
vertebral artery (Fig 1D). A VBDA
without significant dilation was not
included due to its relatively benign natural history. A VBDA
involving only the vertebral artery was also excluded because the
difficulty and risk of the treatment was largely different whether
or not the basilar trunk was involved due to the existence of pon-
tine perforators. Finally, 47 patients with VBDAs were included.
All enrolled patients were classified into 2 groups: the LPBS
group and the FD group according to the device used.

Procedures

All procedures were performed with the patient under general
anesthesia, with a femoral approach used in all patients. A 5F or
6F Navien intermediate catheter (Medtronic) was placed in the
vertebral artery within a 6F Envoy DA guiding catheter (Codman
Neuro), a 6F or 8F Envoy guiding catheter, or a 6F Neuron MAX
long sheath (Penumbra). Marksman (Medtronic), Phenom 27
(Medtronic), or a Fast-track (MicroPort) microcatheter was
introduced over a 0.014-inch Synchro guidewire (Stryker) into
the distal posterior cerebral artery. Two types of LPBS, LVIS stent
(MicroVention) and LEO stent (Balt Extrusion), and 2 types of
FDs, the Pipeline Embolization Device (Medtronic) and the
Tubridge Embolization Device (MicroPort), were used for
treatment.

Anticoagulation and Antiplatelet Management

Before endovascular treatment, routine daily doses of dual antipla-
telet therapy, including at least 100 mg of aspirin combined with
75 mg of clopidogrel, were given for at least 3 days. However, pla-
telet function testing was not conducted systematically because of
the retrospective nature of the study. Intraoperative unfractio-
nated heparin was given according to the patients’ weight at a
dose of 0.67 mg/kg once the endovascular treatment approach was
established, and an additional dose was given depending on the
length of the procedure. Additional postoperative tirofiban
(0.1 ng/kg/min) was administered at the discretion of the opera-
tors. All patients would continue 100 mg of aspirin daily for at
least 12 months and 75 mg of clopidogrel for at least 6 months.

Follow-Up and Outcome Measurements

Clinical follow-up was conducted at least 6 months after endovas-
cular treatment, and the mRS was used to evaluate the clinical
outcome. An mRS score of =2 was considered a favorable clinical
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Table 1: Baseline patient and VBDA imaging characteristics

RESULTS

Different Groups Baseline Characteristics
Factors LPBS (n = 25) FD (n = 22) P Value The study included a total of 47 con-
Patient characteristics secutive patients with VBDAs accord-
Age (mean) (yr) 58.6 (SD,10.2)  59.4 (SD, 8.7) 445 ing to the inclusion and exclusion
Sex (male) 21(84%) 17 (77.3%) 654 criteria above. The mean age of the
WiGeliee) | ik o1y atients enrolled was 59 years (range
Hypertension 23 (92%) 19 (86.4%) 532 P A8 27 Y 85
Diabetes 4 (16%) 1 (182%) 204 43-79 years). Thlrty-elght (809 A))
Smoking 10 (40%) 8 (36.4%) 798 patients were men, hypertension was
Preoperative mRS score observed in 42 (89.4%) patients, and
0 4 (16%) 5 (22.7%) 582 41 (87.2%) patients had an mRS score
1 10 (40%) 5 (22.7%) .
) 8 (32%) 9 (40.9%) of =2 at admission. The mean length
3 3 (12%) 2(9.1%) of the VBDA was 35.8 mm (range,
4 0 1(4.6%) 14.4-70.1 mm), and the mean diame-
5 0

VBDA imaging characteristic

Length of VBDA (mean) (mm) 33.6 (SD, 11.9)

Diameter of VBDA (mean) (mm) 15.2 (SD, 5.1)
Brainstem compression resulting from VBDA 13 (52%)
Cerebral infarction around VBDA territory 7 (28%)

384 (SD, 13.8) 551

0 ter of the VBDA was 15.3 mm (range,
7.2-26 mm). All patients were classi-
fied into 2 groups according to the de-

15.4 (SD, 5.2) 924
13 (59.1%) 626 vice used, with 25 patients in the LPBS
9 (40.9%) 351 group and 22 patients in the FD group.

outcome, and an mRS score of =3 was considered an unfavorable
clinical outcome. Changes in the mRS score were used to evaluate
changes in clinical outcomes from admission to the latest clinical
follow-up. A radiologic examination was also conducted at least
6 months postoperatively. Angiographic occlusion was evaluated
by DSA,'® and the result was categorized as complete (100% vol-
ume of dilation was occluded), near-complete (>90% volume of
dilation was occluded), or incomplete (<90% volume of dilation
was occluded). Progression of a mass effect resulting from a
VBDA was evaluated by MR imaging. Measurements of the max-
imum transverse diameter of the vessel wall were performed at
the same level on preoperative and follow-up MR imaging.
Progression of mass effect was defined as enlargement of the
maximum transverse diameter of the vessel wall of =5mm, or
the result would be considered as no progression.

All complications thought to be procedural were reported.
Complications were classified as intracranial hemorrhagic and
ischemic. Procedural ischemic complications were defined as
any ischemic events with definite clinical expression that con-
tributed to an increase of =1 point on the NIHSS and radio-
graphically confirmed fresh cerebral infarction around posterior
circulation territories. Procedural hemorrhagic complications
were defined as any intracranial bleeding events, radiographi-
cally confirmed intracranial or subarachnoid hemorrhage on
CT.

All the above evaluations were conducted independently by 2
neurointerventionalists with >5years of experience and con-
firmed by a neurointerventionalist with >15 years of experience.

Statistical Analysis

Descriptive statistics were used. Categoric variables are presented
as numbers and percentages. Continuous variables are presented
as mean and range. Differences in baseline characteristics, clinical
outcomes, and radiologic outcomes between groups were ana-
lyzed using ¢ tests and x tests. SAS software, Version 9.4 (SAS
Institute) was used for statistical analyses.
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There were no statistically significant

differences in baseline patient and
VBDA imaging characteristics between groups. The detailed
baseline patient and VBDA imaging characteristics are shown in
Table 1 and the Online Supplemental Data.

Safety Results

The safety of the LPBS and FD in the treatment of VBDA was
evaluated by clinical outcome, new neurologic deficits due to pro-
cedural complications, and neurologic death. Clinical follow-up
data were available for all 47 patients. The median duration of
clinical follow-up was 28 months for the LPBS group and
23 months for the FD group. The rates of good clinical outcome
were similar between 2 groups (LPBS, 56%, versus FD, 59.1%;
P=831), and there was also no significant difference in changes
in symptoms. Higher rates of new neurologic deficits due to pro-
cedural complications were observed in the FD group, while is-
chemic complications accounted for the most deficits, but the
difference was not significant (LPBS, 24%, versus FD, 40.9%;
P=215). Additionally, some patients presented with excellent
recovery after treatment of symptoms, and the rates of mild-to-
severe disability due to procedural complications were similar.
Similar rates of neurologic death were also shown between 2
groups (LPBS, 12%, versus FD, 9.1%; P=.747). Two patients
died of brainstem function failure resulting from brainstem in-
farction, 2 patients died of intracerebral hemorrhage resulting
from thrombolysis from brainstem infarction, and 1 died directly
from intracranial hemorrhage. Another 2 patients died of uncor-
related heart failure and pneumonia. The detailed safety results
are shown in Table 2 and the Online Supplemental Data.

Efficacy Results

The efficacy of LPBS and FD in the treatment of VBDA was eval-
uated by angiographic occlusion of VBDA and progression of the
mass effect resulting from VBDA. Radiologic follow-up data were
available for 37 (78.7%) patients. Five deceased patients and 5
surviving patients were lost to radiologic imaging follow-up due
to poor status except 1 patient. The median duration of radiologic



follow-up was 24 months for the LPBS group and 19 months for
the FD group. Significantly higher rates of complete occlusion of
VBDAs were shown in the FD group than in the LPBS group
(LPBS, 10%, versus FD, 41.2%; P =.028). Lower rates of incom-
plete occlusion of VBDAs were shown in the FD group than in
the LPBS group, but the difference was not significant (LPBS,
30%, versus FD, 17.1%; P =.383). Although there was no signifi-
cant difference, the FD group showed advancement in slowing

Table 2: Safety and efficacy results

down progression of mass effect resulting from the VBDA. The
detailed radiologic follow-up outcomes are shown in Table 2 and
the Online Supplemental Data.

llustrated Cases

Case 1. The patient (case No. 10) had choking, dysphagia, and

weakness of the lower extremities with an mRS score of 2 and was

admitted to our center 5 years ago. Further DSA showed vertebro-
basilar dolichoectasia (VBD), while T2-
weighted MR imaging indicated mild

Different Groups

brainstem compression (Fig 2A, -B).

Eactore LPBS (n = 25) FD (n = 22) P Value Considering that the patient had com-
Safety results pressive symptoms and obvious dilation
Clinical outcome? of the basal-inferior segment, 2 LEO
Good (MRS =2) 14 (56%) 13 (59.1%) 831 stents were implanted (Fig 2C). Two
Poor (rpRS 2) 1 (44%) 9 (40.9%) years later, the patient returned with
Changes in symptoms hoki dvsphaei d
Nonaggravated 13 (52%) 14 (63.6%) 42 cholang - recurrence, - dysphagla, an
Aggravated 12 (48%) 8 (36.4%) weakness of the lower extremities
New neurologic deficits due to accompanied by tinnitus. Follow-up
prolcedural complications (2% ( ) DSA indicated partial occlusion of the
Tota 6 (24% 9 (40.9% 215 . . .
Hemorrhagic 1(4%) 2(91%) 476 VBD lesion, while T2-weighted MR
—— 5 (20%) 9 (40.9%) 118 imaging revealed progressive brainstem
Mild-to-severe disability 6 (24%) 6 (27.3%) .861 compression (Fig 2D, -E). Another LEO
Neurologic death 3 (12%) 2(9.1%) 747 stent implantation was performed to
Ef:‘lca'cy rest;lfs lusion? obtain better direction of blood flow.
ngiographic occlusion
o 2 (10%) 7 (@12%) 028 Although the 5-year follow-up DSA
Near-complete 12 (60%) 7 (412%) 254 showed that the VBD lesion was rela-
Incomplete 6 (30%) 3(17.6%) 383 tively stable, remarkable progression of
Progression of mass effect brainstem compression was observed
Nonprogressed 10 (50%) 12 (70.6%) 204 on the 5-year follow-up MR imaging
Progressed 10 (50%) 5(29.4%)

?Clinical follow-up data were available for all 47 of the 47 patients included.

®Radiologic imaging follow-up data for evaluating angiographic occlusion and progression of mass effect was
available for 37 of the 47 patients included, 20 of the 25 patients in LPBS group and 17 of the 22 patients in FD
group. Three surviving patients were lost to radiologic imaging follow-up due to poor status.

(Fig 2F, -G). Meanwhile, the patient had
aggravation of gait instability, choking,
and dysphagia. Further FD implanta-
tion was planned for the patient, but

FIG 2. Preoperative DSA (A) and MR imaging (B) showing a VBDA and mild brainstem compression (red arrow). Angiography (C) after 2 LEO
stents were implanted (blue arrow). Two-year follow-up DSA (D) indicating partial occlusion of the VBDA lesion (blue arrow), with MR imaging
(E) revealing progressive brainstem compression (red arrow). Five-year follow-up DSA (F) showing further angiographic occlusion of the VBDA
lesion (blue arrow), with MR imaging (G) revealing obvious progression of brainstem compression (red arrow).
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FIG 3. Preoperative DSA (A) showing a VBDA, with MR imaging (B) indicating no obvious brainstem compression. Angiography (C) after endovascu-
lar treatment with 2 Pipeline Embolization Devices was conducted. The blue arrows point to the proximal and distal edges of the first 5 x 35cm
Pipeline Embolization Device. The red arrows point to the proximal and distal edges of the second 5 x 35 cm Pipeline Embolization Device. Nine-
month follow-up DSA (D) shows good healing of the dilation (black arrow) with no obvious progression of compression on MR imaging (E).

unfortunately, the patient refused. The patient was unable to take
care of herself at the latest follow-up with an mRS of 4. The long-
term effectiveness of LPBSs in preventing recanalization and
increased mass effect of the VBD remains questionable.

Case 2. The patient (case No. 40) had dizziness and weakness of
the lower extremities with an mRS score of 2 at admission, and
planned DSA showed VBD, while MR imaging indicated no
obvious brainstem compression or obvious dilation of the lesion
(Fig 3A, -B). Endovascular treatment with 2 Pipeline Embolization
Devices was performed (Fig 3C), and no periprocedural complica-
tions occurred. Nine-month follow-up DSA showed good healing
of the dilation, with no obvious progression of compression
observed on MR imaging (Fig 3D, -E). The patient also considered
the symptoms to have gradually improved after endovascular
treatment with FDs at the latest 2-year follow-up visit.

DISCUSSION

Both LPBSs and FDs have high risks in the reconstructive tech-
nique in the treatment of VBDAs, but whether a VBDA should
be treated and the indications for the VBDA still remain confus-
ing. The natural history of VBDA is poor, and the cumulative
proportion of survivors free of adverse health events was 54.1% at
5years, 39.5% at 10years, and 23.5% at 15years.® However,
except for radiologic progression of the VBDA, which has been
suggested to be associated with poor clinical outcome, no other
defined risk factors have been reported.'”'® Specific radiographic
features that indicate VBDA tend to change from benign, even
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asymptomatic, to malignant and require treatment remain unan-
swerable. According to a recent meta-analysis, patients with
VBDAs could not benefit significantly from endovascular treat-
ment in comparison with the natural history. Therefore, the indi-
cations of VBDAs are of great importance.' Patients with
VBDAs who underwent endovascular treatment in our cohort
usually presented with prominent clinical symptoms, obvious di-
lation with high rupture risk, or enlargement during follow-up.
We prefer conservative treatment and regular follow-up for
patients with VBDA who remain asymptomatic or VBDAs with-
out dilation due to their relatively benign natural history.'
However, all treatment decision-making processes still depend
on the discretion of operator instead of uniform consensus.

Previous reports had concluded that the high profile of the
FD either mechanically blocks the orifice of the side branch or
narrows it to an insufficient size, accounting for the occurrence
of perforator infarction*® Perforator infarction was associated
with a significantly higher risk of posterior circulation aneurysms,
especially the aneurysm around brainstem, due to a lack of col-
laterals and delicate perfusion.21 However, safety outcomes
between the LPBS and FD groups were similar according to the
result, on the basis of our experience. Although higher rates of
new neurologic deficits due to procedural complications were
observed in the FD group, while rates of ischemic complications
in the FD group were 2 times higher than those of the LPBS
group, the difference was not significant. Additionally, the rates
of mild-to-severe disability due to procedural complications and
clinical outcome were similar between groups.



The result was also consistent with a recent systematic
review and meta-analysis, which showed no significant differ-
ence in favorable clinical outcomes between stent-assisted coil-
ing and FD placement in the treatment of posterior circulation
nonsaccular aneurysms.”> Early reports of VBDA treatment
with an FD showed a very high complication rate of >50%,>
which has extremely restricted the application in the early
stage. The telescope technique with multiple FDs may account
for the poor results, and the technique was strictly limited in
our cohort unless the dilated segment of the VBDA was too
long, so the safety result was relatively acceptable. In addition,
postoperative dual antiplatelet therapy with oral anticoagula-
tion was reported to have a significantly better clinical out-
come than dual antiplatelet therapy for patients with VBDA
treated with an FD;** similar regimens were also recom-
mended for further treatment.

According to a recent systematic review and meta-analysis, no
significant difference was shown in rates of complete/near-com-
plete occlusion between stent-assisted coiling and FD placement
in the treatment of posterior circulation nonsaccular aneur-
ysms.?* This study had similar results in rates of complete/near-
complete occlusion, but significantly higher rates of complete
occlusion of VBDAs were shown in FD group than in the LPBS
group. A large case series reported 28 subjects similar to VBDA
in our cohort; the result revealed that 42.8% of patients had good
angiographic results, which was almost consistent with our
results.”> A multicenter study reported a total of 131 posterior cir-
culation aneurysms treated with FDs, and the complete occlusion
rates of fusiform aneurysms similar to VBDASs in our cohort was
59.7%, which was higher than our results.’® The VBDAs in our
cohort were larger in diameter, while VBDAs only involving the
vertebral artery being excluded may account for such results. In a
study of 19 consecutive patients with VBDAs treated with LPBSs,
the results showed that 84.2% of patients had good reconstruction
of the VBDA during radiographic follow-up, a percentage that
was also higher than our results."’ A significant proportion with
adjunctive coils may account for such results. However, a similar
strategy with LPBS and adjunctive coils was attempted in our
cohort at an early stage, but rates of procedural complications
were so high that adjunctive coils have been used with great cau-
tion since then.

Brainstem compression resulting from VBDAs was also a
great therapeutic challenge. Although no significant difference
was shown, the LPBS proved to be less effective in preventing
progression of mass effect. As shown in illustrated case 1, despite
favorable angiographic occlusion of the VBD lesion on DSA,
mass effect still progressed and resulted in a poor prognosis.
Another study reached a similar conclusion that the effects of
LPBS were limited for patients with VBDAs presenting with com-
pressive symptoms.'? The result reported by another team sug-
gested that parent artery occlusion and flow diversion were better
alternatives for VBDAs with brainstem compression, also partly
consistent with our results.?® Last, different from other intracra-
nial aneurysms, importance should be given to evaluating not
only angiographic occlusion but also the progression of mass
effect of the VBDA in follow-up because it was often ignored but
could result in poor prognosis.

LIMITATIONS

This is a single-center retrospective study, but the sample size is
large compared with similar studies. The VBDA is a rare type of
cerebrovascular disorder, so the result is still acceptable. Results
based on comparison between contemporaneous clinical and
radiologic follow-up would be more persuasive, but such com-
parison is difficult to conduct because of the retrospective nature.
Additionally, platelet function testing was also limited because of
the retrospective nature. Only a subset of patients underwent pla-
telet function testing, and the adjustment of antiplatelet regimens
based on the results was also empirical.

CONCLUSIONS

There is no significant difference in the safety results between the
LPBS and FD groups, but both strategies carry high risks. An FD
is more effective in promoting complete occlusion of VBDAs than
LPBSs. An FD may be a better alternative for carefully selected
patients with VBDAs. However, advanced-level studies such as
randomized controlled trials are still necessary and desired.

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
NEUROINTERVENTION

Discrimination of Hemorrhage and Contrast Media in a Head
Phantom on Photon-Counting Detector CT Data

Franka Risch,

ABSTRACT

Ansgar Berlis, Thomas Kroencke, Florian Schwarz, and “Christoph J. Maurer

D)

SUMMARY: In this anthropomorphic head phantom study, samples containing blood and contrast agent with concentrations rang-

ing from 0 to 6mg iodine per milliliter and another set of samples without blood for reference were scanned with a photon-

counting detector CT using a standard cranial protocol. It was demonstrated that photon-counting detector CT can reliably distin-

guish hemorrhage and contrast media, including density determination of the latter. The technology promises to add value in sev-

eral neuroimaging applications.

ABBREVIATIONS: CM = contrast media; ME70 = virtual monoenergetic image at 70 keV; PCD = photon-counting detector; VNC = virtual noncontrast

I n recent years, the field of intracranial endovascular interven-
tion has gained expertise and application due to the therapeutic
benefit that minimally invasive treatment provides.' Intracranial
interventions, such as recanalization or embolization procedures,
usually require an unenhanced control CT scan to rule out possi-
ble bleeding. However, distinguishing hemorrhage from contrast
enhancement that may have passed the BBB during the interven-
tion is challenging due to their similar x-ray attenuation.>

Photon-counting detector CT (PCD-CT) is a promising tech-
nology that has the potential to facilitate the differentiation of
contrast-enhancement media and hemorrhage following neuro-
interventional procedures in clinical routine. This scanner inher-
ently acquires spectral information that allows postprocessing
steps including material differentiation.* Accordingly, a CT scan
can be separated into the attenuation resulting from remaining
iodine and soft tissue, generating contrast media (CM) maps and
virtual noncontrast (VNC) series. The instant availability of this
information promises to improve the diagnostic confidence and
the associated therapeutic decision.

The purpose of this in vitro study was to evaluate the abil-
ity of PCD-CT to precisely distinguish between blood and io-
dine at various iodine concentrations, including the precise
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determination of the CM attenuation within an anthropomor-
phic head phantom.

MATERIALS AND METHODS

Phantom

The phantom used in this study replicates the human brain anat-
omy and comprises brain-equivalent tissue with constant CT val-
ues, surrounded by high x-ray-absorbing structures that simulate
the skull and temporal bones (PFO-Kalotte; Quality assurance in
Radiology and Medicine). Additionally, 3 cylindric holes at the
center, anterior, and lateral aspects, directly beneath the skull,
allow inserts.

Insert Composition

Iodine concentrations from 0 to 6 mg/mL with 1 mg/mL
increments were included in this study. As a reference, 1 series of
concentrations consisted solely of iodine (30 mg/mL) and sodium
chloride (0.9%). The second series was designed to represent the
actual clinical scenario of iodine mixed with blood. Red cells from
an outdated blood donation were diluted with glucose (40%) and
mixed with iodine and sodium chloride in a constant ratio (2
shares of blood, 1 share of glucose, 1 share of iodine diluted with
sodium chloride) to simulate blood. All solutions were adjusted to
a total volume of 120 mL to fill the whole of the phantom with a
stand-off on both sides.

CT Protocol

All samples were scanned on a novel PCD-CT (NAEOTOM
Alpha; Siemens) with a standard clinical cranial CT protocol at all
3 phantom insert positions, respectively. Scans were acquired sin-
gle-source at a tube voltage of 120 kV(peak) in a spiral mode with
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FIG 1. The schematic structure of the phantom and the respective positions of measurement. A indicates anterior; C, central; L, left; Ryosterion

posterior reference; Rgh, right reference).

a pitch of 0.55. The reference tube current time product was
adjusted by setting the image quality level to 280, and the single/
total collimation was 0.4/38.4 mm.

Image Reconstruction

Images were iteratively reconstructed (Q2, quantum iterative
reconstruction, QIR; Siemens) on the scanner console (Version
VAS50A) using a quantitative regular kernel (Qr40). Spectral post-
processing series were generated to fully preserve spectral image
information for further analyses. Section thickness and increment
were set to 1.0/0.4 mm.

Image Analysis

Image analysis was performed on a dedicated workstation (syngo.
via, Version VB70A; Siemens) in a dual-energy workflow (virtual
unenhanced application profile). Four different axial section posi-
tions were considered, 2 within and 2 out of the temporal bone
section, approximately equally distributed from the cranial-to-
caudal direction (Fig 1). Circular ROIs with a constant area of 3.5
cm? were positioned centrally within the inserts, excluding possi-
ble air bubbles. In addition to the positions anterior (A), central
(C), and left (L), 2 further reference measurements posterior
(Rposterior) and right (Ryign,), which were arranged symmetrically
to the axis of rotation. The calculated iodine concentration in
milligrams per milliliter, as well as the mean and SD of CT values
in Hounsfield units for the CM map, the virtual monoenergetic
image at 70 keV (ME70), and the VNC image were recorded. The
noise level was defined as the SD of CT values measured within
the reference ROIs (Rposterior a1 Ryighe).

Statistical Analyses

Statistical analyses were conducted using Python (Version 3.9).
Data were tested for normal distribution using the Shapiro-Wilk
test. To assess differences, we used the paired ¢ test and the
Wilcoxon signed-rank test for parametric and nonparametric
data, respectively. In case of multiple comparisons, P values were
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adjusted using the Bonferroni method. Continuous data are given
as mean (SD) or as median (interquartile range) for parametric
or nonparametric data. The accuracy of linear regression analysis
was assessed using the coefficient of determination (%). Statistical
significance was set at P values < .05.

RESULTS

The effective milliampere-seconds, volume CT dose index, and
dose-length product were 170 mAs, 30.6 mGy, and 533 mGy x
cm for each scan, respectively.

The general noise level was 3.5 (3.3-3.7) HU. All measure-
ments of CT values within the reference and the blood samples
are demonstrated in Fig 2. The reference probes without blood
show low CT values for an actual iodine attenuation of 0 mg/mL
with means of 3.8, 13.7, and 9.9 for CM, ME70, and VNC, respec-
tively. With increasing iodine concentrations, Hounsfield units of
CM and ME70 rise accordingly in ~22-HU steps with a signifi-
cant (all, P<.01), albeit a small, constant distance of <10 HU
from each other, attributable to the attenuation of the sodium
chloride. Meanwhile VNC CT values remained constant around
9 HU. Results from blood-containing probes were even more
accurate. At zero iodine concentration, ME70 and VNC showed
no significant difference (P=.12), and the mean CT values on
CM were close to 0 HU (-0.9 [SD, 1.6] HU). A linear increase of
CT values of ME70 and CM was observed with increasing iodine
attenuation, but with a larger distance in measurement to each
other (~67 HU) due to the blood attenuation. On VNC, CT val-
ues were consistent with smaller SDs compared with the non-
blood samples.

Figure 3 shows the regression analysis between the actual and
measured iodine concentrations of the reference samples without
blood and the samples with blood and glucose. The regression
lines demonstrate a perfect linear relationship with an * value of
1.0. However, the measured iodine concentrations are slightly
underestimated with increasing actual concentration, indicated
by the slope of 0.9. ROI positioning above or next to the



FIG 2. Measured CT values within the samples without (A) and with (B) blood, at all positions (anterior, center, left) and on all slices (next and
above the temporal bone structures) presented in boxplots. CT values are compared among ME70, the CM map, and VNC. Statistically signifi-
cant differences are marked. n.s. indicates P > . 05; *, P <. 05; **, P <. 01, *** P <. 00]).

FIG 3. Linear regression of initial and measured iodine concentration of the samples. Reference samples without (A) and with (B) blood including
all positions (anterior, center, left) and the compared between-sections above and next to temporal bone (tb) structures.

temporal bone structures showed no influence on the measure-
ment and largely overlapped. Figure 4 shows that the mean dif-
ference between the actual and measured iodine concentrations
is 0.2 mg/mL, which is consistent for both reference and the
blood samples.

DISCUSSION

In this study, we analyzed several blood samples with iodine con-
centrations ranging from 0 to 6 mg/mL in an anthropomorphic
head phantom and tested the ability of PCD-CT to discriminate
CM and to determine its exact concentration. We found that the

spectral data of PCD-CT provide reliable differentiation between
iodine- and noniodine-caused attenuation, regardless of the pres-
ence of blood or the height of CM concentration. Moreover, we
demonstrated the feasibility of iodine concentration determina-
tion using PCD-CT.

In patients with acute ischemic stroke, the BBB disruption can
lead to contrast enhancement of the infarcted area in the first few
hours following mechanical thrombectomy. Distinguishing
between contrast pooling and subarachnoid or parenchymal
hemorrhage is crucial for patient management and outcome.>®
Additionally, this differentiation is important for other neuroin-
terventions, such as embolization procedures for aneurysms,
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FIG 4. Bland-Altman plots showing the means and differences between the measured and actual iodine concentrations in samples without (A)
and with (B) blood. All positions (anterior, center, and left) and sections (above and next to temporal bone structures) are considered. W/o indi-

cates without; w, with.

AVMs, dural AVFs, and, more recently, embolization of the mid-
dle meningeal artery for treatment of chronic subdural hemato-
mas.””® During these interventions, hemorrhages can easily occur
and must be distinguished from extravasation of CM or contrast
enhancement.

CT is the imaging technique of choice because it is widely
available and allows a rapid and accurate diagnosis. With conven-
tional single-energy CT, however, a differentiation of blood and
CM is extremely difficult due to the similar attenuation behavior
of x-rays.'® Spectral information, such as provided by dual-energy
CT, allows performing material decomposition into attenuation
shares caused by contrast and noncontrast media'' and, therefore,
has a wide range of application in neuroradiologic interventions.”
The introduction of PCD-CT into clinical routine provides inher-
ently spectral information and simultaneously overcomes limita-
tions of conventional energy-integrating detectors with higher
spatial resolution and the absence of electronic noise.*

This study used the standard cranial CT protocol for the
anthropomorphic head phantom, to achieve dose results compa-
rable with those of clinical in vivo scans. Analysis of Hounsfield
units showed that iodine and blood are clearly distinguishable
regardless of the underlying iodine attenuation. Furthermore,
material decomposition of iodine and noniodine shares appears
to be more accurate in samples with blood than in reference sam-
ples with only sodium chloride. Furthermore, differences of
1 mg/mL in iodine concentration can clearly be discriminated in
CT values. The automated calculation of the underlying iodine
attenuation shows a perfect linear correlation to the actual one,
albeit with an increasing underestimation for higher concentra-
tions. However, these inaccuracies may be partly due to several
limitations. First, the accuracy of the instruments used and possi-
ble human error could affect the samples and their actual iodine
concentrations. Second, a homogeneous distribution of CM
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within the volume of the sample could not be guaranteed, possi-
bly having led to local variation and, therefore, measurement
errors. Third, the experiment is of an in vitro nature, and further
studies are necessary to translate the results into clinical benefits
for patient care.

CONCLUSIONS

PCD-CT proved to be a reliable tool for differentiating blood and
iodine and accurately determining several iodine concentrations
in an anthropomorphic head phantom. These findings suggest
the potential of PCD-CT for various applications in neuroimag-
ing. Further studies should investigate the use of PCD-CT for
imaging of brain hemorrhage with differentiation between calcifi-
cation and hemorrhage, prediction of hematoma expansion on
unenhanced CT and CTA,'? as well as the identification of hem-

. . (13
orrhagic tumors in hemorrhages of unknown origin.

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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ABSTRACT

BACKGROUND AND PURPOSE: The T2-FLAIR mismatch sign on MR imaging is a highly specific imaging biomarker of isocitrate de-
hydrogenase (IDH)-mutant astrocytomas, which lack 1p/19q codeletion. However, most studies using the T2-FLAIR mismatch sign
have used visual assessment. This study quantified the degree of T2-FLAIR mismatch using digital subtraction of fluid-nulled T2-
weighted FLAIR images from non-fluid-nulled T2-weighted images in human nonenhancing diffuse gliomas and then used this infor-
mation to assess improvements in diagnostic performance and investigate subregion characteristics within these lesions.
MATERIALS AND METHODS: Two cohorts of treatment-naive, nonenhancing gliomas with known IDH and 1p/19q status were studied
(n=71 from The Cancer Imaging Archive (TCIA) and n=34 in the institutional cohort). 3D volumes of interest corresponding to the tu-
mor were segmented, and digital subtraction maps of T2-weighted MR imaging minus T2-weighted FLAIR MR imaging were used to parti-
tion each volume of interest into a T2-FLAIR mismatched subregion (T2-FLAIR mismatch, corresponding to voxels with positive values on
the subtraction maps) and nonmismatched subregion (T2-FLAIR nonmismatch corresponding to voxels with negative values on the sub-
traction maps). Tumor subregion volumes, percentage of T2-FLAIR mismatch volume, and T2-FLAIR nonmismatch subregion thickness
were calculated, and 2 radiologists assessed the T2-FLAIR mismatch sign with and without the aid of T2-FLAIR subtraction maps.
RESULTS: Thresholds of =42% T2-FLAIR mismatch volume classified IDH-mutant astrocytoma with a specificity/sensitivity of 100%/
19.6% (TCIA) and 100%/31.6% (institutional); =25% T2-FLAIR mismatch volume showed 92.0%/32.6% and 100%/63.2% specificity/sen-
sitivity, and =15% T2-FLAIR mismatch volume showed 88.0%/39.1% and 93.3%,/79.0% specificity/sensitivity. In IDH-mutant astrocyto-
mas with =15% T2-FLAIR mismatch volume, T2-FLAIR nonmismatch subregion thickness was negatively correlated with the
percentage T2-FLAIR mismatch volume (P <.0001) across both cohorts. The percentage T2-FLAIR mismatch volume was higher in
grades 3—4 compared with grade 2 IDH-mutant astrocytomas (P <<.05), and =15% T2-FLAIR mismatch volume /DH-mutant astrocyto-
mas were significantly larger than <\15% T2-FLAIR mismatch volume IDH-mutant astrocytoma (P <.05) across both cohorts. When
evaluated by 2 radiologists, the additional use of T2-FLAIR subtraction maps did not show a significant difference in interreader
agreement, sensitivity, or specificity compared with a separate evaluation of T2-FLAIR and T2-weighted MR imaging alone.
CONCLUSIONS: T2-FLAIR digital subtraction maps may be a useful, automated tool to obtain objective segmentations of tumor subre-
gions based on quantitative thresholds for classifying IDH-mutant astrocytomas using the percentage T2 FLAIR mismatch volume with 100%
specificity and exploring T2-FLAIR mismatch/T2-FLAIR nonmismatch subregion characteristics. Conversely, the addition of T2-FLAIR subtrac-
tion maps did not enhance the sensitivity or specificity of the visual T2-FLAIR mismatch sign assessment by experienced radiologists.

ABBREVIATIONS: AUC = area under curve; IDHm = isocitrate dehydrogenase mutant; IDHmM-A = isocitrate dehydrogenase mutant astrocytoma; IDHmM-O =
isocitrate dehydrogenase mutant oligodendroglioma; IDHwt = isocitrate dehydrogenase wild-type; NAWM = normal-appearing white matter; ROC = receiver
operating characteristic; TCIA = The Cancer Imaging Archive; T2FM = T2-FLAIR mismatch; T2FNM = T2-FLAIR nonmismatch; VOI = volume of interest

he prognosis and management of human gliomas are de-
pendent on the tumor molecular classification, particularly
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aggressive therapy, IDH-mutant (IDHm) tumors have a much
more favorable prognosis.>* Treatment plans for IDHm gliomas
can include observation following surgery” to balance treatment-
related morbidity from chemoradiation and may also soon
include mutant IDH-inhibitor targeted therapies, which have
recently shown significant benefit in a Phase IIT clinical trial.*’
However, because the molecular classification of gliomas requires
histologic analyses, the inherently invasive nature of sampling
brain tumor tissue either from biopsy or during tumor resection
may also support the need for noninvasive methods to molecu-
larly classify human gliomas in the up-front setting.

The presence of the T2-FLAIR mismatch sign (T2FEM sign)
on MR imaging, first described by Patel et al,® has become a well-
known and validated’"* noninvasive imaging biomarker with
~100% specificity albeit low sensitivity for diagnosing IDHm
astrocytomas (1p/19g-intact; IDHm-A) and ruling out IDHm oli-
godendrogliomas (1p/19q-codeleted; IDHm-O) and IDHwt glio-
mas. Patel et al originally described this imaging biomarker as the
“presence or absence of complete/near-complete hyperintense
signal on T2WI, and relatively hypointense signal on FLAIR

6 and the authors

except for a hyperintense peripheral rim,
reported a specificity of 100% in the 2 cohorts they tested and
sensitivities of 22.0% and 45.5%.° Other subsequent studies have

also noted 100% specificity”®

along with some instances of
false-positives resulting in specificities ranging from 76.5% to
98%.°'* There is also the potential for less conservative defini-
tions of the T2FM sign, such as Lasocki et al® proposing that a
reader-estimated =25% T2FM volume was sufficient to assign
as T2FM sign positivity, which still yielded 100% specificity
with 63% sensitivity;® Li et al'* proposing simply a T2-weighted
FLAIR hyperintense rim with a hypointense core regardless of
appearance on T2-weighted MR imaging, which also yielded
100% specificity with 71.3% sensitivity; and Lee et al'® propos-
ing a partial T2FM sign in grade 4 IDHm gliomas when assess-
ing only grade 4 gliomas, which yielded 99.6% specificity with
26.4% sensitivity. Less conservative definitions have also been
proposed to explain the findings of Juratli et al'® of 76% speci-
ficity with 73% sensitivity.'?

However, despite the inherently quantitative nature of the
T2FM sign based on the relative extent of T2FM volume within a
tumor, to our knowledge, studies on the T2FM sign have mostly
remained qualitative on the basis of reader studies. A prior study
by Mohammed et al'® has previously used a geographically-
weighted regression-based classification model that resulted in
the classification of IDHm-A with very high sensitivity and speci-
ficity. Another study by Lee et al'” used a “hot-spot” assessment
of T2FM areas by assessing relative T2-weighted and T2-
weighted FLAIR hyperintensity in the T2FM core region for gli-
oma classification,'” but the study did not assess the whole-tumor
quantification of T2FM volume. Quantifying T2FM volume
could be valuable to assess whether there is a quantitative per-
centage T2FM volume that is analogous to T2FM sign positivity
for achieving 100% specificity for IDHm-A, such as the reader-
estimated =25% T2FM volume of Lasocki et al® or other volu-
metric thresholds.

As a result, there remains a continued need for methods for vis-
ualization and volumetric quantification of T2FM to specifically

study IDHm-A exhibiting the T2FM sign. For example, IDHm-A
with the T2FM sign are known for intratumoral heterogeneity
because the T2FM core subregion is known for the presence of
microcysts or enlarged intercellular space on histology.'>'® These
findings may also demonstrate the need for a reliable method to
study IDHm-A with the T2FM sign specifically in the context of
characterizing T2FM and T2-FLAIR nonmismatch (T2FNM) sub-
region differences. One such method could be subtraction maps of
coregistered MR images, which have already shown utility for T1
post-/precontrast MR imaging for assessing contrast-enhancing
tumor volume in glioblastomas.'® While similar mathematics of
relative T2-weighted and T2-weighted FLAIR hyperintensity signal
has been used to study the T2FM sign only in the mismatched core
region,'” to our knowledge, whole-brain subtraction maps have
not yet been applied for T2-weighted and T2-weighted FLAIR
images to quantify the extent of T2FM from a whole-tumor, volu-
metric perspective.

The present study explored the use of T2-weighted and T2-
weighted FLAIR subtraction maps to study T2FM in nonenhanc-
ing gliomas. We hypothesized the following: 1) There is a tumor
percentage T2FM volume threshold based on subtraction map
values that can classify IDHm-A with 100% specificity; 2) the per-
centage T2FM volume may be associated with tumor volume and
tumor grade; and 3) the visual evaluation of T2-FLAIR subtrac-
tion maps would improve the sensitivity, specificity, and inter-
reader agreement of the T2FM sign in a reader study.

MATERIALS AND METHODS

Patient Selection

Two cohorts of patients with gliomas who underwent preopera-
tive MR imaging from 2 different institutions were screened for
analysis: 1) a test cohort from The Cancer Imaging Archive
(TCIA) University of California San Francisco Preoperative
Diffuse Glioma MR imaging dataset (UCSF-PDGM) (n=495
total)**>* and 2) a validation cohort consisting of patients at our
institution enrolled in prospective trials (institutional review
board Nos. 14-001261, 21-000514, 21-002112) and/or assessed
in a prior study® (n= 150 total). All patients in the institutional
cohort provided written informed consent. Patients with the fol-
lowing inclusion criteria were included in the study: 1) nonen-
hancing, adult-type diffuse glioma according to the World Health
Organization 2021 classification,' 2) no prior pharmacologic or
radiation treatment, 3) no prior surgery except for biopsy, 4)
known IDH-mutational status, 5) if IDH-mutant, known 1p/19q
status, and 6) supratentorial location (Online Supplemental
Data). All patients in the TCIA UCSF-PDGM were treatment-
naive except for biopsy. The tumor molecular diagnosis ground
truth was based on histopathologic analysis. IDH status was
determined by targeted next-generation DNA sequencing for the
TCIA cohort® and by polymerase chain reaction sequencing
and/or immunohistochemistry for the institutional cohort.””
1p/19q codeletion status was determined using fluorescence in
situ hybridization for both cohorts. A total of 70 patients from
the TCIA UCSF-PDGM and 34 patients from the institutional
cohort were included in the study (Online Supplemental Data).
Two distinct lesions in the left and right hemispheres of 1 patient
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Table 1: Patient data

centrum semiovale, avoiding T2/FLAIR

TCIA Cohort Institutional Cohort hyperintensities as described previ-
Characteristic (n =70 Patients with n = 71 Lesions) (n = 34 Patients/Lesions) ously?>? so that the resulting signal in-
Age (mean) (range) 43 (22-78) 42 (22-79) tensity in the NAWM would be ~0;
S?X: mal'e/ female 429 18/16 and then 3) performing voxelwise sub-
Diagnosis (No.) (%) . . .
IDHM-A 46 (64.8%) 19 (55.9%) traction of the normalized T2-weighted
Grade 2 33 1 MR imaging and the normalized T2-
Grade 3 13 7 weighted FLAIR MR imaging (normal-
Grade 4 0 i 1 . ized T2-weighted minus normalized
IDHM-O 9 (127%) 9 (265%) T2-weighted FLAIR). Tumor VOIs of
Grade 2 9 8 . . .
Grade 3 0 1 the T2-weighted hyperintensity of the
IDHwt glioma 16 (22.5%) 6 (17.6%) institutional cohort were created by a

in the TCIA cohort were assessed separately. Patient data are
summarized in Table 1.

Image Acquisition and Preprocessing

Both cohorts were scanned using 3T scanners (TCIA: GE
Healthcare Discovery 750; institutional: Siemens Prisma, Skyra,
Trio, Vida) and underwent standardized protocols for T2-weighted
and T2-weighted FLAIR MR imaging: TCIA, 3D T2-weighted sag-
ittal FSE: TR/TE = 2200/100 ms; section thickness = 1.2mm; in-
plane resolution=1 x 1 mm;>! TCIA, 3D T2-weighted FLAIR cor-
onal FSE: TR/TE/TI = 5700/115/1650ms; section thickness=
1.2 mm; in-plane resolution=1 x 1 mm;?! institutional, 2D T2-
weighted axial FSE: TR = 4381-8450 ms; TE = 86-116 ms; section
thickness = 3mm; in-plane resolution = 0.31-0.94 x 0.31-0.94 mmy;
institutional, 3D T2-weighted sagittal FSE (n =1 patient): TR/TE =
3200/412 ms; section thickness = 1 mm; in-plane resolution = 0.98
x 0.98 mmy; institutional, T2-weighted FLAIR 2D axial: TR = 7080-
9980 ms; TE = 81-89 ms; TI = 2500 ms; section thickness = 3 mm;
in-plane resolution = 0.47-0.94 x 0.47-0.94 mm.

The provided TCIA data were already preprocessed as fol-
lows:*>*! scans were registered to the 3D T2-weighted FLAIR
image (Advanced Normalization Tools software package; http://
stnava.github.io/ANTSs/) and then skull-stripped using the open-
source, deep-learning algorithm brain_mask (https://www.
github.com/ecalabr/brain_mask/). The institutional data were
preprocessed similarly: scans were registered to the 3D T1-post-
contrast image (tkregister2; FreeSurfer https://surfer.nmr.mgh.
harvard.edu/fswiki/tkregister2*® and the FMRIB Linear Image
Registration Tool, FLIRT, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FLIRT/UserGuide)”” and then skull-stripped using the open-
source, deep-learning algorithm HD-BET?® (https://github.com/
MIC-DKFZ/HD-BET).

T2-FLAIR Subtraction Maps and Tumor Imaging Analysis

T2-FLAIR subtraction maps were generated as follows: 1) skull-
stripped T2-weighted MR imaging was further precisely regis-
tered to skull-stripped T2-weighted FLAIR MR imaging using
FLIRT; 2) T2-weighted MR imaging and T2-weighted FLAIR
MR imaging were normalized using z score normalization and
then by performing voxelwise subtraction by the mean T2-
weighted and T2-weighted FLAIR signal intensity, respectively,
of the normal-appearing white matter (NAWM) using 3 spheric
volumes of interest (VOIs) within the contralesional superior
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lab member with 2 years of experience

in tumor-segmentation analysis (N.S.C.)
using a semiautomated thresholding method involving Analysis
of Functional Neurolmages (AFNI) software®® (https://afni.
nimh.nih.gov) as previously described."®*! The provided TCIA
segmentations were also refined using this thresholding tech-
nique for consistency. Voxels corresponding to CSF and macro-
scopic cysts (characterized as having round shape, well-defined
borders, CSF-like signal intensity, and lacking wall enhance-
ment) were excluded from the tumor VOIs. All final tumor
VOIs were inspected by a radiologist (S.0.) with 11 years of ex-
perience in neuroimaging analysis who was blinded to the tu-
mor molecular diagnosis.

The whole-tumor VOIs were then split using the T2-FLAIR
subtraction maps into T2FM (positive values in the T2-FLAIR
subtraction map) and T2FNM (negative values in T2-FLAIR sub-
traction map) subregion VOIs using a consistent threshold of
zero. Thus, tumor T2FM subregions would be defined as
regions where the normalized T2-weighted MR imaging signal
intensity is greater than the normalized T2-weighted FLAIR
signal intensity, while the remaining voxels in the tumor mask
would be assigned to the T2FNM subregion. T2FM and
T2FNM subregion volumes were obtained. Tumor percentage
T2FM volume (% T2FM volume) was calculated as T2FM sub-
region volume divided by total tumor volume. To assess the
potential impacts of slight image misregistration on the per-
centage T2FM volume calculation, we generated 2 deliberately
misregistered T2-FLAIR subtraction maps using the AFNI
Nudge Dataset plugin (https://afni.nimh.nih.gov/)—one from
a 2-voxel posterior shift of the coregistered T2-weighted MR
imaging and one from 2° counterclockwise shift of the coregis-
tered T2-weighted MR imaging—and tumor VOIs were split
again into T2FM and T2FNM subregions. The median thick-
ness of the peripheral T2FNM subregion for tumors exhibiting
T2FM subregions was calculated using AFNI software by creat-
ing a 1-voxel-wide border segmentation of the T2FNM subre-
gion VOI (3dDepthMap, rimify; https://afni.nimh.nih.gov/
pub/dist/doc/program_help/3dDepthMap.html) followed by
manually removing nonperipheral voxels and then creating a
3D depth map from the T2FM-subregion voxels after cluster
filtering T2FM-subregion voxels at a threshold of >30 voxels.
The external border segmentation was then encoded with the
distance from the T2FM subregion via voxelwise multiplica-
tion of the depth map (Fig 1), and the median value was taken
to be the T2FNM subregion thickness.
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FIG 1. Representative true-positive and true-negative typical cases with T2-FLAIR subtraction
maps and tumor segmentations. A, Patient A is a 38-year-old woman from the TCIA cohort diag-
nosed with a grade 2 IDHm-A demonstrating 59.6% T2-FLAIR mismatch volume (true-positive
result). B, Patient B is a 23-year-old man from the institutional cohort diagnosed with grade 2
IDHmM-A demonstrating 48.0% T2-FLAIR mismatch volume (true-positive result). C, Patient C is a
35-year-old woman from the TCIA cohort diagnosed with grade 2 IDHmM-O demonstrating heter-
ogeneous T2-weighted and T2-weighted FLAIR hyperintensity and no T2-FLAIR mismatch on the
subtraction map (true-negative result). D, Patient D is a 59-year-old woman from the institutional
cohort diagnosed with grade 4 IDHwt glioblastoma. The relative hypointense central T2-weighted
FLAIR signal with a peripheral hyperintense rim may mimic a T2FM sign at first glance, but the cor-
responding absence of T2FM on the subtraction map from the heterogeneous T2-weighted
hyperintensity clearly shows the lack of T2FM (true-negative result). Corresponding tumor seg-
mentation VOIs of T2FM (pink) and T2FNM (green) subregions (A-D) as well as the T2FNM subre-
gion external borders encoded with thickness (A/C) are shown. INST indicates institutional.

Reader Study: T2FM Sign Using T2-FLAIR Subtraction Maps

Two radiologists with 7 years (E.S., reader 1) and 11 years (S.O.,
reader 2) of neuroimaging experience who were blinded to the
molecular diagnosis performed a reader study. For this analysis,
the 2 cohorts were pooled. The readers were first given only the

coregistered T2-weighted and T2-
weighted FLAIR MR images and asked
to assess the presence of the T2FM sign
as first described by Patel et al® (“pres-
ence or absence of complete/near-com-
plete hyperintense signal on T2WTI, and
relatively hypointense signal on FLAIR
except for a hyperintense peripheral
rim”) and to estimate the percentage
T2FM volume, similar to the proposed
semiquantitative definition of =25%
T2FM volume of Lasocki et al® as suffi-
cient for the T2FM sign. The readers
were then provided the T2-FLAIR sub-
traction maps in the same session and
asked to repeat their assessments before
assessing the next patient. T2-FLAIR
subtraction maps were visualized using
a standardized color bar with values
ranging from —3 to +3, in which red-
shades
matched voxels with positive values,
teal-to-blue shades represented non-
mismatched voxels with negative val-

to-yellow represented mis-

ues, and gray represented voxels with
values close to zero (Fig 1).

Statistical Analysis

Statistical analysis was performed using
GraphPad Prism Software (Version 8.4;
GraphPad Software). Receiver operating
characteristic (ROC) curves were first
generated on the TCIA cohort to assess
the performance of the empiric percent-
age T2FM volume thresholds for classi-
fying IDHm-A versus IDHm-O/IDHwt
gliomas. ROC curves were also com-
puted in the institutional cohort, and
the same percentage T2FM volume
thresholds were applied to validate their
group
comparisons, data sets were tested for

diagnostic performance. For

normality using the Shapiro-Wilk test
to determine whether to apply nonpara-
metric/parametric statistical methods.
Contingency tables for IDHm-A distri-
bution based on cohort, tumor grade,
and percentage T2FM volume were
assessed using Fisher exact tests. Tumor
characterization analyses comparing
T2FM and T2FNM subregions were
conducted only in IDHm-A that dem-

onstrated both subregions at an empiric threshold of =15%
T2FM volume. Differences in percentage T2FM volume and tu-
mor volume were assessed using either ¢ tests or Mann-Whitney
tests. Correlations in T2FNM subregion thickness and percentage
T2FM volume were assessed using either Pearson or Spearman
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FIG 2. Representative false-negative and false-positive cases with T2-FLAIR subtraction maps and
tumor segmentations. A, Patient A is a 38-year-old man from the TCIA cohort diagnosed with
grade 2 IDHmM-A with no T2-FLAIR mismatch on the subtraction map (false-negative result). B,
Patient B is a 36-year-old woman from the institutional cohort diagnosed with grade 2 IDHm-A
with no T2-FLAIR mismatch on the subtraction map excluding the cystic portion (false-negative
result). C, Patient C is a 45-year-old man from the TCIA cohort diagnosed with grade 2 IDHmM-O
demonstrating 35.0% T2FM volume, which was assessed as a false-positive for the T2FM sign by 1
reader using subtraction maps (false-positive result). D, Patient D is a 35-year-old woman diag-
nosed with IDHwt glioblastoma demonstrating 12.5% T2FM volume, which was assessed as a
false-positive for the T2-FLAIR mismatch sign by both readers using subtraction maps.
Corresponding tumor-segmentation VOIs of T2FM (pink) and T2FNM (green) subregions are
shown (A-D) (false-positive result).

IDHm-A. Significance was set to P < .05.
All bar graphs with error bars display the
mean and SD.

RESULTS

Representative Cases

Eight representative cases across both
cohorts are shown in Figs 1 and 2.
Figure 1 displays typical true-positive
and true-negative cases in the reader
study. Patients 2A and 2B were diag-
nosed with IDHm-A, and T2-FLAIR
subtraction maps clearly visualize
T2FM subregions within these tumors
and demonstrate 59.6% and 48.0%
T2FM volume, respectively (Fig 1A -B,
true-positive results). Patients 2C and
2D were diagnosed with IDHm-O and
IDHwt glioblastomas,
which demonstrate heterogeneous
T2-weighted FLAIR hyperintensity,
but T2-FLAIR subtraction maps dem-
onstrated no corresponding T2FM

respectively,

subregions (Fig 1C, -D, true-negative
results). Figure 2 demonstrates typical
false-negative and atypical false-posi-
tive cases. Patients 3A and 3B were
diagnosed with IDHm-A, but T2-FLAIR
subtraction maps do not show T2FM
subregions (Fig 2A, -B, false-negative
results). Patients 3C and 3D were diag-
nosed with IDHm-O and IDHwt glio-
blastomas, respectively. These patients
were interpreted as having the T2-
FLAIR mismatch sign when using T2-
FLAIR subtraction maps by at least one
of the readers and demonstrated 35.0%
and 12.5% T2FM volume, respectively
(Fig 2G, -D, false-positive results).

Diagnostic Performance of
Quantitative Percentage T2FM
Volume

In the TCIA cohort, percentage T2FM
volume was significantly higher in
IDHm-A (mean, 18.0%; 95% CI,
11.4%-24.6%) compared with IDHm-
O/IDHwt gliomas (mean, 5.38%; 95%
CI, 0.94%-9.81%; P=.03; Fig 3A).
ROC curves using percentage T2FM
volume to classify IDHm-A versus

correlations, and the relationships of T2FNM subregion thickness
based on percentage T2FM volume categorizations were assessed
using the Kruskal-Wallis test with post hoc Dunn Test for multi-
ple comparisons. For the reader study, interreader agreement
Cohen « scores were calculated, and the Wald test was performed
to assess overall changes in reader sensitivity and specificity for
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IDHm-O/IDHwt gliomas demonstrated an area under curve
(AUC) of 0.657 (P=.03) (Fig 3B). A threshold of =42%
T2FM volume was sufficient to achieve 100% specificity while
also having 19.6% sensitivity; a threshold of =25% T2FM vol-
ume showed 92.0% specificity and 32.6% sensitivity; and a
threshold of =15% T2FM volume showed 88.0% specificity



FIG 3. Tumor percentage of T2FM volume and diagnostic performance for IDHm-A classification.
Results are shown for both the TCIA cohort (A and B) and the institutional cohort (C and D).
IDHmM-A had a higher percentage T2FM volume (% T2FM volume) compared with the other mo-
lecular signatures (A and C). ROC curves show that a specificity of 100% for the IDHm-A diagnosis
could be achieved with a threshold of =42% T2FM volume in both cohorts (B and D), though in
the validation cohort, a threshold of =25% T2FM volume sufficed (D). The summary results when
pooling the 2 cohorts are also shown (E and F). INST indicates institutional; Spec, specificity; Sens,
sensitivity; *, P <<.05; ***, P <001, **** P < .0001.

Similar results were shown in the
institutional validation cohort. The per-
centage T2FM volume was significantly
higher in IDHm-A (mean, 32.1%; 95% CI,
21.9%-42.2%) versus IDHm-O/IDHwWt
gliomas (mean, 4.14%; 95% CI, 1.32%-
6.97%; P < .0001; Fig 3C). ROC curve
analyses showed an AUC= 0919 (P
<C.0001, Fig 3D), and using the same
thresholds as in the TCIA cohort, a
threshold of =42% T2FM volume
showed 100% specificity and 31.6%
sensitivity; a threshold of =25% T2FM
volume showed 100% specificity and
63.2% sensitivity; and a threshold of
=15% T2FM volume showed 93.3%
specificity and 79.0% sensitivity for
IDHm-A. The TCIA optimal threshold
of =38% T2FM volume showed 100%
specificity and 36.8% sensitivity. There
was a significantly higher proportion
of IDHm-A with =25% T2FM volume
in the institutional cohort compared
with the TCIA cohort (P =.03; Online
Supplemental Data).

The diagnostic results when pooling
both cohorts showed a significantly
higher percentage T2FM volume in
IDHm-A (mean, 22.1%; 95% CI, 16.5%—
27.8%) compared with IDHm-O/IDHwt
gliomas (mean, 4.91%; 95% CI, 2.04%-
7.79%; P=.0002; Fig 3E), and the ROC
curve AUC was 0.714 (P=.0002 [per-
centage T2FM volume threshold: speci-
ficity/sensitivity] =42% T2FM volume:
100%/23.1%; =38% T2FM volume:
97.5/26.2%; =25% T2FM volume: 95%/
41.5%; =15% T2FM volume: 90%/
50.8%; Fig 3F).

When assessing the potential impact
of slight image misregistration on the
percentage T2FM volume, the mean
magnitude difference in percentage
T2FM volume across both cohorts was
1.04%; 95% CI, 0.88%-1.20% (Online
Supplemental Data). By considering
empiric thresholds of 1.0% and 5.0%
T2FM volume as potential “noise floors”
when using T2-FLAIR subtraction maps,
the sensitivity values for IDHm-A at a
threshold of =1.0% T2FM volume were
73.9%, 100%, and 81.5% for the TCIA,

and 39.1% sensitivity for IDHm-A (Fig 3B). An optimal institutional, and pooled cohorts, respectively, and for =5.0%
threshold maximizing the likelihood ratio at 5.44 was =38% T2EM volume, they were 45.7%, 84.2%, and 56.9% for the TCIA,
T2FM volume, which showed 96.0% specificity and 21.7%  institutional, and pooled cohorts, respectively (Online

sensitivity. Supplemental Data).
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FIG 4. T2FNM thickness, tumor grade, and tumor volume relationships based on tumor percentage T2FM volume. In both cohorts, tumor per-
centage T2FM volume (% T2FM volume) was significantly negatively correlated with T2FNM subregion thickness (A and C, P <.0001). Grade 34
IDHmM-A had significantly higher percentage T2FM volume compared to grade 2 IDHm-A (B, TCIA, P =.008; E, institutional, P =.03), and tumor
volumes were significantly greater in =15% T2FM volume IDHmM-A compared with <15% T2FM volume IDHm-A (C, TCIA, P=0T; F, institutional,

P =.04). INST indicates institutional; *, P < .05, ** P < .01.

Relationships among Tumor Subregions, Volumes, and
Histopathologic Grade

In both cohorts, there was a significant negative correlation
between T2FNM subregion thickness and percentage T2FM vol-
ume (TCIA: R = -0.86, P<.0001; institutional: R = -0.88,
P<.0001; Fig 4A, -D). When categorizing IDHm-A as 15%-
25% T2FM volume, 25%-42% T2FM volume, and =42% T2FM
volume, there was an overall significant difference in T2FNM
subregion thickness within each cohort with similar results
(TCIA: P=.001; 15%-25% T2FM volume: mean, 7.08 mm; 95%
CI, 5.62-8.54 mm; 25%-42% T2FM volume: mean, 5.55 mm;
95% CI, 3.84-7.26 mm; =42% T2FM volume: mean, 3.14 mm;
95% CI, 2.53-3.76 mm; institutional: P =.001; 15%-25% T2FM
volume: mean, 7.06 mm; 95% CI, 3.88-10.3mm; 25%-42%
T2FM volume: mean, 5.07 mm; 95% CI, 3.54-6.60 mm; =42%
T2FM volume: mean, 3.04 mm; 95% CI, 2.29-3.79 mm) (Online
Supplemental Data).

The percentage T2FM volume was significantly lower in
grade 2 IDHm-A compared to grade 3-4 IDHm-A in both
cohorts (TCIA: P=.008; 13.4% T2FM [95% CI, 6.56%-20.3%]
versus 29.6% T2FM [95% CI, 14.1%-45.2%]; institutional:
P=.03; 23.2% T2FM [95% CI, 11.4%-34.9%] versus 44.4%
T2FM [95% CI, 27.5%-61.2%]; Fig 4B, -E). There were no sig-
nificant differences in the frequencies of grade 2 versus grade
3-4 IDHm-A between the TCIA and institutional cohorts or
within each cohort based on a threshold of =25% T2FM vol-
ume (P <.05; Online Supplemental Data). There were also no
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significant relationships between percentage T2FM volume
with patient age or sex in either cohort (P>.05; Online
Supplemental Data).

Tumor volumes were also significantly higher in IDHm-A
with =15% T2FM volume compared with IDHm-A with <15%
T2FM volume in both cohorts (TCIA: P=.01; 35.5mL [95% CI,
23.3-47.7mL] versus 70.7 mL [95% CI, 41.7-99.7 mL]; institu-
tional: P=.04; 22.5mL [95% CI, —4.85-49.8 mL] versus 60.8 mL
[95% CI, 33.4-88.2 mL]; Fig 4C, -F).

Reader Study Results

The pooled sensitivity and specificity from the 2 cohorts using
quantitative percentage T2FM volume and by visual assessment
are summarized in the Online Supplemental Data. The reader
study results across all patients are summarized in Tables 2 and 3.
When assessing the T2FM sign using the definitions by Patel et
al® and Lasocki et al® without subtraction maps, there were signif-
icant differences in the sensitivity and specificity for reader 1
(P=.001) and a trend toward significance for reader 2 (P =.052).
Using the definitions of Patel et al® and Lasocki et al® without
subtraction maps, reader 1 interpreted 24 (1 false-positive) and
37 cases (4 false-positives) of the T2FM sign, respectively, and
reader 2 interpreted 23 (4 false-positives) and 30 (3 false-posi-
tives) cases of the T2FM sign, respectively. Specificity was
unchanged for reader 2 (92.5%) between definitions, while it was
slightly decreased for reader 1 using the definition of Lasocki
et al® (90.0%) compared with that of Patel et al® (97.5%). The



Table 2: Reader study results of T2FM sign: Sensitivity and specificity

quantitative tumor imaging analysis

Classification With Subtraction

than for visual assessment of the T2FM

Definition/Reader Map Sensitivity (95% Cl) Specificity (95% Cl)
Patel et al®
Reader 1 No 354 (23.9-48.2) 97.5 (86.8-99.9)
Yes 36.9 (25.3-49.8) 92.5 (79.6-98.4)
Reader 2 No 30.8 (19.9-43.5) 92.5 (79.6-98.4)
Yes 38.5 (26.7-514) 92.5 (79.6-98.4)
Lasocki et al®
Reader 1 No 50.8 (38.1-63.4) 90.0 (76.3-97.2)
Yes 55.4 (42.5-67.7) 85.0 (70.2-94.3)
Reader 2 No 415 (29.4-54.4) 925 (79.6-98.4)
Yes 492 (36.6-619) 92.5 (79.6-98.4)

sign by experienced radiologists. The
present study adds to the current litera-
ture by providing a method for the
automated quantification of percentage
T2FM volume and performing subre-
gion segmentations in IDHm-A using
T2-FLAIR subtraction maps. The pres-
ent study also expands on a previous
study assessing the relative signal inten-

Table 3: Reader study results of T2FM sign: Interreader
agreement
Classification Definition/with
Subtraction Map

Cohen x (95% Cl)

Patel et al®
No 0.70 (0.53-0.87)
Yes 0.78 (0.64-0.92)
Lasocki et al®
No 0.76 (0.63-0.89)
Yes 0.78 (0.65-0.90)

Lasocki et al® definition had slightly improved sensitivity (50.8%
reader 1 and 41.5% reader 2) compared with that of Patel et al®
(35.4% reader 1 and 30.8% reader 2).

For both readers, there were no significant changes in sensi-
tivity and specificity after the inclusion of T2-FLAIR subtraction
maps (P> .05). Specificity was unchanged for reader 2, and there
was a slight decrease in specificity for reader 1 with T2-FLAIR
subtraction maps with the definition of Patel et al® (97.5% versus
92.5%; unchanged at 92.5%) and the definition of Lasocki et al®
(90.0% versus 85.0%; unchanged at 92.5%). There was slightly
improved sensitivity using either the definition of Patel et al®
(reader 1: 35.4%, without the subtraction map, versus 36.9%, with
the subtraction map; reader 2: 30.8% versus 38.5%) or the defini-
tion of Lasocki et al® (reader 1: 50.8% versus 55.4%; reader 2:
41.5% versus 49.2%).

Interreader agreement for the T2EM sign was substantial>* for
both definitions and with/without subtraction maps (Cohen «:
0.70-0.78; Table 2). There were also slight, nonsignificant (P > .05)
improvements in interreader agreement using T2-FLAIR subtrac-
tion maps with the definition of either the Patel et al® (Cohen «:
0.70 versus 0.78) or Lasocki et al® (0.76 versus 0.78).

DISCUSSION

The primary objective of the present study was to add to the cur-
rent literature by quantifying T2FM and T2FNM subregion vol-
umes in nonenhancing gliomas using T2-FLAIR subtraction
maps, with the main aim of diagnosing IDHm-A with near-100%
specificity. The collective findings demonstrate that percentage
T2FM volume thresholds may serve as a quantitative threshold
for classifying IDHm-A with 100% specificity as demonstrated in
2 independent cohorts. The percentage T2FM volume is influ-
enced by tumor volume and grade in IDHm-A, and T2-FLAIR
subtraction maps may be more useful as an objective tool for

sity of T2FM in a hot-spot region
within the T2FM core'” by creating a
subtraction map for whole-tumor visualization and assessment.

Quantitative T2-FLAIR subtraction maps may serve as a use-
ful, complementary tool for studying the T2FM sign in IDHm-A.
The finding that =42% T2FM volume can classify IDHm-A with
100% specificity suggests that percentage T2FM volume calcu-
lated from quantitative subtraction maps may help radiologists
avoid false-positives as shown in Fig 2 and serve as a potential
imaging biomarker of IDHm-A in combination with the radio-
graphic T2FM sign."? In the present study, we purposely did
not describe the subtraction map-defined T2FM and T2FNM
subregions synonymously as the “core” and “rim” subregions in
IDHm-A, respectively, as in previous radiographic studies on the
T2FM sign.® While T2-FLAIR subtraction maps allow determin-
ing the presence of T2FM subregions, the present use of T2-
FLAIR subtraction maps may be limited in determining the pres-
ence of the corresponding hyperintense T2-weighted FLAIR rim
specifically distinct from more broadly-defined T2FNM subre-
gions that are also present in gliomas not exhibiting the T2FM
sign.

The present findings of a threshold of =42% T2FM vol-
ume demonstrating 100% specificity for IDHm-A and lower
thresholds of =15% and =25% T2FM volume demonstrating
88.0%-100% specificity may also be perceived as similar to
those of other studies proposing a less conservative definition
of the T2FM sign®'*'> and as demonstrated in our represen-
tative false-positive cases, particularly when considering that
T2FM subtraction maps do not explicitly account for the
hyperintense T2-weighted FLAIR rim. Nevertheless, percent-
age T2FM volume was also found to be inversely related to
T2FNM subregion thickness in IDHm-A, possibly demon-
strating that T2FNM subregions are potentially synonymous
with a T2-weighted FLAIR hyperintense rim as the T2FM
sign IDHm-A grows.

As for sensitivity, the present study demonstrates that high
sensitivity cannot be achieved by lowering the percentage T2FM
volume threshold, findings in line with those of previous studies
reporting a low sensitivity of the T2FM sign.®® Indeed, even
when we dramatically lowered to a =5.0% T2FM volume thresh-
old, which can be considered close to a noise floor, the sensitivity
was 45.7%-84.2% in the 2 cohorts. We believe the low sensitivity
may be related to the biology of IDHm-A, which can seemingly
lack any extent of mismatch in a non-negligible percentage of
cases. For example, the differing AUC performance may be
explained by the higher proportion of nonmismatched IDHm-A
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in the TCIA cohort compared with the institutional validation
cohort, though both cohorts demonstrated 100% specificity for
IDHm-A using a high percentage T2FM volume threshold.

These findings potentially demonstrate a limitation of per-
centage T2FM volume as a continuous measure for AUC-based
classification compared with a categoric measure for 100% speci-
ficity-based classification through a percentage T2FM volume
threshold (ie, =42% T2FM volume) at the cost of sensitivity.
Additionally, even though there was no significant difference in
the tumor grade distribution of IDHm-A with or without a
=25% T2FM volume threshold, which is in line with the litera-
ture showing no IDHm-A tumor grade differences based on
T2FM-sign,”>'? the percentage T2EM volume was significantly
higher in grade 3-4 IDHm-A compared with grade 2 and in
tumors with larger volumes compared with smaller volumes in
both cohorts. We speculate that percentage T2FM volume devel-
opment may be associated with tumor growth; however, a longi-
tudinal assessment is warranted to verify this claim.

The present study demonstrates that T2-FLAIR subtraction
maps may be useful to obtain partitioned segmentations of
T2FM/T2FNM subregions in IDHm-A for quantitative studies of
the T2FM sign in gliomas. Previous studies have shown that mis-
matched areas show either microcystic changes or enlarged inter-
cellular spaces on histology.>'® Future studies could use T2-
FLAIR subtraction maps to objectively partition subregion seg-
mentations to assess intratumoral heterogeneity because there
have been studies using quantitative MR imaging to assess the tu-

17,33 and

mor microenvironment of IDHm-A with the T2FM sign,
use of the radiographic sign is now expanding and even being
explored in pediatric populations.** In addition, the generation of
T2-FLAIR subtraction maps uses readily available, open-source
software and involves relatively routine preprocessing steps that
are conducted for many quantitative imaging studies, including
NIfTI conversion, image coregistration, skull-stripping, normal-
ization, and voxelwise arithmetic (ie, subtraction), which could
be performed by nonclinicians. Although off-line processing was
required for this first demonstration study, it is conceivable that
use of these maps could eventually be extended beyond research
settings and expanded for clinical practice because the processing
steps are not computationally demanding.

In the reader study portion of the present study, the inter-
reader agreements without (0.70-0.76) and with subtraction
maps (0.78) were in line with values previously reported in the lit-
erature.®” Additionally, the specificity of the definition of Patel et
al® applied by the readers (specificity ranging from 92.5% to
97.5%) was similar to that of the =25% T2FM volume threshold
(95%). The specificity for the definition of Lasocki et al® (specific-
ity ranging from 85% to 92.5%) was similar to that of the =15%
T2FM volume threshold (90%). The sensitivity values were also
comparable between the definition of Patel et al® and the =25%
T2FM volume threshold (30.8%-38.5% versus 41.5%) and
between the definition of Lasocki et al® and the =15% T2FM vol-
ume threshold (50.8% versus 41.5-55.4%, respectively).

Interestingly, there were no significant differences in sensitiv-
ity, specificity, or interreader agreement of T2FM sign when add-
ing T2-FLAIR subtraction maps for either the Patel et al® or
Lasocki et al® definitions, though there was a significant difference
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when comparing the definitions of Patel et al® and Lasocki et al®
for 1 reader and a significant trend in the other reader. There
are possible reasons to explain these results. First, these findings
may further support that the radiographic definitions of the
T2FM sign are very robust in definition and that additional
tools such as T2-FLAIR subtraction maps may not provide
additional diagnostic benefit for estimating the percentage
T2FM volume for T2FM sign positivity, especially for experi-
enced radiologists. Second, the reader study design involved
using a standardized T2-FLAIR subtraction map windowing
and color scale with gray voxels depicting voxels around zero
(either positive or negative), so the reader’s interpretation of the
gray voxels may have impacted their assessments. In the future,
reader studies involving radiologists with less experience and a
more binarized color bar without an intermediate color zone
may be useful to better understand the potential diagnostic util-
ity of T2-FLAIR subtraction maps. Although subtraction maps
did not show a striking benefit as a tool for qualitative evalua-
tions, their potential quantitative use to compute percentage
T2FM volume and T2FM/T2FNM subregions is considered a
valuable complementary tool that does not have interreader var-
iability. The interreader agreement for the T2FM sign in both
ours and previous studies was substantial, but not perfect, and,
speculatively, may also be worse in less experienced readers, fur-
ther supporting this notion.

There are several limitations to this study. First, the sample
size was limited, so further studies assessing the potential useful-
ness of T2-FLAIR subtraction maps in other, expanded cohorts
are warranted. Second, given that the T2FM sign is known to be
impacted by pulse sequence parameters,'' it is conceivable that
there may be institutional- or patient-specific thresholds to better
distinguish T2FM from T2FNM subregions compared with the
positive- and negative-value thresholds, respectively, used in the
current study. For example, lower FLAIR TIs have been shown to
increase the visibility of the T2FM sign,'" which may analogously
lead to a larger percentage T2FM volume, and other sequence pa-
rameter variations may have similar effects. However, we believe
that the use of straightforward positive- and negative-value
thresholds with intensity-normalized anatomic images to mini-
mize the impact of sequence parameter differences and additional
NAWM normalization to further minimize patient-specific dif-
ferences is valid as a first demonstration of the potential utility of
T2-FLAIR subtraction maps for consistent analyses across and
within our multi-institutional cohorts.

Nevertheless, a more thorough investigation of the impact of
acquisition parameters on the T2FM sign, T2-FLAIR subtraction
maps, and the percentage T2FM volume calculation may be war-
ranted. A potential approach to overcome the inherent low sensi-
tivity of T2FM could be represented by a combination of T2-
FLAIR subtraction maps with advanced imaging such as diffu-

. 17,33 17,33
sion,

perfusion, "~ and chemical exchange saturation transfer
MR imaging® as did some prior studies on the visual T2FM-sign.
Lastly, while the reader study results did not show marked
improvement in T2FM sign assessment using T2-FLAIR subtrac-
tion maps in experienced radiologists, future reader studies assess-
ing the potential usefulness of T2-FLAIR subtraction maps,

including perhaps for radiology trainees, may be warranted.



CONCLUSIONS
T2-FLAIR subtraction maps may be a useful tool to quantitatively

assess the T2FM sign in nonenhancing gliomas and to obtain

objective segmentations of T2FM and T2FNM subregions based

on specific thresholds. Whole-tumor quantification of percentage

T2FM volume may complement the T2FM sign for classifying

IDHm-A with 100% specificity. Conversely, there appeared to be

no significant benefit in using T2-FLAIR subtraction maps for

visual assessment of the T2FM sign by experienced radiologists.

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
HEAD AND NECK IMAGING

Comparison of HASTE versus EPI-Based DWI for
Retinoblastoma and Correlation with Prognostic
Histopathologic Parameters

Manish Sharma, ““’ Amit Gupta, ““’Manisha Jana, ‘“’Seema Kashyap, ““’Sameer Bakhshi, and “Sanjay Sharma

ABSTRACT

BACKGROUND AND PURPOSE: Non-EPI-based DWI has shown better performance in head and neck pathologies owing to lesser
susceptibility artifacts compared with EPI-DWI. However, only sporadic studies have investigated the feasibility of non—EPI-based
DWI in retinoblastoma (RB). We qualitatively and quantitively compared EPI-DWI and HASTE-DWI in RB and correlated the tumor
ADC values obtained from these 2 techniques with histopathologic markers.

MATERIALS AND METHODS: Twenty-one treatment-naive patients with RB underwent 1.5T orbital MR imaging. EPI-DWI and HASTE-
DWI were acquired at 3 b-values (0, 500, and 1000 s/mm?). All patients subsequently underwent surgical enucleation. For qualitative
image assessment, scoring of overall image quality, artifacts, tumor sharpness, and tumor conspicuity was done by using a 5-point
Likert scale. Quantitative assessment included calculations of SNR, contrast-to-noise ratio (CNR), geometric distortion, and ADC.
Qualitative scores were compared by using the Wilcoxon signed-rank test, and quantitative parameters were analyzed with a t test.

RESULTS: All 21 patients had unilateral RB; 15 were male and 6 were female with a median age of 36 months (range, 9—72 months).
On histopathology, patients had either poorly differentiated (n=13/21) or moderately differentiated (n=8/21) RB. Other poor
prognostic markers evaluated were optic nerve invasion (n=10/21), choroidal invasion (n=12/21), and anterior eye segment
enhancement on MRI (n=6/21). HASTE-DWI demonstrated higher image quality scores than EPI-DWI (P <.01), except for tumor
conspicuity score, which was higher for EPI-DWI (P <.001). HASTE-DWI showed lower SNR, CNR, and geometric distortion than EPI-
DWI (P <.001). The average acquisition times of EPI-DWI and HASTE-DWI were ~1 and 14 minutes, respectively. The mean tumor
ADC value on EPI-DWI was 0.62 = 0.4 x 107> mm’/s and on HASTE-DWI was 0.83 = 0.7 x 10> mm’/s. A significant correlation
between EPI-DWI and HASTE-DWI ADC values (r=0.8; P=.01) was found. Lower ADC values were found in tumors with poor
prognostic markers, but none reached a statistically significant difference.

CONCLUSIONS: HASTE-DWI shows improved overall image quality; however, it lacks in terms of tumor conspicuity, SNR, CNR, and
longer acquisition time compared with EPI-DWI. ADC values derived from HASTE-DWI show no advantage over EPI-DWI in correla-
tion with histopathologic prognostic markers.

ABBREVIATIONS: CNR = contrast-to-noise ratio; EPI-DWI = EPI-based DWI; RB = retinoblastoma

D WI is an fMRI technique based on Brownian motion of water ~ tumor bilaterality, optic nerve invasion, and choroidal invasion.®®

molecules within the tissues. ADC value derived from DWIis  However, the studies report a wide range of ADC values (0.38 x

an objective measure of free diffusion in the tissue." There is abun-
dant literature available on the utility of DWI for detection and
characterization of various neoplasms, including malignant and
benign orbital masses.' ™ In retinoblastoma (RB), a fair correlation
of tumor ADC values has been shown with poor prognostic
markers, such as poorly differentiated tumor on histopathology,
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107> to 0.74 x 10~ mm?/s) associated with these markers with
no consistent definite cutoff values.*” Nonetheless, tumor ADC
values could have implications for medical and surgical manage-
ment of RB.

The most commonly used EPI-based DWI (EPI-DWI)
sequences allow short scan times but have marked susceptibility
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artifacts, especially at bone-air interfaces. Substantial anatomic
distortion on orbital EPI-DWT is well known.” The use of
non-EPI-based DWI for head and neck pathologies is well
documented, especially for diagnosis of recurrent postopera-
tive cholesteatomas, where it has been shown to outperform
the traditional EPI-DWI in terms of image quality as well as
diagnostic sensitivity and specificity.'®'' HASTE-DWI is one
such non-EPI technique, which has been in use for many years
and is currently considered the reference standard MR imag-
ing sequence for detection of cholesteatomas.'>"? Similarly in
cases of RB, we hypothesize that HASTE-DWI could poten-
tially facilitate better coregistration with conventional MR
images with better visual tumor delineation and perhaps pro-
vide a more robust ADC value correlation as an imaging prog-
nostic marker. However, the use of non-EPI-based DWI for
detection and characterization of RB has been reported only
in few preliminary studies with limited sample sizes.'*'>

To the best of our knowledge, there is no study available in
the literature comparing both EPI-DWI and HASTE-DWI in
the same patients with RB cohort. Also, there are no data
regarding the correlation of prognostic markers in RB with
ADC values derived from HASTE-DWI. The purpose of our
study was to qualitatively and quantitatively compare the images
acquired from EPI-DWI and HASTE-DWI in eyes with RB and
correlate the derived ADC values with histopathologic prognos-
tic markers.

FIG 1. Flow chart showing patient inclusion and exclusion in the
study.

MATERIALS AND METHODS

This prospective observational study was conducted after
obtaining Institutional Ethics Committee approval. After tak-
ing informed parental consent, a total of 44 consecutive chil-
dren with RB referred for MR imaging from our tertiary care
ophthalmology center were recruited. The diagnosis of RB was
based on clinical examination and A-mode ultrasonography.
Patients who did not undergo surgical enucleation (n=9)
because of either extensive bilateral/extra-ocular disease or
guardian’s refusal were excluded. Also, the patients in whom
both EPI-DWI and HASTE-DWI could not be performed
(n=14) were excluded from the study. Thus, a total of 21
treatment-naive patients with RB formed the final study group
(Fig 1). There was no minimum tumor size criterion for inclu-
sion into the study analysis.

Orbital MR imaging was performed under general anesthesia
by using a 1.5T system (Avanto; Siemens) with a standard quad-
rature head coil (FOV 20 cm). Conventional sequences included
thin-section spin-echo fat-suppressed T2-weighted orbital images
in axial, coronal, and oblique sagittal planes, fat-suppressed T1-
weighted orbital images in the axial plane followed by postcon-
trast orbital fat-suppressed T1-weighted images in all 3 planes,
and postcontrast brain imaging after intravenous administration
of gadopentetate dimeglumine (Magnevist). DWI (n = 21) of the
orbits was acquired in the axial plane with b-values of 0, 500, and
1000 mm?*/s by using both EPI-DWI and HASTE-DWI (Online
Supplemental Data). ADC maps were generated automatically
for EPI-DWI and manually for HASTE-DWL.

Qualitative image assessment was performed by a radiologist
(S.S., with 20 years’ experience in orbital imaging) on the b= 1000
s/mm” images. The overall image quality, artifacts, tumor sharp-
ness, and tumor conspicuity were scored by using a 5-point
Likert scale as shown in Table 1. For quantitative image quality
assessment, a single radiologist (A.G., with 8 years’” experience
in body imaging) placed ROIs on the tumor and temporalis
muscle in the same axial section to measure the signal values on
b=0 s/mm” images on both EPI-DWI and HASTE-DWI and
subsequently transferred the same ROIs to corresponding b= 500
and 1000 s/mm® images (Online Supplemental Data). SNR was
defined as signal of tumor divided by the SD. Contrast-to-noise
ratio (CNR) was defined as the absolute signal difference of tumor
and muscle divided by the SD of muscle signal. For quantification
of geometric distortion (measured by a single radiologist A.G.,
with 8 years’ experience in body imaging), the maximum trans-
verse and anteroposterior diameters of the eye globe on axial T2-
weighted images were taken as the standard of reference. The dis-
tortion was assessed by measuring the deviations in the orbital
diameters on both EPI-DWI and HASTE-DWT on the same axial
section as T2-weighted image.

Table 1: Qualitative image assessment based on the 5-point Likert scale

Score Overall Image Quality Artifacts Tumor Sharpness Tumor Conspicuity

1 Nondiagnostic Nondiagnostic Nondiagnostic Mass unidentifiable

2 Substantial deficiency in Marked impact on diagnosis Not sharp No differentiation between mass
image quality and vitreous

3 Moderate image quality Moderate impact on diagnosis Little sharp Subtle mass lesion

4 Good image quality Minimal impact on diagnosis Moderately sharp Well-seen mass lesion

5 Excellent image quality No artifact Good sharpness Very well-seen mass lesion
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Table 2: Patient characteristics (n = 21)

Characteristic

Value

Median age at enucleation 36 months (range, 9-72 months)
Sex Male: 15 (71.4%)

Female: 6 (29.6%)

Unilateral: 21 (100%)

Bilateral: 0

Right eye: 13 (61.9%)

Left eye: 8 (38.1%)

15.3 mm (range, 10.2-36 mm)
265.4 days (range, 155-410 days)

Tumor laterality

Median tumor size
Mean follow-up period

Quantitative analysis of the ADC map was performed by a
single radiologist (M.S., with 10 years’ experience in pediatric
body imaging). Three circular ROIs of 0.12 cm? size were placed
manually over the mass on the ADC map with simultaneous
referencing of the T2-weighted and postcontrast images. Tumor
ADC values were calculated as a mean of these 3 ROIs. The ROIs
were drawn corresponding to the enhancing portion of the mass.
Areas showing high signal on T2-weighted images with scarce or
no contrast enhancement were considered as necrotic areas and
were avoided during ROI placement. Similarly, dark foci suspi-
cious of calcifications were not included in the ROL

The postcontrast MR images were assessed for anterior eye
segment enhancement by a single radiologist (M.S., with 20 years’
experience in orbital imaging). Anterior eye segment enhance-
ment was considered positive if there was an abnormal high sig-
nal on postcontrast MR imaging just anterior to the lens in the
axial section showing maximum cross-section of the lens (ie, in
the location of iris).

All patients underwent surgical enucleation, either upfront or
preceded by neoadjuvant chemotherapy, within 20-30days
(mean duration of 27.1 days) after MR imaging. Various histopa-
thologic parameters were evaluated. Tumor grade was classified
as well (>50% rosettes), moderately (<50% rosettes), or poorly
(no rosettes) differentiated. Optic nerve invasion was categorized
as absent, prelaminar (optic nerve head), and postlaminar.
Choroidal invasion was also noted. Invasion of iris, ciliary body,
anterior chamber, and sclera was also assessed.

Qualitative scores were compared by using the Wilcoxon
signed-rank test, and quantitative image quality parameters
(SNR, CNR, and geometric distortion) were compared with a
paired t test after testing for normality. Pearson correlation coef-
ficient was used to correlate tumor ADC values on both DWI
techniques. Correlation of tumor ADC values with various his-
topathologic parameters was statistically analyzed by using an
independent ¢ test. All statistical analysis was done by using sta-
tistical software SPSS (version 20.0; SPSS). P value <.05 at the
CI of 95% was considered significant.

RESULTS

A total of 21 patients (15 males and 6 females) were included in
this study, with a median age of 36 months (range 9-72 months)
at the time of enucleation. All patients had unilateral tumor (13
right eye and 8 left eye). The median tumor size was 15.3 mm
(range 10.2-36 mm). On histopathology, the patients had either
poorly differentiated (n =13/21, 61.9%) or moderately differenti-
ated (n=28/21, 38.1%) tumor. Other poor prognostic markers

200 Sharma Feb 2024 www.ajnr.org

evaluated were optic nerve invasion (n =10/21, 47.6%), choroidal
invasion (n=12/21, 57.1%), and anterior eye segment enhance-
ment on postcontrast MR imaging (n = 6/21, 28.6%). None of the
patients had invasion of the iris, ciliary body, anterior chamber,
or sclera on histopathology. The mean duration of clinical fol-
low-up after surgery was 265.4 days (range, 155-410days). All
patients survived during the duration of clinical follow-up, and
none developed recurrence. Various demographic and clinical
patient characteristics are summarized in Table 2.

Qualitative Image Assessment

HASTE-DWI demonstrated higher image quality scores than
EPI-DWI on the overall image quality, artifacts, and tumor
sharpness. The average scores for HASTE-DWI versus EPI-
DWTI were as follows: overall image quality 4.19 versus 3.33,
artifacts 4.38 versus 3.67, and tumor sharpness 4.14 versus 3.24
(P <.001), respectively. However, the tumor itself was more
conspicuous and easily visualized on EPI-DWI compared with
HASTE-DWI with an average score of 4.33 versus 3.52 for tu-
mor conspicuity (P<.001) (Fig 2). The average acquisition
times of EPI-DWI compared with HASTE-DWI were ~1 and
14 minutes, respectively.

Quantitative Image Quality Assessment
In the anteroposterior direction, which is the frequency encoding
axis in the scan, the average geometric distortion of orbital diam-
eter on EPI-DWI was 6.105 = 1.82mm and on HASTE-DWI
was 0.643 = 0.43 mm (P <.001). However, there was no signifi-
cant difference in distortion of transverse (phase-encoding direc-
tion) orbital diameter on EPI-DWI and HASTE-DWI with
means of 0.610 = 0.301 and 0.648 = 0.339 mm, respectively
(P=.568). The average SNR of EPI-DWI was 10.616 * 1.844,
10.268 * 1.843, and 9.578 * 1.48 compared with that of 8.283 *
1.691, 7.875 = 1.124, and 7.461 = 1.1 on HASTE-DWI on b=0,
500, and 1000 s/mm* (P<.001, P<.001, and P <.001), respec-
tively. The average CNR of EPI-DWI was 10.529 * 1.553,10.12 *
1.254, and 9.4 * 1.789 compared with that of 8.3 = 1.527,7.553 *
1.33, and 7.295 * 1.368 on HASTE-DWI on b=0, 500, and
1000 s/mm?> (P<.001, P<.001, and P <.001), respectively.

The various qualitative and quantitative image quality param-
eters are summarized in Table 3.

EPI-DWI ADC versus HASTE-DWI ADC Value of the Tumor

The mean tumor ADC value on EPI-DWI was 0.62 = 0.14 X
1072 mm?%/s (range, 0.41-1.04 X 10* mm?/s) and on HASTE-
DWI was 0.83 = 0.17 x 10~ mm?/s (range, 0.59-1.17 x 10>
mm?/s). Pearson correlation coefficient was used to correlate tu-
mor ADC values on both DWI techniques. We found a signifi-
cant correlation of EPI-DWI ADC values with HASTE-DWI
ADC values (r=0.8; P=.01); however, a linear correlation
could not be established. HASTE-DWI ADC values were consis-
tently higher than corresponding EPI-DWI ADC values (Online
Supplemental Data).

Correlation of Tumor ADC Values with Prognostic Parameters
The mean and SD of tumor ADC values on both DWT techni-
ques in relation to histopathologic characteristics are shown in
Table 4. Lower ADC values were found in tumors with poor



FIG 2. Comparison of EPI-DWI and HASTE-DWI quality. Axial postcontrast Tl-weighted image (A) shows heterogeneously enhancing mass (as-
terisk) in the posterior segment of the right eye globe. EPI (B) and HASTE (D) axial DWI (b-value, 1000 s/mm?) at the same level show high signal
intensity in the mass (asterisk) with corresponding hypointensity on ADC maps (C and E, respectively, for EPI-DWI and HASTE-DWI), suggestive
of diffusion restriction. There is mild elongation (arrow in C) of eye globe in EPI ADC map in contrast to maintained shape of globe in HASTE
ADC map. However, there is a decreased SNR in case of HASTE-DWI and its ADC map.

Table 3: EPI-DWI versus HASTE-DWI quality assessment

Parameter EPI-DWI HASTE-DWI P Value
Qualitative parameters (n = 21): 5-point Likert scale
Overall image quality 3.33 419 <.001
Artifacts 3.67 438 <.001
Tumor sharpness 3.24 414 <.001
Tumor conspicuity 3.52 433 <.001
Quantitative parameters (n = 21)
Geometric distortion
Transverse ocular diameter deviation (mean = SD) 0.610 = 0.301mm 0.648 = 0.339 mm .568
Anteroposterior ocular diameter deviation (mean = SD) 6.105 = 1.82mm 0.643 = 0.43mm <.001
SNR
b=0 10.616 * 1.844 8.283 * 1.691 <.001
b =500 10.268 * 1.843 7.875 = 1124 <.001
b=1000 9.578 = 148 7461 =11 <.001
CNR
b=0 10.529 £ 1.553 8.3 = 1527 <.001
b =500 10.12 = 1.254 7.553 =133 <.001
b=1000 9.4 £ 1789 7.295 * 1.368 <.001

prognostic markers, such as poorly differentiated tumor (Fig 3;
Online Supplemental Data), postlaminar optic nerve invasion
(Fig 4; Online Supplemental Data), presence of choroid invasion
(Fig 5; Online Supplemental Data), and large tumor size. The
mean tumor ADC values in the presence of these markers
ranged from 0.52 to 0.59 x 10> mm?*/s on EPI-DWI and 0.69
to 0.81 x 107* mm?/s on HASTE-DWI compared with 0.65 to
0.68 x 10> mm?/s and 0.81 to 0.89 x 10> mm?/s in their ab-
sence, respectively; however, none reached a statistically signifi-
cant difference. A higher mean tumor ADC value 0.7 x 10>
mm?*/s on EPI-DWI and 0.91 x 10> mm?/s on HASTE-DWI
was seen in the presence of anterior eye segment enhancement
(Online Supplemental Data) compared with that in its absence

(0.58 x 1072 mm?/s and 0.8 x 10~> mm?/s, respectively); how-
ever, the difference was not statistically significant.

DISCUSSION

MR imaging plays a crucial role in diagnosis, staging, and thera-
peutic planning of patients with RB in the current practice.'®"”
Presence of restricted diffusion on DWI can help in ocular tu-
mor characterization, especially in cases of indeterminate solid
masses.” Most of the published literature regarding utility of
DWTI in patients with RB is based on EPI-DWI technique with
studies showing encouraging results for potential utility of ADC
values as a noninvasive imaging prognostic biomarker.®®
However, EPI-based technique has anatomic distortion and
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Table 4: Correlation of tumor ADC values on EPI-DWI and HASTE-DWI with prognostic parameters®

Mean ADC Value for P Value for Mean ADC Value for P Value for
Prognostic Parameter EPI-DWI (X 10> mm?/s) EPI-DWI HASTE-DWI (X 107> mm?/s)  HASTE-DWI
Tumor grade
Poorly differentiated (n =13) 0.59 = 0.16 37 0.79 = 0.16 22
Moderately differentiated (n = 8) 0.65 = 0.09 0.89 = 0.18
Tumor size
<15mm (h=29) 0.66 + 0.16 2 0.89 £ 0.19 14
>15mm (n=12) 058 + 01 078 + 014
Optic nerve invasion
Absent (n=11) 0.65 * 0.17 35° 0.88 + 0.20 14°
Prelaminar (n =5) 0.64 = 0.07 0.86 = 0.13
Postlaminar (n = 5) 0.52 £ 0.04 0.69 * 0.05
Choroid invasion
Present (n =12) 0.57 £ 0Mm .086 0.81 = 0.18 66
Absent (n =9) 0.68 = 0.15 0.85 * 0.16
Anterior eye segment enhancement on
postcontrast MRI
Present (n = 6) 0.70 £ 0.18 .056 091+ 0.23 15
Absent (n =15) 0.58 = 0.10 0.80 = 0.13

“Other histopathologic characteristics (eg, invasion of iris, ciliary body, anterior chamber, and sclera) were not found in any patient.
®P value is for ADC values in cases with postlaminar invasion versus cases with prelaminar or absent invasion.

FIG 3. Poorly differentiated RB on histopathology. Axial T2-weighted image (A) shows a heterogeneously hypointense mass (asterisk) occupying
the posterior segment of left eye globe. EPI (B) and HASTE (C) ADC maps show corresponding hypointense signal in the mass, suggestive of dif-
fusion restriction. Mass showed low ADC values on both EPI-DWI and HASTE-DWI (mean ADC value being 048 x 10> mm?/s and 0.70 x 10>

mm?/s for EPI-DWI and HASTE-DWI, respectively).

FIG 4. Histopathologically proved optic nerve invasion. Axial postcontrast Tl-weighted image (A) at same level shows homogeneously enhanc-
ing mass with abnormal thickening and enhancement in the optic disc extending in postlaminar part of optic nerve (arrow), suggestive of postla-
minar optic nerve invasion. EPI (B) and HASTE (C) ADC maps at the same level show corresponding hypointensity suggestive of diffusion
restriction. Mass showed low ADC values on both EPI-DWI and HASTE-DWI (mean ADC value being 0.52 x 107> mm?/s and 0.67 x 10> mm?%/s

for EPI-DWI and HASTE-DWI, respectively).

magnetic susceptibility-induced artifacts in orbital imaging. In
this study, we showed that, although HASTE-DWTI, which is one
of the non-EPI-based DWI techniques, had superior image
quality and less geometric distortion than EPI-DWI, it lagged in
terms of tumor conspicuity, SNR, and CNR; it showed no

202 Sharma Feb 2024 www.ajnr.org

significant benefit in tumor characterization by using ADC maps.
Both techniques produced diagnostic quality DWT enabling tumor
delineation. Also, because all of the tumors in our study were either
medium or large-sized (>10 mm in size), susceptibility artifacts in
EPI-DWI did not appreciably affect tumor evaluation in any case.



FIG 5. Histopathologically proved choroid invasion. Axial T2-weighted image (A) shows a hypointense small mass in the posterior segment of
right eye with associated retinal detachment (arrows). EPI (B) and HASTE (C) ADC maps show corresponding hypointensity on ADC maps sugges-
tive of diffusion restriction. Mass showed low ADC values on both EPI and HASTE-DWI (mean ADC value being 0.51 x 107> mm?%/s and 0.87 x

10> mm?/s for EPI-DWI and HASTE-DWI, respectively).

This is especially relevant in our cohort where RB is usually diag-
nosed at a later stage with larger tumor size due to lack of a routine
RB screening program at birth or in neonates and infants."®*°

Markedly longer acquisition times of the order of >10 times
in HASTE-DWI MR imaging compared with EPI-DWI was a
major drawback, especially as it prolongs the duration of general
anesthesia, potentially risking the attendant complications in
these children. Longer acquisition time of HASTE-DWI MR
imaging is a consequence of its inherently low SNR, which must
be compensated for by obtaining multiple signal averages.

We further correlated tumor ADC values obtained on both
EPI-DWI and HASTE-DWI with histopathologic prognostic pa-
rameters. We found lower ADC values (0.52-0.59 x 10~> mm?*/s
on EPI-DWI and 0.69-0.81 x 10> mm%/s on HASTE-DWI) in
tumors with adverse prognostic histopathologic factors; however,
the difference was not statistically significant. These results are in
keeping with the overall ambivalent results of the previous studies
showing ADC correlation with some of the prognostic parameters
and absence of any association with others (Online Supplemental
Data). The lack of statistically significant ADC values in our study
could be ascribed to a multitude of factors: use of 1.5T MR imag-
ing, standard head coil rather than orbital surface coil, small sam-
ple size, relatively larger mean tumor size, and only few well or
moderately differentiated tumors. Another factor limiting the
clinical correlation of ADC values as an imaging biomarker for
poor prognostic features of RB is its high variability (0.38 x
1072 to 0.74 x 107> mm?/s) and lack of definite cutoff values.®®
In our study, we found that mean tumor ADC values were consis-
tently higher in HASTE-DWI compared with EPI-DWI. While
there was significant correlation between the ADC values obtained
from both techniques, no linear correlation was found. This vari-
ability in the numerical values further complicates the use of ADC
values in RB as a tool for the interpreting radiologist.

Previous studies have demonstrated a correlation of anterior
segment enhancement on postcontrast MR imaging with aggres-
sive tumor behavior including invasion of the optic nerve and
choroid.**** To our knowledge, no study has correlated tumor
ADC value with anterior segment enhancement. In our study, we
found that eyes showing anterior segment enhancement had
higher tumor ADC values (0.7 x 10~> mm?/s on EPI-DWI and

0.91 x 10~ 3/mm?/s on HASTE-DWI), contrary to the expected
low ADC values associated with aggressive tumors. However, this
difference was not found to be statistically significant. Enhancement
of the anterior eye segment on postcontrast MR imaging in RB is
recognized to be either due to hyperemia secondary to iris neo-
vascularization (rubeosis iridis) or secondary to infiltration by the
tumor itself. Of note, no tumor showed anterior segment inva-
sion on histopathology in our study. Thus, anterior eye segment
enhancement in our cases is presumably due to tumor-induced
aseptic cellulitis and consequent hyperemia. Higher ADC values
in these tumors may be a result of areas of necrosis that were in-
advertently included in the ROIs.

Apart from having a relatively small sample size, our study had
a few other limitations. The measured mean ADC value from the
entire tumor may not be truly representative of the whole tumor
presumably due to tumor heterogeneity. More than one prognostic
factor was present in several patients. Therefore, the low ADC val-
ues cannot be ascribed to any one particular poor prognostic pa-
rameter (confounding factors). Inadvertent inclusion of some part
of necrotic tumor in the ROI placed for tumor ADC calculation
may have led to falsely high ADC values. Correlation of data with
long-term survival or mortality outcomes could not be done.

CONCLUSIONS

Although HASTE-DWI is a frequently used sequence in MR
imaging protocols for detection of cholesteatomas, most of the
centers do not use this sequence for orbital MR imaging. Our
study further reiterates the limitations and lack of any incremen-
tal benefit of including non-EPI-DWI in an orbital MR imaging
protocol for children with RB. In conclusion, although HASTE-
DWTI shows an improved overall image quality with less orbital
distortion and artifacts, it lacks in terms of tumor conspicuity,
SNR, and CNR compared with EPI-DWI. ADC values derived
from HASTE-DWI show no advantage over EPI-DWI in correla-
tion with histopathologic prognostic markers in RB. A major
drawback of HASTE-DWI is its markedly long acquisition time
prolonging the duration of general anesthesia for MR imaging.

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

AJNR Am J Neuroradiol 45:198-204 Feb 2024 www.ajnr.org 203


https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/February%202024/0782.pdf
http://www.ajnr.org

REFERENCES

1.

10.

11.

12.

204

Koh DM, Collins DJ. Diffusion-weighted MRI in the body: applica-
tions and challenges in oncology. AJR Am ] Roentgenol 2007;188:1622-
35 CrossRef Medline

. Cameron CA, Tong JY, Juniat V, et al. Diagnostic utility of diffu-

sion-weighted imaging and apparent diffusion coefficient for com-
mon orbital lesions: a review. Ophthalmic Plast Reconstr Surg
2022;38:515-21 CrossRef Medline

. Politi LS, Forghani R, Godi C, et al. Ocular adnexal lymphoma: dif-

fusion-weighted MR imaging for differential diagnosis and thera-
peutic monitoring. Radiology 2010;256:565-74 CrossRef Medline

. Sepahdari AR, Aakalu VK, Kapur R, et al. MRI of orbital cellulitis

and orbital abscess: the role of diffusion-weighted imaging. AJR
Am ] Roentgenol 2009;193:W244-50 CrossRef Medline

. Sepahdari AR, Aakalu VK, Setabutr P, et al. Indeterminate orbital

masses: restricted diffusion at MR imaging with echo-planar diffu-
sion-weighted imaging predicts malignancy. Radiology 2010;256:554—
64 CrossRef Medline

. Abdel Razek AA, ElKhamary S, Al-Mesfer S, et al. Correlation of

apparent diffusion coefficient at 3T with prognostic parameters of
retinoblastoma. AJNR Am ] Neuroradiol 2012;33:944-48 CrossRef
Medline

. Cui Y, Luo R, Wang R, et al. Correlation between conventional MR

imaging combined with diffusion-weighted imaging and histopa-
thologic findings in eyes primarily enucleated for advanced retino-
blastoma: a retrospective study. Eur Radiol 2018;28:620-29 CrossRef
Medline

. Sepahdari AR, Kapur R, Aakalu VK, et al. Diffusion-weighted imag-

ing of malignant ocular masses: initial results and directions for fur-
ther study. AJNR Am ] Neuroradiol 2012;33:314-19 CrossRef Medline

. Le Bihan D, Poupon C, Amadon A, et al. Artifacts and pitfalls in dif-

fusion MRI. ] Magn Reson Imaging 2006;24:478-88 CrossRef Medline
Benson JC, Carlson ML, Lane JI. Non-EPI versus multishot EPI
DWI in cholesteatoma detection: correlation with operative find-
ings. AJNR Am ] Neuroradiol 2021;42:573-77 CrossRef Medline
Dudau C, Draper A, Gkagkanasiou M, et al. Cholesteatoma: multi-
shot echo-planar vs non echo-planar diffusion-weighted MRI for
the prediction of middle ear and mastoid cholesteatoma. BJR Open
2019;1:20180015 CrossRef Medline

Schwartz KM, Lane JI, Bolster BD Jr, et al. The utility of diffusion-
weighted imaging for cholesteatoma evaluation. AJNR Am |
Neuroradiol 2011;32:430-36 CrossRef Medline

Sharma Feb 2024 www.ajnr.org

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

Amoodi H, Mofti A, Fatani NH, et al. Non-echo planar diffusion-
weighted imaging in the detection of recurrent or residual choles-
teatoma: a systematic review and meta-analysis of diagnostic stud-
ies. Cureus 2022;14:¢32127 CrossRef Medline

de Graaf P, Pouwels PJ, Rodjan F, et al. Single-shot turbo spin-echo
diffusion-weighted imaging for retinoblastoma: initial experience.
AJNR Am J Neuroradiol 2012;33:110-18 CrossRef Medline

Hiwatashi A, Togao O, Yamashita K, et al. 3D turbo field echo with dif-
fusion-sensitized driven-equilibrium preparation technique (DSDE-
TFE) versus echo planar imaging in evaluation of diffusivity of reti-
noblastoma. Br ] Radiol 2016;89:20160074 CrossRef Medline

Silvera VM, Guerin JB, Brinjikji W, et al. Retinoblastoma: what the
neuroradiologist needs to know. AJNR Am ] Neuroradiol 2021;42:618—-
26 CrossRef Medline

de Graaf P, Géricke S, Rodjan F, European Retinoblastoma Imaging
Collaboration (ERIC), et al. Guidelines for imaging retinoblastoma:
imaging principles and MRI standardization. Pediatr Radiol
2012;42:2-14 CrossRef Medline

. Singh U, Katoch D, Kaur S, et al. Retinoblastoma: a sixteen-year

review of the presentation, treatment, and outcome from a tertiary
care institute in Northern India. Ocul Oncol Pathol 2017;4:23-32
CrossRef Medline

Yan ], Zhang H, Li Y. Establishment of the relationship between tu-
mor size and range of histological involvement to evaluate the
rationality of current retinoblastoma management. PLoS One
2013;8:e80484 CrossRef Medline

Vempuluru VS, Kaliki S. Screening for retinoblastoma: a system-
atic review of current strategies. Asia Pac ] Ophthalmol (Phila)
2021;10:192-99 CrossRef Medline

de Graaf P, van der Valk P, Moll AC, et al. Contrast-enhancement of
the anterior eye segment in patients with retinoblastoma: correla-
tion between clinical, MR imaging, and histopathologic findings.
AJNR Am ] Neuroradiol 2010;31:237-45 CrossRef Medline

Galluzzi P, Cerase A, Hadjistilianou T, et al. Retinoblastoma: abnor-
mal gadolinium enhancement of anterior segment of eyes at MR
imaging with clinical and histopathologic correlation. Radiology
2003;228:683-90 CrossRef Medline

Deike-Hofmann K, von Lampe P, Eerikaeinen M, et al. Anterior
chamber enhancement predicts optic nerve infiltration in retino-
blastoma. Eur Radiology 2022;32:7354-64 CrossRef Medline


http://dx.doi.org/10.2214/AJR.06.1403
https://www.ncbi.nlm.nih.gov/pubmed/17515386
http://dx.doi.org/10.1097/IOP.0000000000002092
https://www.ncbi.nlm.nih.gov/pubmed/34798654
http://dx.doi.org/10.1148/radiol.10100086
https://www.ncbi.nlm.nih.gov/pubmed/20656841
http://dx.doi.org/10.2214/AJR.08.1838
https://www.ncbi.nlm.nih.gov/pubmed/19696266
http://dx.doi.org/10.1148/radiol.10091956
https://www.ncbi.nlm.nih.gov/pubmed/20656840
http://dx.doi.org/10.3174/ajnr.A2892
https://www.ncbi.nlm.nih.gov/pubmed/22241394
http://dx.doi.org/10.1007/s00330-017-4993-7
https://www.ncbi.nlm.nih.gov/pubmed/28786011
http://dx.doi.org/10.3174/ajnr.A2747
https://www.ncbi.nlm.nih.gov/pubmed/22116113
http://dx.doi.org/10.1002/jmri.20683
https://www.ncbi.nlm.nih.gov/pubmed/16897692
http://dx.doi.org/10.3174/ajnr.A6911
https://www.ncbi.nlm.nih.gov/pubmed/33334855
http://dx.doi.org/10.1259/bjro.20180015
https://www.ncbi.nlm.nih.gov/pubmed/33178911
http://dx.doi.org/10.3174/ajnr.A2129
https://www.ncbi.nlm.nih.gov/pubmed/20488909
http://dx.doi.org/10.7759/cureus.32127
https://www.ncbi.nlm.nih.gov/pubmed/36601207
http://dx.doi.org/10.3174/ajnr.A2729
https://www.ncbi.nlm.nih.gov/pubmed/22033715
http://dx.doi.org/10.1259/bjr.20160074
https://www.ncbi.nlm.nih.gov/pubmed/27636188
http://dx.doi.org/10.3174/ajnr.A6949
https://www.ncbi.nlm.nih.gov/pubmed/33509920
http://dx.doi.org/10.1007/s00247-011-2201-5
https://www.ncbi.nlm.nih.gov/pubmed/21850471
http://dx.doi.org/10.1159/000477408
https://www.ncbi.nlm.nih.gov/pubmed/29344495
http://dx.doi.org/10.1371/journal.pone.0080484
https://www.ncbi.nlm.nih.gov/pubmed/24312226
http://dx.doi.org/10.1097/APO.0000000000000378
https://www.ncbi.nlm.nih.gov/pubmed/33793441
http://dx.doi.org/10.3174/ajnr.A1825
https://www.ncbi.nlm.nih.gov/pubmed/19833805
http://dx.doi.org/10.1148/radiol.2283020466
https://www.ncbi.nlm.nih.gov/pubmed/12881579
http://dx.doi.org/10.1007/s00330-022-08778-4
https://www.ncbi.nlm.nih.gov/pubmed/35524782

ORIGINAL RESEARCH
PEDIATRIC NEUROIMAGING

MRI-Based Brain Volume Scoring in Cerebral Malaria Is
Externally Valid and Applicable to Lower-Resolution Images

Manu S. Goyal, “*'Lorenna Vidal, ““’Karen Chetcuti, ““’Cowles Chilingulo, Khalid Ibrahim, Jeffrey Zhang, Dylan S. Small,

Karl B. Seydel, Nicole O’Brien, ““Terrie E. Taylor, and ““'Douglas G. Postels

ABSTRACT

BACKGROUND AND PURPOSE: Children with cerebral malaria have an elevated risk of mortality and neurologic morbidity. Both
mortality and morbidity are associated with initially increased brain volume on MR imaging, as graded by the Brain Volume Score, a
subjective ordinal rating scale created specifically for brain MRIs in children with cerebral malaria. For the Brain Volume Score to
be more widely clinically useful, we aimed to determine its independent reproducibility and whether it can be applicable to lower-
resolution MRIs.

MATERIALS AND METHODS: To assess the independent reproducibility of the Brain Volume Score, radiologists not associated with
the initial study were trained to score MRIs from a new cohort of patients with cerebral malaria. These scores were then compared
with survival and neurologic outcomes. To assess the applicability to lower-resolution MRI, we assigned Brain Volume Scores to
brain MRIs degraded to simulate a very-low-field (64 mT) portable scanner and compared these with the original scores assigned
to the original nondegraded MRIs.

RESULTS: Brain Volume Scores on the new cohort of patients with cerebral malaria were highly associated with outcomes (OR for
mortality = 16, P <.001). Scoring of the simulated degraded images remained consistent with the Brain Volume Scores assigned to
the original higher-quality (0.35 T) images (intraclass coefficients > 0.86).

CONCLUSIONS: Our findings demonstrate that the Brain Volume Score is externally valid in reproducibly predicting outcomes and

can be reliably assigned to lower-resolution images.

ABBREVIATIONS: BVS = Brain Volume Score; CM = cerebral malaria

M alaria continues to be a leading cause of childhood mortality
in sub-Saharan Africa.' A subset of children bitten by infec-
tious mosquitoes develop cerebral malaria (CM), clinically defined
as coma, Plasmodium falciparum infection, and no other obvious
cause of illness. In endemic areas, CM is a driver of public health,
contributing to both child mortality and poor neurodevelopmental
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outcomes among survivors.>> Although many of the steps between
P falciparum infection and death from CM are clear, the lack of an
animal model has resulted in an incomplete pathophysiologic
understanding of the disease.* Standard of care treatments are IV
antimalarial drugs and supportive care. Currently, there are no ad-
junctive therapies proved to improve outcomes.

Brain MR imaging has been used to better understand CM
pathogenesis.”'° Some children with clinical CM develop
increased brain volume on MRIs, identified by the presence of
ventricular, sulcal, and/or cisternal effacement; blurring of the
gray-white junction; and/or brain herniation. Brain volume in
CM is graded using an 8-point scale, the Brain Volume Score
(BVS) (Table 1).” Scores of 1 and 2 indicate atrophy, 3 is normal
brain volume, and 4-8 indicate increasing severity of ventricu-
lar, sulcal, and cisternal effacement; blurring of the gray-white
junction; and (with a score of 8) brain herniation. Scores of 7
and 8, termed “highly increased brain volume,” are strongly
associated with increased mortality risk.” The original studies
that created and validated this 8-point scale were performed
using a Signa Ovation (GE Healthcare) fixed magnet. In these
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Table 1: MRI criteria for assignment of brain volume scores

BVS Brief Description

Features

Moderate swelling
5% Moderate-to-severe swelling

1 Severe atrophy

2 Mild atrophy

3 Normal Typical for age
4 Mild increased volume

5 Mild swelling

6

6.

Markedly atypical for age with diffuse prominence of the cisternae, ventricles, and sulci
Subtle prominence of the cisternae, ventricles, and sulci for age

Mildly increased brain volume for age, but with normal cisternae, ventricles, and sulci

Some localized or regional loss of cisternae, ventricles, and sulci

Diffuse involvement with incomplete effacement of the cisternae, ventricles, and sulci

Features between 6 and 7, eg, near-complete effacement of the sulci without cisternal/ventricular

effacement or significant cisternal/ventricular effacement with partial loss of the sulci

7 Severe swelling
delineation
8 Severe swelling with herniation

Loss of all sulci with cisternal and ventricular effacement and decreased gray/white matter

Loss of all sulci with cisternal and ventricular effacement with herniation

?Score of 6.5 was not included in the original BVS.

studies, interrater reliability was very good-to-excellent.”"'

Given these findings, the BVS is now intended to be used as a
clinical tool to estimate prognosis and for enrichment of clinical
trial samples (eg, selecting participants at higher risk of death).

The BVS was formulated and evaluated using a single 0.35 T
MR imaging scanner.” Because fixed magnets of this strength (or
stronger) are not widely available in malaria endemic regions,
there is a need to test the validity of the BVS and its association
with outcomes on lower-resolution MRIs. Very-low-field (64 mT)
portable MR imaging scanners have recently become available and
may provide an opportunity to expand the availability and useful-
ness of neuroimaging in resource-limited settings.'>"> Portable
scanners are less expensive than fixed magnets, but at a compro-
mise of resolution and signal-to-noise.

We recently showed that BVS values assigned by different
radiologists were similar to those assigned by an objective statisti-
cal model.'" Combined with human interrater reliability results,
this finding suggests that the BVS is internally valid. To our
knowledge, external validation of the association of BVS with
outcomes has not been previously assessed.

Here, to evaluate the external validity of the BVS, we aimed to
determine the association between outcomes and the BVSs
obtained in a new, independent cohort of children with CM.
Additionally, to evaluate whether BVS assignment is valid using
lower-resolution images, we compared the scores assigned to
brain MRIs degraded to simulate a very-low-field MR imaging
with the scores previously assigned to the original higher-resolu-
tion MRIs.

MATERIALS AND METHODS
We performed a retrospective analysis of MRIs collected from
children 3 months to 12 years of age with a clinical diagnosis of
CM (Blantyre coma scale score =2, peripheral parasitemia with
P. falciparum of any density, and no other identifiable cause of
coma). Enrollment in the parent studies occurred on the
Pediatric Research Ward, a hospital unit specialized in the evalua-
tion and care of children with CM, located at Queen Elizabeth
Central Hospital in Blantyre, Malawi. Participants received stand-
ard of care therapies for pediatric CM, including IV artesunate
(according to Malawi national guidelines) and close supportive
care.

Seizures, both convulsive and nonconvulsive, were treated
with IV antiseizure medications. Medical complications were
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treated as they arose. At the time of hospital discharge, survivors
were examined by a physician experienced in the care of children
with CM for the presence of neurologic sequelae including
motor, special sensory (blindness, deafness), or developmental
abnormalities. If the parent thought that the child had returned
to his or her prehospital baseline and the neurologic examination
findings were normal, the survivor was classified as alive and nor-
mal. If findings of either the parental report or the examination
were abnormal, the child was classified as alive with neurologic
sequelae.

A parent or guardian accompanying the patient provided
written informed consent at study enrollment. Ethics approval
was obtained from the University of Malawi College of Medicine
and the Michigan State University institutional review boards.

Brain MRI Protocol

Children with CM who had baseline brain MRIs and recorded
clinical outcomes suitable for testing the external validity of the
BVS were included in this study. Participants underwent MR
imaging as soon as possible after clinical stabilization, typically
within 4 hours of hospital presentation. Images were obtained on
a Signa Ovation 0.35 T MR imaging scanner. Imaging sequences
in children admitted before and including 2014 have been previ-
ously described.” In 2014 and after, the brain MRI protocol
included a sagittal 1.5-mm®-resolution T1 spin-echo sequence, an
axial T2 spin-echo sequence, a coronal T2 spin-echo sequence, an
axial T1 sequence, and an axial DWI sequence. If scanning proto-
cols needed to be shortened due to patient factors (clinical insta-
bility or motion), the axial and coronal T2 sequences and sagittal
T1 sequence were preferentially acquired. Contrast was not
administered.

BVS Education and Methodology of Radiologists

Three radiologists participated in this study, all practicing, medi-
cal school-affiliated attendings now with at least 6 years of experi-
ence (M.S.G., neuroradiology fellowship completed 2014; L.V.,
pediatric neuroradiology fellowship completed 2017; and K.C,,
pediatric radiology fellowship completed 2015). All 3 radiologists
underwent initial training with one of the radiologists who devel-
oped the BVS. Training included a virtual didactic session and
review of 50 MRIs including the full range of possible BVSs (the
“training set”). The radiologists tested their BVS assignment abil-
ities by next independently scoring 47 test case MRIs (the “test



set”) blinded to the original (reference standard) BV assigned by
one of the radiologists who developed the BVS.

After the 3 radiologists completed this training, 2 of them (M.S.G.
and L.V.) re-assigned consensus BVSs to the same 47 test set MRIs
but blinded to the original scores, approximately 2 years later. This
was to confirm that their consensus scores remained closely cali-
brated with the reference standard BVS scores. Consensus was
achieved after concurrent review of images using teleconferencing
software (Zoom; Zoom Video Communications) and arriving at a
single consensus score. During this process, several cases were
identified in which differentiating between a BVS of 6 and 7 was
challenging. Accordingly, a score of 6.5 was allowed in the consen-
sus scores for these cases (Table 1).

Evaluating the Reproducibility and External Validity of the
Association between BVS and Outcomes in Pediatric CM
After completion of training, the same 2 radiologists (M.S.G. and
L.V.) also independently assigned consensus BVS ratings to 94
brain MRIs obtained from a new cohort of children with CM.
The radiologists were blinded to patient outcomes when assign-
ing the BVS. To determine the potential benefit of modification
of the BVS criteria by adding a score of 6.5 to the current whole-
number-based system, we evaluated whether the outcomes of
children whose BVS was 6.5 were more like outcomes seen in
children whose MRIs were scored as 6, 7, or neither.

Testing the External Validity of BVS Assignment in Lower-
Resolution MRIs

To evaluate whether BVS can be validly assigned using lower-
resolution MRIs, we obtained degraded versions of 37 of the
training set and 47 of the test set MRIs (all from the 0.35 T MR
imaging scanner and used previously for BVS assignment train-
ing) based on a proprietary algorithm from Hyperfine Research
(Guilford, Connecticut). This step resulted in a set of brain images
with lower resolution and greater noise, aiming to simulate scans
obtainable with the 64 mT Swoop portable MRI (Hyperfine).

To first calibrate BVS assignment to the now-degraded
images, 3 radiologists (M.S.G., L.V., and K.C.) reviewed the 37
degraded training set MRIs along with their corresponding non-
degraded images. Once they finished this calibration step, each
radiologist then independently assigned a BVS to each of the 47
degraded test set MRIs, while blinded to their corresponding
nondegraded images. This step allowed us to test the reliability
of the BVS assignment of the degraded MRIs by determining
the concordance between the BVS assigned to the degraded test
set MRIs and the original BVS assigned to their corresponding
nondegraded images, which had been obtained using the 0.35 T
scanner.

Statistical Analysis

Statistical analyses were performed in Excel 2016 (Microsoft) and
R Version 4.0.2 or higher (https://www.r-project.org/). The Fisher
exact test was used to calculate ORs and 95% Cls. To assess the
concordance of BVS assignment between the original resolution
and degraded MRIs, we used the intraclass correlation coeffi-
cient function from the irr package for R (https://cran.r-project.
org/web/packages/irr/index.html). For intraclass correlation

coefficients, lower-bound 95% CI values between 0.5 and 0.75
were considered moderate; 0.75 and 0.90, good; and >0.90,
excellent estimates of reliability.'*

RESULTS

The mean age of the 94 children with CM whose MRIs were eval-
uated for external validity in this study was 49.5 months (range,
3-148 months), and 46% were male.

Calibration of the 2 Independent Radiologists’ Consensus
BVS Scoring

Two-radiologist consensus BVS scoring of the nondegraded 47
test set brain MRIs had a good intraclass coefficient (0.925; 95%
CIL, 0.870-0.958) compared with reference standard scores
assigned by the original radiologist who helped develop the BVS.
The mean difference between the consensus scores and the origi-
nal reference standard scores was very small (0.043; paired
Student ¢ test, P =.69), confirming that the independent consen-
sus BVS scoring was well-calibrated against the reference stand-
ard scoring.

Reproducibility and External Validity of the Association
of BVS and Outcomes in Pediatric CM

Two-radiologist consensus BVSs for the 94 newly obtained brain
MRIs ranged from 2 to 8. Six was the most frequent score. All
children whose MRIs had scores of =4 were alive and neurologi-
cally normal at hospital discharge (n = 12). The 4 children whose
MRIs had a score of 8 either died (n = 3) or were alive with neu-
rologic sequelae (1 =1). Outcomes of those with BVS values of
5-7 were intermediate. In those children with a score of 5
(n=20), one (5%) died and 3 of the 19 survivors (16%) were alive
with neurologic sequelae. Of the 27 children whose MRIs had a
BVS of 6, five (19%) died; the remainder were alive and neurolog-
ically normal. Of the 16 children with images assigned a BVS of
7, nine (56%) died, one was alive with neurologic sequelae (6%),
and 6 were alive and neurologically normal. Among 15 cases
given an intermediate score of 6.5, none died, one was alive with
neurologic sequelae (7%), and the rest (93%) were alive and neu-
rologically normal. The outcomes of children with a BVS of 6.5
were more similar to those in children whose BVS was 6 and less
similar to children with scores of 7. Outcomes according to 3 cat-
egories (=5, 6 or 6.5, and 7 or 8) are shown in Fig 1.

In the original outcome study, children with BVSs of 7 or 8,
described as having “highly increased brain volume,” had a high
mortality risk.” To evaluate the reproducibility and external valid-
ity of this finding, we compared the outcomes of children with
scores of 7 or 8 (n=20) with the outcomes of children with a
BVS of =6.5 (n="74). Children whose scans had a BVS of 7 or 8
had a 60% mortality risk and, if they survived, a 70% chance of a
poor neurologic outcome. Conversely, those with a BVS of =6.5
had an 8% mortality risk and an 86% chance of survival with a
good neurologic outcome. Compared with the outcomes of chil-
dren with scores of <6.5, the odds of death in children whose
BVS was 7 or 8 was 16.2 (95% CI, 4.3-69.7). These odds are simi-
lar to those reported in previous studies (Table 2). If we defined
“highly increased brain volume” as a BVS of 6-8, the odds of
death for children with higher scores was 11.5 (95% CI, 1.6-
503.7), compared with children with a BVS of =5.
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FIG 1. Outcomes of children by the initial consensus BVS. Proportional outcomes of consensus
BVS are demonstrated when trichotomized into 3 categories, =5, 6 or 6.5,and 7 or 8.

Table 2: ORs for mortality at a BVS threshold of 7 or 6

Fisher Test OR 95% ClI P Value
7-8 vs =6.5 16.17 4.3-69.7 <.001
6-8 vs =5 1.50 1.6-503.7 .005
Seydel et al’ (7-8 vs =6) 13.75% 43-58.6° <.001

?The OR and Cl reported in Seydel et al” used logistic regression and was 14.0
(4.5-43.4). Here we use Fisher exact test instead because of its increased accuracy
for sample sizes in this study, which was then also applied to Seydel et al’ to
make these results comparable. Accordingly, the recalculated OR and ClI are
slightly different than that reported in Seydel et al’.

Consistency of BVS Assignment on Lower-Resolution MRIs
Despite the images being of lower resolution, MRIs degraded to
simulate the output of lower-field scanners showed similar char-
acteristics compared with the original images obtained at 0.35 T
(Fig 2). The CSF spaces, including the sulci, cisterns, and ven-
tricles, could be differentiated from brain parenchyma, allowing
assessment of whether they were effaced. In contrast, blurring of
the gray-white junction was less visible using the degraded images
compared with those that were not degraded.

For the degraded 47 test set MRIs, the intraclass coefficients
for BVS scores assigned by each of the 3 radiologists compared
with the original BVS scores for the nondegraded MRIs ranged
from 0.867 to 0.901 (Table 3). The mean bias for all 3 was <0.5,
and the mean absolute deviation was approximately 0.6. If we
used the median BVS from the 3 radiologists assigned on the
lower-resolution images and compared it with the BVS score
assigned using higher-resolution images, this step modestly
improved the intraclass coefficient to 0.928, while slightly reduc-
ing the bias (0.128) and mean absolute deviation (0.468).

DISCUSSION

Brain MR imaging is a prognostic biomarker in pediatric CM
and can be used to identify children who may most benefit from
aggressive or targeted interventions. The whole-number system
of BVS assignment is prognostically valid. In our study,
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noninteger intermediate scoring (e,
BVS = 6.5) yielded no additional prog-
nostic information. Using 2-radiologist
consensus scoring, our study confirms
the reproducibility and external validity
of the association of the integer-based
BVS and outcomes in CM. Moreover,
assignment of BVS remains consistent
when applied to degraded images with
lower resolution.

A fundamental challenge in apply-
ing any scale to describe the severity of
a pathologic process is in determining
the appropriate resolution of that scale.
With respect to the BVS, if gradations
finer than the currently used ordinal
integer scale are used, one radiologist

could assign a score of 6.4 to a case,

80% 90%

Died

100% . .
while a second could assign a score of

6.6. Although the assigned grades dif-
fer minimally, if one is forced to round
to the nearest whole number, the origi-
nal scores would more widely differ.
This difference becomes important at
thresholds (eg, between BVS of 6 and 7) at which mortality risk
changes. Conversely, using a more finely graded scale may not
improve the reliability or accuracy. Here, we assessed the valid-
ity of a single in-between score, 6.5, and found that outcomes
were more like those in children with a score of 6 than with a
score of 7. On this basis, we suggest that the original 8-integer-
based ordinal scale for the assignment of BVS currently remains
appropriate, though future refinements should continue to be
investigated.

In our study, children with CM whose MR imaging scans
were scored independently as a BVS of 7 or 8 had a mortality risk
of 60%. Conversely, only 1 of 32 children with a score of =5 died.
For cases assigned a score of 6, mortality was intermediate. Our
results suggest that the BVS may be more useful if trichotomized
into “no significant increase in brain volume” (BVS of =5),
“moderate increase in brain volume” (BVS of 6), and “highly
increased brain volume” (BVS of 7 or 8). Children with the lowest
range of scores have low mortality, those with a score of 6 have
intermediate mortality, and scores of 7 or 8 are associated with a
high mortality risk. Of note, among survivors, the relationship
between morbidity and BVS scores is less clear. Thus, future stud-
ies to confirm and extend these findings are warranted.

Images acquired for this study were from a single 0.35 T MR
imaging scanner with a minimally varying imaging protocol.
Portable lower-field scanners are increasingly being tested and
used in a variety of clinical settings, including evaluating brain
volume in children'” with pathogenic processes that result in
brain injury and edema'® and when assessing brain herniation.'”
To evaluate whether this more easily scalable imaging technique
might work in the assignment of BVSs to children with CM, we
determined score assignment concordance when images from the
0.35 T MR imaging scanner were degraded to simulate a 64 mT
MR imaging scanner. Despite image degradation, BVS scoring
showed good-to-excellent reliability between images obtained on



FIG 2. Sample T2w original and simulated MRIs from children with CM. The original brain MRIs were obtained on a Signa Ovation 0.35 T magnet
(upper row) and corresponding axial images were obtained after image degradation to simulate the resolution of a very-low-field scanner (lower
row). A, A BVS of 8 was assigned to the original scan as well as to the degraded images by all 3 radiologists. B, A BVS of 6 was assigned to the
original scan, and 6 or 7, to the degraded images. C, A BVS of 4 was assigned to the original scan, and 5 or 3, to the degraded images.

Table 3: BVS assigned to degraded MRIs compared with original criterion standard BVS assigned to nondegraded scans

Test Statistic R1 R2 R3 Median
Intraclass coefficient (95% Cl) 0.901 (0.830-0.944) 0.878 (0.777-0.932) 0.867 (0.762-0.926) 0.928 (0.874-0.959)
Mean bias +0.170 -0.340 +0.319 +0.128
Mean absolute deviation 0.553 0.596 0.617 0.468

a 0.35 T fixed magnet and those simulating output of a portable
64 mT scanner. Our findings should be considered preliminary
because they used proprietary-algorithm-based simulated images
rather than those obtained independently by the very-low-field
scanner itself. Optimally, MRIs from a single patient using both a
0.35 T fixed magnet and a portable 64 mT magnet should be
compared. Ethically, this comparison may be challenging due to
the fragile clinical status of critically ill children with CM and the
long scanning times required. Another method to validate BVSs
derived from very-low-field scanners as prognostic biomarkers in
pediatric CM would be to assess the association between BVS
and outcomes using images only obtained from a portable 64 mT
magnet. Nevertheless, our current findings suggest but cannot es-
tablish that the BVS is a valid prognostic biomarker across MR
imaging scanners of varying field strengths.

Our study has several limitations. Most important, the study
radiologists are all experienced in BVS assignment in children
with CM. The generalizability of the findings of our study to radi-
ologists who have not undergone a rigorous educational program
of BVS assignment is unknown. The training and test set MRIs in
this study were used repeatedly for training, calibration of BVS
scores, and testing of the BVS on degraded images. Although
months or years separated each of these tasks, it is possible that
memory of the previously assigned BVS affected a radiologist’s
later BV scoring. Our reuse of images through time was required
due to the numeric rarity of MR imaging scans obtained from
children with CM. The validity of the BVS as a prognostic bio-
marker was derived using images obtained at hospital admission.

It is possible that changes in BVS through time may be a better
prognostic biomarker or provide additional insights into CM
pathogenesis. We used the neurologic status at hospital discharge
to indicate the presence of neurologic sequelae. The duration of
posthospital follow-up for children included in this study varied
across the clinical protocols in which they were enrolled. Because
these posthospital follow-up times were not standardized for all
participants included here, only the hospital discharge status was
used in our analyses. However, because neurologic sequelae in
CM survivors may appear or resolve through time, it is possible
that the estimates of the strength of the association between BVS
and neurologic sequelae may change if a standard posthospital
neurologic status was used in the analyses.

CONCLUSIONS

In pediatric CM, independent MRI-based assessment of the BVS
reproducibly predicts outcomes and can be reliably performed
with lower-resolution images.
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ORIGINAL RESEARCH
PEDIATRIC NEUROIMAGING

Incidental Thalamic Lesions Identified on Brain MRI in
Pediatric and Young Adult Patients: Imaging Features and
Natural History

James L. Leach

O=

Vinicius de Padua V. Alves, ““’Marguerite M. Care, and

ABSTRACT

BACKGROUND AND PURPOSE: Nonspecific, localized thalamic signal abnormalities of uncertain significance are occasionally found
on pediatric brain MR imaging. The goal of this study is to describe the MR imaging appearance and natural history of these lesions
in children and young adults.

MATERIALS AND METHODS: This retrospective study evaluated clinically acquired brain MR imaging examinations obtained from
February 1995 to March 2022 at a large, tertiary care pediatric hospital. Examinations with non—-mass-like and nonenhancing thalamic
lesions were identified based on term search of MR imaging reports. A total of 221 patients formed the initial group for imaging
assessment. Additional exclusions during imaging review resulted in 171 patients. Imaging appearance and size changes were assessed
at baseline and at follow-up examinations.

RESULTS: A total of 171 patients (102 male) at a median age of Nyears (range: 1-23years), 568 MR imaging examinations, and 180 thalamic
lesions were included. Median time from baseline to the last follow-up MR imaging was 542 days (range: 465730 days). No lesion enhanced at
any time point. On imaging follow-up, 11% of lesions (18/161) became smaller, 10% (16/16]) resolved, 73% (118/161) remained stable, and 6% (9/16])
increased in size at some point during evaluation. Median time interval from baseline to enlargement was 430 days (range: 1361074 days).

CONCLUSIONS: Most incidental, non—mass-like thalamic signal abnormalities were stable, decreased in size, or resolved on follow-
up imaging and are likely of no clinical significance. Surveillance strategies with longer follow-up intervals may be adequate in the

management of such findings.

ABBREVIATIONS: AP = anteroposterior; EMR = electronic medical record; GRE = gradient recalled-echo; PD = proton density; TR = transverse

ncreasing utilization and technical advances in MR imaging have

led to the frequent identification of incidental findings (unex-
pected imaging findings likely unrelated to clinical presentation) on
pediatric brain MR imaging examinations performed for both clini-
cal and research purposes.'™ In our pediatric neuroradiology prac-
tice, we often identify nonspecific lesions within the thalami on
brain examinations obtained for a wide variety of indications.
While some of these incidental findings may have immediate clini-
cal implications, most are of uncertain significance and may pro-
duce confusion among clinicians and concern among patients and
their families.® In addition, subsequent evaluations of these findings
may lead to cascades of additional imaging and testing and
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increased health care expenses. Outcomes-based research is an
important pillar in the development of management recommen-
dations for incidental findings.”® While prior studies have
assessed incidentally identified, mass-like, potentially neoplastic
signal abnormalities in the thalamus in children,®® we are unaware
of any investigation assessing the imaging appearance, distribution,
and natural history of non-mass-like, nonspecific, areas of signal
abnormality in the thalamus in the pediatric population. Based
upon our clinical experience, we hypothesized that these signal
abnormalities rarely change on follow-up imaging and rarely have
definite clinical significance. The purpose of our study was to assess
the imaging appearance of these signal abnormalities and their
natural history on follow-up examinations (when available),
describe basic clinical associations, and define reasonable MR
imaging follow-up guidelines.

MATERIALS AND METHODS
This retrospective study was approved by the Institutional
Review Board at Cincinnati Children’s Hospital Medical Center.
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FIG 1. Flow chart of study participant selection process. Conditions
on right denote exclusion criteria.

All research activities were Health Insurance Portability and
Accountability Act compliant, and the need for patient informed
consent was waived.

Sample Selection

Patients were identified by performing a radiology report search
(MMuminate Insight, Softek) of brain MR imaging examinations
performed between February 1995 and March 2022 (Fig 1).
Reports were selected that included both the terms “thalamic”
and/or “thalamus” and “follow-up” in the radiology report. A
total of 634 potential patients (1042 MR imaging examinations)
were identified on initial report search. A preliminary radiology
report review was performed by 2 board-certified pediatric neu-
roradiologists (both with >20 years clinical experience; J.L.L., M.
M.C.) with the following exclusions: No thalamic lesion described
in the identified report; known history of neurofibromatosis, in-
tracranial neoplasm, multiple sclerosis, or encephalitis at the time
of reporting; and reported contrast enhancement on the baseline
examination, thalamic encephalomalacia, or thalamic lesions with
mass effect consistent with neoplasm. A total of 413 patients were
excluded by this preliminary report review. Then, a preliminary
imaging review of the report-identified MR imaging examinations
in the remaining 221 patients was performed by the same 2
board-certified pediatric neuroradiologists. Additional exclusions
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during preliminary imaging review included the following: multi-
focal lesions not restricted to the thalamus, nonthalamic location
of the reported signal abnormality, imaging artifact responsible
for the abnormality, no lesion identified on imaging review, evi-
dence of mass effect (including distortion of internal thalamic
structures, expansion of the thalamus, deformity of adjacent CSF
spaces indicating mass effect), or imaging findings consistent with
thalamic encephalomalacia. An additional 50 patients were
excluded after preliminary MR imaging review for a final cohort
of 171 patients with nonspecific, non-mass-like thalamic signal
abnormalities. All previous and follow-up brain MR imaging
examinations available in our institutional PACS were identified
in this cohort for a total of 568 brain MR imaging examinations.

Extraction of Clinical Data

Clinical and demographic data were acquired from the electronic
medical record (EMR) (Epic Systems) and imaging reports by a
research fellow (V.d.P.V.A.). The clinical indication for the exami-
nation on the radiology report was extracted. If a patient had mul-
tiple follow-ups, the clinical indication for the MR imaging was
extracted from the first examination where the thalamic abnor-
mality was mentioned. The EMR was systematically searched uti-
lizing the most recent clinical notes available and the continually
updated problem list and extracted for the patients with known
medical conditions. The results were summarized into pertinent
categories based on the timing of the initial MR imaging where
the thalamic lesion was identified and based on a combination of
radiology report clinical indications and the EMR search.

Standardized MR Imaging Review of Thalamic
Abnormalities

Detailed imaging review of brain MR imaging studies was per-
formed by the same 2 board-certified neuroradiologists (J.L.L.,
M.M.C.). An initial 10 training studies were evaluated by both
reviewers together to define and agree upon measurement
method and lesion characteristic assessment. Subsequently, all
examinations were independently evaluated by each examiner.
One reviewer (J.L.L.) evaluated 65% of examinations (368/568),
whereas the other (M.M.C.) evaluated 35% (200/568) of the
examinations. For patients with multiple MR imaging examina-
tions, the first occurrence of a thalamic lesion was considered the
baseline MR imaging examination. Image assessment and lesion
measurement were performed utilizing the clinical PACS system
at our institution. Imaging reviewers were not blinded to the clin-
ical MR imaging report. The reviewers assessed thalamic lesion
characteristics and their longitudinal change on each examination
utilizing a standardized electronic form. Lesion location was
defined by nuclear group (anterior, posterior, lateral, and medial)
utilizing a standardized template reference'® and brain hemi-
sphere lateralization (left and right). Lesion signal intensity was
visually characterized for each sequence compared with the ipsi-
lateral caudate nucleus (hypointense, isointense, hyperintense) or
nonvisible/indistinguishable from normal thalamus for each avail-
able sequence, including T1-weighted, T2-weighted, proton
attenuation (PD), T2-weighted FLAIR, DWI, ADC maps, and gra-
dient recalled-echo or susceptibility weighted imaging (GRE/SWI).
Signal was described as heterogeneous or homogeneous, and



Table 1: Clinical scenario for baseline MR imaging examinations
(n=17)

MR Imaging Examination Indication n %
Migraine headache 53 31
Seizures/epilepsy 40 234
NOS headache 20 n7
Other® 18 10.5
Behavioral/developmental® 13 7.6
Head injury 8 47
Movement disorder 5 29
Ophthalmologic 4 23
Psychiatric 4 23
Hearing loss 3 1.8
Idiopathic intracranial hypertension 3 1.8

Note:— NOS indicates not otherwise specified.

?Includes precocious puberty, hypopituitarism, central sleep apnea or congenital
central hypoventilation, focal neurologic findings, Fanconi anemia, lymphoma, Li-
Fraumeni syndrome screening, unspecified neck pain, Chiari syndrome, syncope,
prior stroke, and vertigo.

®Includes attention deficit/hyperactivity disorder, autism spectrum disorder, fine
and gross motor delay, intermittent explosive disorder, and language delay.

margins as ill-defined or well-defined. Well-defined margins were
defined as sharply circumscribed transitions around the entire cir-
cumference of the lesion. The MR imaging sequence allowing best
visualization of the lesion was used for measurement (typically, the
axial T2-weighted or T2 FLAIR sequence). Anteroposterior (AP)
and transverse (TR) linear measurements were performed and
recorded for each lesion. Any change from prior examinations
were denoted. Assessment and documentation of any MR imaging
studies performed before identification of the thalamic abnormal-
ity were also performed. Patient sex and age were obtained from
imaging reports at the time of first MR imaging (if more than 1 ex-
amination was present).

MR Imaging Procedures

A total of 373 (66%, 373/568) examinations were performed on
1.5T MR scanners, and 195 (34%, 195/568) were performed on
3T MR scanners. Given the retrospective nature and time frame
of the study, MR imaging protocols and scanner manufacturer
varied, but each examination included at least T1-weighted and
T2-weighted pulse sequences, at a maximum of 6 mm section
thickness (range: 1-6 mm, median: 4 mm). Additional pulse
sequences, available on a case-by-case basis included the follow-
ing: PD, T2 FLAIR, DWI, ADC maps, and GRE/SWI. A total of
343 (60%, 343/568) examinations were performed on GE
Healthcare scanners, 171 (30%, 171/568) on Philips Healthcare
scanners, and 52 (10%, 52/568) on Siemens scanners. A total of
408 (70.5%, 408/578) studies included the administration of
gadolinium-based contrast agents during initial identification
and/or follow-up of the thalamic signal abnormalities.

Statistical Analysis

A descriptive analysis of demographic and clinical data was per-
formed to summarize sample and imaging characteristics. All sta-
tistical analyses were performed with Excel Version 2209 Build
16.0 (Microsoft). Categoric variables were presented as percen-
tages. For enlarging lesions, AP and TR dimensional cross product
at each imaging time point was plotted overtime to graphically
demonstrate growth characteristics.

RESULTS

Study Sample Characteristics

A total of 171 patients (102 male, 69 female) with 568 MR imag-
ing examinations and 180 thalamic lesions were included in this
study. Median age at baseline MR imaging was 11 years (range:
1-23 years). The 2 most common indications for the MR imaging
examination were headaches (43%, 73/171) and seizures/epilepsy
(23%, 40/171) (Table 1). No patient had a clinical diagnosis of
neurofibromatosis or multiple sclerosis at the time of the initial
examination, or subsequently, by review of the EMR up until
December 1, 2022.

Thalamic Lesion Characteristics at Baseline MR Imaging
Among all lesions, 91 (50.5%, 91/180) were located in the right
thalamus and 89 (49.5%, 89/180) in the left thalamus. A total
of 109 lesions (61%, 109/180) were identified in the posterior,
51 (28%, 51/180) in the lateral, 17 (10%, 17/180) in the medial,
and 3 (1%, 3/180) in the anterior thalamic nuclear regions.
Imaging examples of typical lesions are provided in Figure 2.
The median size of the lesions was as follows: AP, 4 mm (range:
2-21 mm); TR, 5mm (range: 1-18 mm). For border definition,
128 lesions (71%, 128/180) were considered ill-defined, whereas
52 lesions (29%, 52/180) were classified as well-defined. For in-
ternal architecture, most lesions (97%, 174/180) were deemed
homogeneous and a minority (3%, 6/180) were categorized as
heterogeneous. No lesion exhibited contrast enhancement on
any follow-up examinations. Table 2 provides the signal charac-
teristics of the lesions based on different MR imaging sequences.
Lesions were best seen on T2 or T2-FLAIR sequences and were
most commonly hyperintense on T2 and T2 FLAIR (77.3%,
79.9%, respectively) and isointense to hypointense on T1-
weighted images (42.5%) compared with the caudate. While
most lesions were not identified on DWI/DTI, some (11.1%)
exhibited increased diffusivity relative to the thalamus and cau-
date. None demonstrated relative diffusion restriction on ADC
maps.

Longitudinal Analysis on Follow-up MR Imaging

A total of 152 (89%, 152/171) patients had follow-up examina-
tions with a median of 2 follow-up examinations (range: 1-12
examinations). A total of 87 subjects (51% of total cohort) had
l-year or greater follow-up: 1-2years: 21; 2-3years: 21; 3-
4years: 19; 4-5years: 13; >5years: 13. A 3-month follow-up
interval was most commonly recommended in baseline scan
reports (44%, 76/171), ranging from 1 to 12 months (Table 3).
Median time from baseline to the last follow-up MR imaging
was 542 days (range: 46-5730 days). A total of 161 lesions (89%,
161/180) were followed up longitudinally. Of those, 18 (11%,
18/161) became smaller, 16 (10%, 16/161) resolved, 118 (73%,
118/161) remained stable, and 9 (6%, 9/161) were larger at any
follow-up point (of these: 1 had no further follow-up, 6 were
subsequently stable or smaller, and 1 resolved) (Fig 3). One
enlarging lesion (maximum dimension of 10 x 8mm) was
treated with radiation therapy for presumed thalamic glioma
(without histologic confirmation) with a subsequent decrease in
size (Fig 3C). Among the enlarging lesions, the median interval
from baseline to initial identified enlargement was 430 days
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FIG 2. Example cases of incidental thalamic lesions identified in this study. A, Axial T2-weighted
images of a 13-year-old adolescent girl with headache show a focal thalamic lesion (arrow) within
the anterior lateral right thalamus on baseline MR imaging. The lesion was stable on the 3-month
follow-up and resolved at 22-month follow-up. B, Axial T2-weighted images of a 9-year-old girl
with headache show ill-defined thalamic signal (arrow) in the posterior right thalamus on baseline
MR imaging. At 1-year follow-up, the lesion was slightly less defined and smaller. At 9-year follow-
up, the lesion was smaller and less defined. This patient had 12 follow-up scans for this lesion over
a 9-year period. C, Axial T2 FLAIR images of a 5-year-old girl after a single seizure episode.
Baseline MR imaging shows a small focal signal abnormality in the right thalamus (arrow). This
lesion slightly enlarged at 1-year follow-up and resolved at 18-month follow-up imaging.

Table 2: Thalamic lesion signal characteristics on baseline MR imaging (n =180 lesions)

Signal PD T T2 T2 FLAIR DWI ADC GRE/SWI
Hypointense 0.0 26.5 0.0 0.0 18 0.0 0.0
Isointense 42.8 16.0 210 19.0 19.8 1.8 16.5
Hyperintense 52.4 17 77.3 79.9 i 53.1 55.3
Not visible 9.5 55.8 11 11 68.5 46.3 29.8

In subjects with =2 years follow-up
(excluding the radiation therapy treated
subject), no lesion that had been stable
or smaller (including those that had
previously enlarged and were subse-
quently stable or smaller) by 2years
continued to enlarge. One subject
(Subject B, Fig 3) had an enlargement
time point at 2.9 years (1074 days);
however, this patient had no interval
studies from their initial brain MR
imaging. This subject was followed for
an additional 4656 days (12.8 years)
with long-term stability.

A total of 26 patients had MR
imaging examinations performed
before the identification of thalamic
signal abnormalities. Mean time from
the most recent prior study (where
no thalamic lesion was identified) to
the first MR imaging examination
demonstrating a thalamic lesion was
1882 days (range: 148-5437 days). Six
subjects had 2 thalamic lesions at ini-
tial diagnosis, all stable on subsequent
follow-up (6 months to 2 years). Three
subjects developed a new thalamic
lesion on follow-up imaging for an
existing thalamic lesion. One did not
have follow-up imaging after the new
lesion was identified (6years after the
initial examination); thus, growth
potential cannot be documented. Of
those that had follow-up, 1 new lesion
was stable at subsequent 2-year follow-
up, and 1 new lesion was smaller at
subsequent 4-month follow-up. No
subjects with resolved thalamic lesions
had subsequent follow-up brain imag-
ing studies.

Most thalamic lesions, even those
described as having ill-defined mar-
gins, were well delineated relative to
the remainder of the thalamus. During
data analysis, a subgroup of thalamic
lesions, all within the pulvinar of the
posterior thalamus (n=21), were
identified with very ill-defined mar-
gins that made differentiation of lesion
borders challenging (Fig 2B). In these
patients, measurements were often dif-
ficult. There was no thalamic expan-

(range: 136-1074 days). Four lesions enlarged within 1 year,and  sion or mass effect (by definition). Of the 20 lesions in this

4 within 2 years. Graphical representation of lesion growth is  subgroup with follow-up imaging, 19 were stable and 1

provided in Figure 4. No lesions were biopsied. No other sub-  resolved.
ject, by review of the EMR up until December 1, 2022, had clini- No thalamic imaging finding specifically correlated with the
cal diagnosis of intracranial neoplasm. clinical scenario at diagnosis. After the baseline examination, no
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Table 3: MR imaging follow-up recommendations available on baseline imaging reports (n = 171 patients)®

None® 1 Month® 2 Months 3 Months 4 Months 6 Months 9 Months 12 Months NOS?
3 4 7 76 24 4 3 7 6
Note:— NOS indicates not otherwise specified.
?Values are absolute numbers.
®Study report did not provide recommendations for follow-up imaging.
In the case an interval range of follow-up was given, the smallest interval was considered.
<Imaging follow-up was recommended but no specified time interval.
DISCUSSION

FIG 3. Example cases of enlarging incidental thalamic lesions identified in this study. A, Axial T2
FLAIR images of a 6-year-old boy with headache show a focal thalamic lesion (arrow) within the
posterior left thalamus on baseline MR imaging. At 13 month follow-up, the lesion was enlarged.
At 46-month follow-up, the lesion was more ill-defined and slightly decreased posteriorly. B,
Axial T2 FLAIR images part of routine follow-up of a 4-year-old boy with history of right cerebellar
complex developmental venous anomaly. Baseline MR imaging shows a small focus of increased sig-
nal in the posterior right thalamus, enlarged at 13-month follow-up, then stable 52 months after
baseline MRI. C, Axial T2-weighted images of an 8-year-old girl with history of head trauma and
headache showing a focal lesion within the left medial thalamus (7 x 5 mm). There was slow interval
enlargement over 5 MR imaging studies for 19 months, at which point the lesion was classified as
presumed low-grade glioma, and was treated with a total of 50.4 Gy fractionated radiation therapy
over 8 weeks. Following therapy, there was a decrease in the site over subsequent 34 months.

subject developed a diagnosis of multiple sclerosis, neurofibroma-
tosis, metabolic condition, or other condition that could be spe-
cifically related to the thalamic abnormality.

Pediatric brain MR imaging studies
conducted for clinical and research
purposes often harbor incidental imag-
ing findings." The reported rates of
such findings vary from 10% to 26% of
examinations.>*®!! Our retrospective
study included 171 children, adoles-
cents, and young adults who under-
went brain MR imaging for various
indications, the most common being
headache, seizures, and epilepsy. We
found that incidentally identified, non-
mass-like, nonspecific, thalamic lesions
were mostly (94%) stable, smaller, or
resolved on follow-up imaging. Among
the lesions that enlarged (6%), most
were subsequently stable, smaller, or
resolved. One enlarging lesion was
treated with radiation therapy as a pre-
sumed thalamic neoplasm with subse-
quent decrease in size. The thalamic
lesions were most frequently located in
the posterior and lateral thalamic
groups and were ill-defined and exhib-
ited no diffusion restriction. No lesions
were biopsied or underwent resection.
No lesion with follow-up imaging that
included contrast administration subse-
quently enhanced. None of the thalamic
imaging findings was definitely corre-
lated with the examination clinical sce-
nario. Together, our study suggests that
most of these small, nonspecific, non-
mass-like thalamic signal abnormalities
are of limited clinical significance.
Developing effective imaging follow-
up and management strategies for inci-
dentally identified findings on brain
MR imaging requires a thorough under-
standing of their imaging characteristics
and outcomes and has been little stud-
ied in pediatric patients."®® Zaazoue et
al® evaluated 144 pediatric patients with
incidental brain lesions on MR imaging
indeterminate for tumor, including 26

patients with thalamic lesions. In their study, only 3 patients with
thalamic lesions showed an increase in lesion size on follow-up
imaging, and none required surgical intervention. Like our
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FIG 4. Growth trajectories of 9 thalamic lesions that enlarged at any time during follow-up
MR imaging. Patient D, an 8-year-old girl with history of head trauma and headache, was treated
with radiation therapy 19 months after initial lesion identification after growth identified with a
subsequent decrease in size. Patient B, a 14-year-old adolescent boy with history of fetal alcohol
syndrome and tethered cord, had additional stable follow-up examinations at 138 and 190 months

(not shown).

investigation, those with typical syndromic characteristics, such
as NF1, NF2, and tuberous sclerosis, were excluded. However,
the authors included only lesions thought to potentially represent
neoplasms, and included lesions with mass effect which makes
their cohort essentially different from ours. Although their num-
bers were small, their outcomes were comparable to ours, and
they concluded that patients with thalamic lesions are less likely
to progress or require surgical intervention than those in other
locations.®

Additional research on pediatric MR imaging has focused pri-
marily on thalamic lesions with mass effect or high suspicion for
neoplasm.*’ For instance, Kozyrev et al’ investigated 58 children
with space-occupying thalamic lesions incidentally identified on
MR imaging, of whom 21 underwent surgery due to clinician sus-
picion of high-grade tumor, change in lesion characteristic, or
growth on follow-up imaging. In their study, contrast-enhancing
lesions were included and most operated patients were found to
have low-grade or high-grade gliomas on histopathologic analy-
ses. In contrast, we excluded all lesions demonstrating mass effect
and/or contrast enhancement. However, because many of their
thalamic neoplasms, including those that were both low and high
grade, were nonenhancing, enhancement characteristics may not
be a key distinguishing factor.

In our study, no histopathology analyses were performed in
any of the thalamic lesions, which prevents confirmation of etiol-
ogy. The differential diagnosis for an imaging lesion in the thala-
mus is wide ranging.'* Some of the lesions may represent small,
indolent, or spontaneously regressing neoplasms. Prior studies
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have reported on spontaneous resolu-
tion of low-grade tumors in pediatric
patients.'>"*
inflammation may account for the

Transient edema or
complete resolution of some lesions
observed in imaging, particularly in
patients with a history of seizures or epi-
lepsy. Investigations involving patients
with prolonged status epilepticus have
revealed thalamic DWI and FLAIR
hyperintensities on the same side as the
epileptiform activity,">'® often ill-defined
signal within the pulvinar."” Thalamic
involvement has also been associated
with venous vasculitis conditions, such
as Behcet disease, or connective tissue
disorders, such as Sjogren syndrome."
These lesions often appear hyperintense
in T2 and FLAIR sequences and occa-
sionally exhibit enhancement in gadolin-
ium-enhanced T1-weighted imaging."
Finally, these lesions may represent
isolated dysplastic or hamartomatous
changes of the thalamus, such as in
cases of NF1'>'® (although no subject
in our study had this diagnosis).

Our study has several limitations.
As this was a retrospective analysis of
examinations from a single institution,
there is potential for selection bias in our results. Therefore,
future prospective and multicenter studies are needed to confirm
our findings. The inclusion of images dating back to 1995 means
that there were substantial differences in acquisition protocols
and techniques between examinations, which may have impacted
the identification and characterization of thalamic lesions. In
addition, differences in section thickness selection between
examinations may have contributed to apparent changes in lesion
size as many lesion dimensions were near or below the section
thickness of examinations. Without histopathology, the potential
etiologies of the lesions remain speculative. Our image reviews
were subjective and relied on the expertise of 2 readers who
assessed different cases, which may have introduced variability in
our results. However, both neuroradiologists reviewed a common
training set of 10 subjects to define measurement technique and
subjective assessment, trained in an identical fashion at the same
institutions, and have been working in the same institution to-
gether since 2007, limiting this potential confounding factor. Of
171 subjects, 66 subjects (39%) had imaging follow-up for >2
years. This does limit our assessment for very slow growing
tumors and could occur for a number of many reasons including:
no report recommendations for continued follow-up, clinician/
patient choice, transfer to adult or other pediatric institutions, or
loss of medical follow-up. This limits our ability to establish de-
finitive data on very long-term follow-up of these findings and is
an unavoidable limitation of a retrospective study. On clinical
chart review, none of our subjects had a subsequent diagnosis of
tumor or other clearly related clinical condition (other than the



subject treated with radiation therapy for presumed glioma
without histologic proof, which enlarged at 7 months after
identification).

The findings of this study may be used to guide and improve
imaging follow-up recommendations for incidental, nonspecific,
thalamic lesions. Considering that all enlarging lesions (ie, more
concerning for neoplasia) in our cohort did so by 3 years from
initial imaging, a less aggressive surveillance strategy may be
adequate. Based on imaging reports, the suggested follow-up
intervals from our cohort (Table 3) were predominantly <6-
month intervals, which may have been unnecessarily conserva-
tive, given our outcome findings. Additionally, assessing our sub-
set of subjects with longer-term follow-up, no lesion with prior
follow-up imaging followed for >2 years demonstrated enlarge-
ment. One lesion enlarged at 2.9years after initial diagnosis
(without previous follow-up imaging), and was subsequently sta-
ble for 12.8years. Conclusions, however, are limited by lack
of >1 year imaging follow-up in many subjects. If follow-up
imaging is deemed necessary, it may be beneficial to extend the
follow-up period to 6-12 months initially, followed by yearly fol-
low-ups thereafter for at least 3 years after diagnosis. By adopting
this management approach, we can ensure that patients receive
appropriate monitoring while additionally minimizing unneces-
sary diagnostic testing.

CONCLUSIONS

In our retrospective study of 171 children, adolescents, and young
adults who underwent brain MR imaging for various neurologic
or screening indications, most incidentally identified, non-mass-
like thalamic signal abnormalities were stable, smaller, or resolved
on follow-up imaging and likely of minimal to no clinical signifi-
cance. Of lesions that enlarged with subsequent follow-up imag-
ing, 1 continued to enlarge, concerning for neoplasm. Therefore,
less conservative surveillance strategies of such incidental findings
with longer follow-up intervals may be adequate to guarantee
both optimized and cost-effective care for these 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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ORIGINAL RESEARCH
PEDIATRIC NEUROIMAGING

A Prospective Multi-Institutional Study Comparing the Brain
Development in the Third Trimester between Opioid-
Exposed and Nonexposed Fetuses Using Advanced Fetal MR
Imaging Techniques

Hyuk Jin Yun, P. Ellen Grant,

Usha D. Nagaraj, Stephanie L. Merhar,

Karen Grewen,

Xiawei Ou, ““'Weili Lin, ““’Ashley Acheson,
Beth M. Kline-Fath, and ““Kiho Im

ABSTRACT

BACKGROUND AND PURPOSE: While the adverse neurodevelopmental effects of prenatal opioid exposure on infants and children
in the United States are well described, the underlying causative mechanisms have yet to be fully understood. This study aims to
compare quantitative volumetric and surface-based features of the fetal brain between opioid-exposed fetuses and unexposed
controls by using advanced MR imaging processing techniques.

MATERIALS AND METHODS: This is a multi-institutional IRB-approved study in which pregnant women with and without opioid use
during the current pregnancy were prospectively recruited to undergo fetal MR imaging. A total of 14 opioid-exposed (314 *
2.3 weeks of gestation) and 15 unexposed (314 = 2.4 weeks) fetuses were included. Whole brain volume, cortical plate volume, sur-
face area, sulcal depth, mean curvature, and gyrification index were computed as quantitative features by using our fetal brain MR
imaging processing pipeline.

RESULTS: After correcting for gestational age, fetal sex, maternal education, polysubstance use, high blood pressure, and MR imag-
ing acquisition site, all of the global morphologic features were significantly lower in the opioid-exposed fetuses compared with
the unexposed fetuses, including brain volume, cortical volume, cortical surface area, sulcal depth, cortical mean curvature, and gyr-
ification index. In regional analysis, the opioid-exposed fetuses showed significantly decreased surface area and sulcal depth in the
bilateral Sylvian fissures, central sulci, parieto-occipital fissures, temporal cortices, and frontal cortices.

CONCLUSIONS: In this small cohort, prenatal opioid exposure was associated with altered fetal brain development in the third tri-
mester. This adds to the growing body of literature demonstrating that prenatal opioid exposure affects the developing brain.

ABBREVIATIONS: CP = cortical plate; FDR = false discovery rate; GA = gestational age; Gl = gyrification index; OE = opioid-exposed; UE = unexposed

11,12
adolescence.

causative biology of these poor outcomes has yet to be adequately

P renatal opioid exposure is a known public health crisis in the Despite the scope of this problem, the underlying

United States today. The use of opioids during pregnancy is

very common and is likely underreported, resulting in substantial
associated morbidity and hospital costs.'® Opioid-exposed infants
have lower birth weights, smaller head circumferences, and neuro-
behavioral differences in the first weeks after birth, resulting in
longer hospital stays compared with unexposed infants.”'® Long-
term studies in children with prenatal opioid exposure reveal lower
cognitive scores and poorer school performance in childhood and
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explored. Brain MR imaging studies of opioid-exposed infants and
children have revealed smaller regional brain volumes in multiple
areas despite no difference in overall brain volume, increased white
matter injury, and altered functional networks on resting-state
functional connectivity MR imaging compared with unexposed
controls.">"* There are descriptions of potential underlying causes,
including alterations in cerebral blood flow, neurogenesis, neuro-
nal differentiation, and neuronal activity as a result of the opioid
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exposure through the placenta in utero.'® However, postnatal
brain imaging, even in the first few weeks after birth, is likely
affected by other factors, such as neonatal treatment for opioid
withdrawal and breastfeeding. We recently examined fetal brain
MRIs in opioid-exposed (OE) and nonexposed fetuses by means
of manually measured 2D biometrics that are used in routine clini-
cal practice, which demonstrated multiple smaller brain measure-
ments in the opioid-exposed fetuses compatible with smaller
brains."” More detailed and precise information regarding differ-
ences in brain volume and cortical folding between OE and unex-
posed (UE) fetuses can be detected with advanced fetal MR image
processing techniques to extract morphologic features of the brain
such as tissue volume, surface area, sulcal depth, mean curvature,
and gyrification index (GI). These metrics have the potential to
provide a better understanding of the underlying causative
mechanisms.

This study aims to compare morphologic features of the fetal
brain between opioid-exposed fetuses and unexposed controls by
using advanced processing MR imaging techniques.

MATERIALS AND METHODS

Study Design and Patients

This is a prospective multi-institutional study that was HIPAA-
compliant and approved by the Institutional Review Board at
each institution. Participants were recruited from 3 US academic
medical centers: Cincinnati Children’s Hospital Medical Center,
Arkansas Children’s Hospital, and the University of North
Carolina at Chapel Hill, from July 1, 2020 through December 31,
2021. Patients in the third trimester of pregnancy were recruited
to undergo a fetal MR imaging examination for investigational
purposes. We recruited women with opioid use during pregnancy
from clinics treating women with substance use disorders at each
site. Control subjects were recruited from the general public.
Substance use, or the lack thereof, was confirmed by question-
naires at the time of the study visit and/or review of maternal
charts. Inclusion criteria included age of at least 18 years, single-
ton pregnancy, and gestational age (GA) of at least 26 weeks.
Exclusion criteria assessed by phone interview by a study coordi-
nator included: inability to supply the name of at least 1 addi-
tional person to contact in the event that the participant was
unable to be reached, fetal abnormality identified on prenatal so-
nography or known fetal genetic disorder, nonviable fetus, con-
traindication to MR imaging, and inability to enter the magnet
bore due to body habitus. Written informed consent was
obtained from all study participants.

Study patients underwent in person detailed questioning at
the time of examination by a research coordinator. Substantial
opioid use was defined as daily reported opioid use during most
of the pregnancy to date, with most enrolled patients on a daily
opioid-use disorder maintenance medication, such as buprenor-
phine or methadone. Polysubstance use was defined as the
mother reporting other illicit drugs and/or nicotine during the
current pregnancy. Household income was recorded on a 10-
point scale based on reported annual income. Maternal educa-
tion was categorized for each patient as less than 10th grade
education level, high school diploma, college enrollment, college

degree, and graduate degree. High blood pressure was docu-
mented in those that reported pregnancy-related high blood
pressure when queried.

MR Imaging Acquisition

Fetal MR imaging examinations were performed by using a 3T
Ingenia scanner (Philips Healthcare) at Cincinnati Children’s
Hospital, and by using a 3T Prisma scanner (Siemens) at
Arkansas Children’s Hospital and University of North Carolina at
Chapel Hill. All 3 sites used a phased-array abdominal imaging
coil. Patients were not sedated during the examinations and were
positioned in the left-side-down decubitus position, unless report-
ing feeling more comfortable in the supine position. Examinations
included T2-weighted single-shot fast/turbo spin-echo sequences
(Siemens: TR=1600ms, TE=101ms; Philips: TR =5720ms,
TE =101 ms) of the fetal brain in the axial, sagittal, and coronal
planes with 2-mm interleaved contiguous slices. Each plane of ac-
quisition was performed at minimum of 1 time each and was
repeated as needed to the radiologist’s satisfaction or as allotted
study time allowed. Acquisition parameters were standardized
across the 3 participating sites. All images were sent to Boston
Children’s Hospital for analysis.

MR Imaging Processing and Reconstruction of Cortical
Plate Surface

For extracting inner cortical surfaces from MR imaging, we used
our pipeline for fetal brain MR imaging processing.'*'® Fetal
brains were extracted from raw MR imaging stacks and then inten-
sity inhomogeneity of the brain regions was corrected by N4 bias
field correction.® A motion-corrected 3D volume with 0.75 mm
isotropic resolution was created by combining bias field corrected
MR imaging stacks by using a section to volume registration tech-
nique.”' On the motion-corrected volume, the cortical plate (CP)
was segmented by using our deep learning-based approach.””
Using the marching-cube algorithm in CIVET-2.1.0 software pack-
age (https://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET), we
extracted the inner CP surfaces.” Initial meshes were tessellated by
fitting the boundary between the CP and its inner part, and then
resampled to the standard format surfaces containing 81,920 trian-
gles and 40,962 vertices.* To eliminate small geometrical noise, we
applied the Taubin smoothing approach to the inner CP surfaces.”
The smoothed surfaces were registered to a template surface by
using a 2D sphere-to-sphere warping method that enables vertex-
wise analysis.”® By searching optimal correspondences of vertices
by using folding similarity between 2 surfaces, the nonrigid warp-
ing method finds vertex correspondence between individual and
template surfaces. In this study, a 29 GA template surface was
selected as a registration target that was created from similarly
reconstructed T2 MR imaging volumes in a different 2D fetal
cohort.”

Brain Volume and Surface Measures

Traditional whole brain measures, such as whole brain volume,
CP volume, surface area, sulcal depth, absolute mean curvature,
and GI, were calculated to examine the difference between 2
groups. Whole brain volume and hemispheric CP volumes were
obtained from the segmentation. Surface area was computed by a
summation of Voronoi region area at each vertex of the surfa-
ces.?® For sulcal depth, we used the adaptive distance transform
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that measures the distance of the shortest path from the surface
to its convex hull following sulcal geometry.”® Mean curvature
was defined as the angular deviation from a vertex patch.*® The
sign of mean curvature indicates inwardly folded (negative) or
outwardly folded (positive) regions. The absolute mean curvature
is taken to ensure the complexity of the brain. To eliminate their
noise, we applied spatial smoothing with 10 mm full width at half
maximum Gaussian kernel to surface area, sulcal depth, and
absolute mean curvature on the surface. As a global feature repre-
senting the magnitude of cortical convolution, GI was calculated

by the area ratio between the surface and the convex hull.*

Statistical Analysis

To assess group differences in each measure, we employed a linear
regression model. In the model, each morphologic feature (whole
brain volume, CP volume, surface area, sulcal depth, mean curva-
ture, and GI) was used as a dependent variable while controlling
for GA, fetal sex, maternal education, polysubstance use, high
blood pressure, and MR imaging acquisition site. For global analy-
sis, we obtained summation of surface area, average sulcal depth,
and absolute mean curvature across the vertices. We also
employed the Cohen d statistic to assess the difference in measures
between 2 groups. Surface area and sulcal depth were independ-
ently analyzed as regional analysis, and false discovery rate (FDR)
q values were obtained to correct multiple comparisons problems.
We set the significance level of FDR ¢ value to 0.05.

RESULTS

Description of Patient Sample

A total of 63 patients completed the MR imaging: 34 from
Cincinnati Children’s Hospital Medical Center (OE/UE: 16/18),
16 from University of North Carolina (8/8), and 13 from
University of Arkansas for Medical Sciences (4/9). Of these scans,
34 patients were excluded due poor image quality typically
related to motion artifact and low SNR that results in poor

Table 1: Description of cohort

reconstruction quality. The remaining 29 patients were success-
fully reconstructed to high-quality 3D volume and included in
this analysis: 14 opioid-exposed fetuses (GA: 31.4 *= 2.3 weeks)
and 15 unexposed control fetuses (GA: 31.4 = 2.4 weeks). These
and other demographic data are summarized in Table 1.

Volumetric and Morphologic Measures

All the morphologic measures were significantly lower in
opioid-exposed fetuses compared with unexposed control
fetuses (Table 2): whole brain volume: Cohen d effect size
(P value) =0.3555 (P <.001), CP volume: 0.2818 (P <.001),
cortical surface area: 0.4373 (P <.001), sulcal depth: 0.4739
(P<.001), cortical mean curvature: 0.3120 (P <.001), and
GI: 0.4801 (P <.001).

The results of the regional analysis of surface area and sulcal
depth between the groups were examined. Opioid-exposed
fetuses showed significantly smaller surface area (FDR g < 0.05)
compared with unexposed controls in multiple cortical regions,
most pronounced in the bilateral Sylvian fissures, central sulci,
parieto-occipital fissures, temporal cortices, and prefrontal corti-
ces (Fig 1). Significantly lower sulcal depth in opioid-exposed
fetuses was also found in the bilateral Sylvian fissures, central
sulci, parieto-occipital fissures, superior frontal sulci, and tempo-
ral sulci (Fig 2).

DISCUSSION

This prospective, multi-institutional study is one of the first
reports of volumetric and morphometric brain parameters on
MR imaging of opioid-exposed fetuses. We demonstrate statisti-
cally significant lower total brain volumes, CP volumes, and sur-
face areas in the brains of OE fetuses compared with UE controls,
even after correcting for potentially confounding variables. We
also demonstrate statistically significant decreased mean sulcal
depth, cortical mean curvature, and GI in OE fetuses compared
with UE controls. Finally, we observed regional predominance of
differences in surface area and sulcal
depth between the 2 groups in multiple

OE UE Control areas of the developing cortex, most
Fetuses (n = 14) Fetuses (n=15) P Value . . - .
notably involving the bilateral perisyl-
Maternal age (yr) 285 = 53 286 =65 23 vian cortices, perirolandic cortices, and
Gestational age (wk) 3143 £ 234 3139 *+ 235 96 ) > P ) >
Sex (% male) 62% (9/14) 67% (10/15) 9 cortices along the parieto-occipital
Nicotine exposure 50% (7/14) 6.7% (1/15) <.01 fissures.
Other illicit drug eXPOSUI’ea 50% (7/]4) 6.7% (1/]5) <.01 Decreased head circumference in
Site (A/C/N)° 4/7/3 5/8/2 NA

“1llicit drug exposure inquiries included: marijuana, cocaine, amphetamine or methamphetamine, barbiturates, and

benzodiazepines.

® A: University of Arkansas for Medical Sciences; C: Cincinnati Children’s Hospital Medical Center; N: University of

North Carolina at Chapel Hill.

infants with prenatal opioid exposure
has been well described in the literature,
presumed to be a secondary finding of
decreased brain volumes.®>*'>* There is

Table 2: Statistical comparisons of whole brain volume and surface measures between OE and UE control fetuses

Measures UE (mean = SD) OE (mean = SD) t P Value Cohen d Effect Size
Brain volume (mm3) 196,083 * 46,338 180,496 * 41,002 522 <.001 0.3555
CP volume (mm3) 62,081 = 20,426 56,797 £ 16,756 424 <.001 0.2818
Surface area (mm?) 306,930 = 8147 27,313 = 7255 525 <.001 0.4373
Sulcal depth (mm) 2152 £ 0.571 1.893 £ 0.517 4.96 <.001 0.4739
Mean curvature 0.145 = 0.031 0.135 = 0.031 4.83 <.001 0.3120
Gl 1404 = 0.160 1.331 £ 0.145 441 <.001 0.4801

Note:— Positive t: UE > OE.
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FIG 1. Statistical results of the regional analysis of surface area between OE and UE fetuses. A, Statistical t-map. Red indicates that surface area
in OE is smaller than UE fetuses. Blue indicates that surface area in OE is larger than UE fetuses. B, FDR g-map. Red-yellow indicates regions

showing statistically different surface area (g < 0.05).

FIG 2. Statistical results of the regional analysis of sulcal depth between OE and UE. A, Statistical t-map. Red indicates that sulcal depth in OE is
shallower than UE fetuses. Blue surface area in OE is deeper than UE fetuses. B, FDR g-map. Red-yellow indicates regions showing statistically dif-

ferent sulcal depth (g < 0.05).

also evidence of decreased regional brain volumes on MR imaging
in infants with prenatal opioid exposure, particularly involving
the deep gray structures.">** Studies extending into the prenatal
period are more sparse. In a previous study including this group
of patients, we compared multiple 2D measurements of the fetal
brains in opioid-exposed fetuses with unexposed controls and
found multiple parameters that were lower in the opioid-exposed
group.'” The current study expands on these previous findings by
employing advanced MR processing techniques, indicating that
2D measurements used in clinical practice are indeed concordant
with volumetric analyses. In addition, the current study adds mor-
phometric data to include lower CP volume and surface area in
opioid-exposed fetuses, which has not been previously described.
Decreased brain size is a manifestation of a decreased number of
neurons, which is presumed to be related at least in part to an ab-
normality of neuronal proliferation.’® There is literature demon-
strating evidence of impaired neurogenesis, proinflammatory
changes, and increased apoptosis in rat models with prenatal
opioid exposure, which would in part explain our findings.***’
Our study also adds information on prenatal gyration of the
opioid-exposed fetus, which appears to be delayed compared

with unexposed fetuses. The reason for this is less well under-
stood; however, it is believed that the formation of gyri and sulci
in the brain is in part a response to the dramatic increase in brain
size that occurs during development, the folding of the brain
allowing it to fit within the confines of a cranial vault that is small
enough to accommodate the birthing process.*’ As such, the
impairment in neuronal proliferation may be at least part of the
cause of the altered cerebral organization. There is also literature
describing evidence of chronic opioid use causing desensitiza-
tion of opioid receptors in the placenta, which play key roles in
modulating neuronal migration and differentiation in the fetus,
which may also in part explain differences in gyration.'® We
also observed regional differences in surface area and sulcal
depth in multiple functionally critical areas of the developing
brain with a predominance in the primary fissures (Sylvian and
parieto-occipital) and sulci (central, temporal, and superior
frontal), which are some of the first areas of cortical folding we
visualize in clinical practice, indicating that structural effects of
opioid exposure have already begun early in the second trimes-
ter and likely have ongoing or downstream effects on the
remaining steps of brain development.*' The cerebral white
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matter microstructure also appears to be altered in infants and
children with prenatal opioid exposure, as illustrated in studies
examining differences in DTI parameters.*>™*> Because cortical
folding is driven in part by regional specialization and develop-
ing corticocortical connections, altered folding may be related
to differences in DTI metrics observed in neonates. There is
even early evidence to suggest that these white matter structural
alterations begin in utero when examining fetal DTI parame-
ters.*® Finally, there are also a number of papers describing
alterations in functional connectivity in opioid-exposed infants
on resting-state fMRI compared with unexposed infants, which
may also be guiding cortical organization.*’ >

As a result of its multi-institutional nature, we contribute
one of the largest cohorts of opioid-exposed fetuses to the
existing MR imaging literature. This allowed us to control for
multiple potentially confounding variables, including nicotine
exposure, fetal sex, high blood pressure, and maternal educa-
tion. Smaller brain volumes have been documented in fetuses
with prenatal nicotine exposure, making it an important con-
founding variable to control for in this population.®"?
Differences in brain volumes and growth patterns have also
been described on fetal MR imaging between male and female
fetuses, making this another important confounding variable
to account for.>>** Although the existing literature is limited,
we also chose to control for patients who reported high blood
pressure during pregnancy because there is evidence of neuro-
logic alterations in children born to pre-eclamptic and hyper-
tensive mothers.>® Finally, we chose to control for maternal
education because this has been linked to differences in fetal
brain volumes and is associated with other factors affecting fe-
tal brain development including maternal occupation, house-
hold income, and material resources.’®

Our study has a number of limitations. One of the major
limitations of this study is that, despite its multi-institutional
nature, the overall sample size is relatively small. Another limi-
tation commonly encountered in fetal MR imaging are imag-
ing artifacts, particularly those related to fetal motion. Field
inhomogeneity, aliasing, and dielectric effect are other artifacts
that compromise image quality. Despite implementation of
advanced motion correction techniques, more than one-half of
the patients examined had to be excluded for excessive fetal
motion in this study. Finally, one of the main limitations of
this study relates to the factors potentially associated with both
opioid exposure and brain development. Although we con-
trolled for nicotine and polysubstance exposure in our analy-
sis, there may have been other unmeasured factors associated
with both opioid exposure and brain development, such as
maternal nutrition, stress, and other environmental factors.
This highlights the need for future studies in larger patient
populations to better isolate these variables and better under-
stand these early findings.

CONCLUSIONS

This study demonstrates decreased volumes and gyration of the
developing fetal brain in fetuses with prenatal opioid exposure
compared with unexposed controls by using advanced fetal MR
imaging processing techniques. These findings may be related at
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least in part to opioids causing impaired neurogenesis in the
developing brain; however, given the complexity of human brain
development, there are likely multiple underlying mechanisms
affected. Fetal MR imaging may prove to be a valuable tool in
identifying the effects of opioid exposure in utero and potentially
disentangling the impact of postnatal confounding factors.
Further studies in larger populations are critical to better under-
standing these findings.

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
PEDIATRIC NEUROIMAGING

White Matter Injury on Early-versus-Term-Equivalent Age
Brain MRI in Infants Born Preterm

Sriya Roychaudhuri, “*’Gabriel Coté-Corriveau, “*'Carmina Erdei, and Terrie E. Inder

ABSTRACT

BACKGROUND AND PURPOSE: White matter injury in infants born preterm is associated with adverse neurodevelopmental out-
comes, depending on the extent and location. White matter injury can be visualized with MR imaging in the initial weeks following
preterm birth but is more commonly defined at term-equivalent-age MR imaging. Our aim was to see how white matter injury
detection in MR imaging compares between the 2 time points.

MATERIALS AND METHODS: This study compared white matter injury on early brain MR imaging (30-34 weeks’ postmenstrual age)
with white matter injury assessment at term-equivalent (37-42 weeks) MR imaging, using 2 previously published and standardized
scoring systems, in a cohort of 30 preterm infants bornat <33 weeks’ gestational age.

RESULTS: There was a strong association between the systematic assessments of white matter injury at the 2 time points (P =.007)

and the global injury severity (P <.001).

CONCLUSIONS: Although the optimal timing to undertake neuroimaging in the preterm infant remains to be determined, both
early (30-34 weeks) and term-equivalent MR imaging provide valuable information on white matter injury and the risk of associated

sequelae.

ABBREVIATIONS: CUS = cranial ultrasound; IVH = intraventricular hemorrhage; NICU = neonatal intensive care unit; PMA = postmenstrual age; TEA =

term-equivalent age; WMI = white matter injury

hite matter injury (WMI) in the preterm infant is com-

mon and associated with adverse neurodevelopmental
outcomes."” It remains the most prevalent form of brain injury
in the vulnerable, developing brain, with the highest risk for those
infants born between 23 and 32 weeks’ gestational age.> While
severe cystic WMI is seen in <<5% of infants born at <32 weeks’
gestational age, focal necroses appearing as punctate white matter
lesions in MR imaging are seen in 15%-25% of infants born at
<28weeks, and up to one-half of them may have diffuse lesions
with gliosis, which results in subsequent white matter volume
loss.®> Cranial sonography (CUS) is the most widely used and
readily available neuroimaging technique in the neonatal inten-
sive care unit (NICU). It is particularly useful and sensitive for
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the detection of intraventricular hemorrhage and its short-term
sequelae such as ventriculomegaly. CUS is also able to detect
more severe white matter lesions such as cystic periventricular
leukomalacia. However, it has limited sensitivity to detect focal,
punctate WMI, or diffuise WML* Term-equivalent age (TEA)
(37-42 weeks) MR imaging has been shown to have greater sensi-
tivity than CUS for diffuse WMI and punctate white matter
lesions or their sequelae such as white matter volume loss.*® Early
MR imaging, often performed between 30 and 34 weeks’ post-
menstrual age (PMA), appears to be most sensitive for the direct
visualization of the extent and nature of WML’ These early lesions
are subsequently replaced by microglia and astroglia and evolve
into cystic spaces or glial tissue, often becoming less conspicuous
with time.*” WMI may result in white matter volume loss with a
secondary dysmaturational impact leading to reductions in deep
and cortical gray matter volume.”> These secondary dysmatura-
tional impacts of WMI may be best visualized at TEA.**
Systematic MR imaging scoring methods to assess the extent
of WMI have been proposed for both early and TEA times.>’
Although there are similar elements in both scoring systems,
early MR imaging interpretation focuses primarily on characteri-
zation of the lesions of WMI,” whereas TEA scores capture WMI
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sequelae such as cystic lesions, signal abnormalities, delayed mye-
lination, and white matter volume loss.” There is no current con-
sensus on the best timing and use of MR imaging in the preterm
population, but there is growing evidence that neonatal brain MR
imaging offers information that most clearly delineates brain
injury with implications for rehabilitation.'® Thus, the aim of this
study was to examine early and TEA brain MRIs in the same
cohort of infants bornat <33 weeks’ gestational age using 2
standardized scoring systems and to assess how WMI and overall
scores compared between the 2 time points.

MATERIALS AND METHODS

Study Population

Participants of the study were enrolled from Brigham and
Women's Hospital, a 66-bed level 3 NICU within a single academic
institution in Boston, Massachusetts. From September 2020 to
October 2022, we recruited preterm infants bornat <33 weeks’
gestational age with no congenital anomaly and no congenital
infections. The study was approved by the Mass General Brigham
Institutional Review Board, and parents of each participant pro-
vided written informed consent.

Brain MR Imaging Acquisition and Scoring

Brain MR imaging was performed at an early time point (30-
34 weeks’ PMA), and at TEA (37-42 weeks PMA)® for all study
participants. Infants were imaged after feeding and swaddling,
without any sedation. The MR imaging performed at both time
points was clearly interpretable with minimal or no artifacts,
including those due to motion.

Early MR images were obtained in a 1T in-NICU Embrace MRI
system (Aspect). Our team previously described the feasibility of
obtaining imaging in hospitalized infants using an in-NICU scan-
ner'' in our setting. MR imaging included anatomic T1- and T2-
weighted imaging and diffusion-weighted sequences. The acquisi-
tion parameters for the sequences in this system were T1-weighted
fast spin-echo (section thickness = 3-4 mm, TR = 600 ms, TE =
12 ms), T1-weighted 3D gradient-echo (TR = 20 ms, TE = 3.5 ms,
section thickness = 1 mm), T2-weighted fast spin-echo (TR = 10-
13 seconds, TE= 130-150 ms, section thickness = 3-4 mm), and
diffusion-weighted TSE imaging (TR = 14 seconds, TE = 125 ms,
section thickness = 3-4 mm, diffusion b-value= 1000). The TEA
MR images were acquired using a 3T scanner (Siemens).
Sequences included T1-weighted sequences (isotropic voxel size =
1 mm°>, TR = 2540 ms, TE = 3.4 ms, TI = 1450 ms), T2-weighted
(isotropic voxel = 1 mm?, TR = 16 seconds, TE = 136 ms), and
diffusion-weighted sequences (isotropic voxel size = 2 mm?, 104
diffusion directions [10, 30, and 64 directions at b=500, 1000, and
2500 s/mm?, respectively], TE = 71 ms, TR = 3.5 seconds).

Because previous studies have reported reassuring develop-
mental outcomes in infants with normal-mild WML we aimed to
assess the consistency of 2 broad categories of normal-mild and
moderate-severe WMI (and global brain injury) as assessed by
scoring systems applied to early and TEA MRIs. The scoring sys-
tem elaborated by Miller et al” was used for categorization of
WMI as well as global brain injury on early MR imaging. This
score has been shown to have robust interrater reliability along
with prognostic utility on follow-up.” The severity of WMI is

classified as normal (no white matter lesions), minimal (=3 areas
of T1 signal abnormality, each measuring <2 mm), moderate (>3
areas of T1 signal abnormality or these areas measuring >2 mm,
but <5% of the hemisphere involved), or severe (>5% of the
hemisphere involved). To define 5% of a hemisphere, the image in
which the echogenicity is most clearly appreciated is selected and
the ipsilateral hemisphere is divided into 5 equal pie-like seg-
ments. A >5% involvement would entail an echogenicity size of
more than one-fourth of a single segment. An overall severity
score considers the presence and degree of intraventricular hem-
orrhage (IVH) and ventriculomegaly in addition to WMI. The
global moderate-to-severe category includes moderate-or-severe
white matter injury, any ventriculomegaly (defined as a ventricu-
lar diameter of >8 mm), or severe IVH (grade =3 per the Papile
dlassification).'* The rest were considered normal or having mild
degrees of injury. Cerebellar hemorrhage is not formally included
in the score; however, we documented its presence.

TEA MRIs were interpreted using the score of Kidokoro et al.”
As our objective was to examine how early detection of WMI was
related to a systematic assessment of its sequelae at TEA, we con-
sidered the WMI score as well as the global assessment score.
WMI is categorized into 4 grades defined as no WMI, mild, mod-
erate, or severe WMI. Five variables are assessed to assign a score
for WMLI: 1) cystic degeneration, 2) focal signal abnormalities, 3)
delayed myelination, 4) dilated lateral ventricles (a ventricular di-
ameter of >7.5 mm is considered relevant, and >10 mm, severe),
and 5) reduction of WM volume. Other than WM, scores are
assigned for regional injury pertaining to cortical gray matter,
deep gray matter, and the cerebellum. A global score of brain
injury is assigned by summing all the regional subscores. Four cat-
egories of injury are possible: normal, mild, moderate, and severe.

MRIs were interpreted and reported by board-certified neuro-
radiologists and scored by research clinicians (S.R., G.C.-C.) profi-
cient in neonatal brain MRIs and the use of the 2 scores. Any
divergence was discussed with the experts (T.E.L, C.E.) on the pro-
ject. CUS, performed routinely during NICU stay, and the “worst
result” sonography from day 7 to 1-month PMA were noted.

Clinical Data Collection

Demographic and clinical characteristics of all participants were
collected from the electronic medical record. Data from CUS,
which was performed routinely during the NICU stay, were also
gathered to document the highest grades of IVH, WMI, and cere-
bellar hemorrhage.

Data Analysis

We reported descriptive statistics as means (SD), medians
(range), and proportions. We first compared early and TEA MR
imaging scores using contingency tables to perform y? tests.
Because some categories included very small numbers, we
dichotomized the severity categories (normal-to-mild versus
moderate-to-severe) and performed Fisher exact tests to assess
the relationship between early and TEA classifications. We fur-
ther examined the evolution of the 4 WMI severity categories
from early to TEA MRIs graphically. All analyses were per-
formed in SPSS Statistics, Version 28.0 (IBM), and P values <.05
were considered statistically significant.
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RESULTS

The cohort consisted of 30 infants, 16 males (53.3%) (Table 1)
with a mean gestational age of 28.7 weeks and a median birth-
weight of 1220 g. All participants were assessed by CUS as per
unit protocol, and all participants had satisfactory MR imaging
findings at both early and TEA time points. The early MRIs were
performed at an average of 33.0 (SD, 1.4) weeks, and the TEA
MRIs, at 38.6 (SD, 1.4) weeks’ PMA.

Routine clinical CUS identified 5 cases of IVH with dilation
(16.7%), 3 infants with cerebellar hemorrhages (10.0%), and 5 with
WMI (16.7%). Overall, CUS identified 7 cases with moderate-to-
severe injury on global assessment, while early MR imaging identi-
fied 11 such infants. MR imaging detected more WMI than CUS
(8 versus 5 cases with moderate-severe degrees). Comparison of
systematic assessments of early and term MR imaging is shown in
Tables 2 and 3. On early MR imaging, 8 infants had moderate-to-
severe WMI (26.6%), and 11 met the criteria for moderate-to-
severe injury on global assessment (36.7%). By TEA, there were 10
infants with moderate-to-severe WMI (33.3%) and 11 with moder-
ate-to-severe scores for global assessment (36.7%). There was a
strong association between the early and TEA WMI severity classi-
fications (P=.007); 81.8% of infants with normal-to-minimal
WMI on early MR imaging had a normal-to-mild WMI score at
TEA, while 75.0% of infants with early moderate-to-severe WMI
remained in the moderate-to-severe WMI risk category at TEA.
The relationship between the 2 assessment time points was even
stronger when considering the global severity score (P < .001);
94.7% of infants remained in the normal-to-mild overall risk cate-
gory from early to TEA assessments, and 90.1% remained in the
moderate-to-severe overall risk category.

When we further examined the sequential assessments of
WML, it appeared that the early WMI scoring predominantly
focused on delineating WM lesions themselves, whereas the TEA
WMI scoring accounted for the consequences of WMI, even

Table 1: Characteristics of the study participants

when WM lesions may have themselves become less appreciable
(Fig 1). The DWI sequences showed restricted diffusion in 2 cases
(of the 30) in the early-acquired MR imaging. Because diffusion
restriction is expected in only the acute stages of injury, subse-
quent imaging at TEA showed normalization of diffusion as an
expected evolution. There was no instance of newly detected
WMI or increased lesion severity noted on TEA compared with
early MR imaging.

The detailed categorization of WMI severity remained overall
stable from early-to-TEA MRIs (Fig 2). Most of the 21 infants
with no identified WMI on early MR imaging remained in the
normal category at TEA (61.9%), and none were diagnosed with
severe WML Of these 21 infants, 8 were, however, diagnosed
with mild (19.0%) or moderate (19.0%) WMI at TEA. Similarly,
most of the 7 infants with early severe WMI remained in the
severe category at TEA (71.4%), and none had a normal score.
Two infants fell in the remaining severity categories, with some
overlap.

DISCUSSION

The application of MR imaging in the preterm infant to evaluate
brain injury using systematic scoring systems enables clinicians to
analyze images in a systematic manner. A comparison between the
2 commonly used scoring systems for WMI in the preterm infant
that are used at differing time points has not been undertaken. In
our cohort of 30 preterm infants, early MR imaging detected WMI
effectively and correlated highly with the scoring system at TEA
that included the sequelae of WMI (Fig 2). The exceptions, those
who had TEA scores of higher WMI severity than their corre-
sponding early severity categories, had high grades of IVH, which
accounted for the higher TEA score, but no visualized WMI on
their early scans. Moreover, the excellent correlation between the
global assessment of injury at the 2 time points suggests that MR
imaging performed either early or at TEA has prognostic rele-
vance. Individual units may choose to
decide the optimal time of imaging

Study Participants (n = 30)

according to the availability of resources

Gestational age (mean) (SD) (wk)

Male sex (No.) (%)

Twin birth (No.) (%)

Cesarean delivery (No.) (%)

Birth weight (median) (range) (g)

Birth weight z score (mean) (SD)

Head circumference at birth (median) (range) (cm)
Head circumference z score at birth (mean) (SD)

287 (2.8) and the clinical course of the infant.
16 (53.3) While early imaging may be crucial to
6(20.0) inform the next steps, TEA MR imagin
16 (533) P &ing
1220 (515'_]930) exemplifies consequences and evolution
0.23 (0.98) of injury in the developing brain.
26 (20-31) Several mechanisms resulting in
0.07 (1.06) dysmaturity of WM with reduced brain

Table 2: WMI on early-versus-TEA MR imaging

WMI Severity on TEA MR Imaging
Normal-Mild (n = 20) Moderate-Severe (n =10)

WMI severity on early MR imaging Normal-Minimal (n = 22)

Moderate-Severe (n = 8)

18 4
2 6

Table 3: Global assessments on early-versus-TEA MR imaging

Global Severity on TEA MR Imaging
Normal-Mild (n =19) Moderate-Severe (n = 11)

Global severity on early MR imaging Normal-Mild (n =19)

Moderate-Severe (n =11)

18 1
1 10
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FIG 1. WMI as appreciated in early (IT scanner) versus TEA MR imag-
ing (3T scanner) in different cases. A, The image on the left shows an
early MR imaging and the extent of WMI (orange arrows) and its evo-
lution at TEA (image on the right) in which there is an absence of visi-
ble WM lesions. WMI sequelae can be appreciated as volume loss,
with arrows indicating a dilated ventricle and enlarged subarachnoid
space (yellow arrow). B, Early Tl images show severe WMI (orange
arrows) with reduced conspicuity at TEA but with some volume loss.
C, Early MR imaging at day 3 of life shows diffusion restriction in WM

volumes, reflected in TEA MR imaging, as a sequela to IVH have
been described in the literature.>® The global severity scores,
which considered IVH and posthemorrhagic ventricular dilation,
were highly correlated. Two infants differed in their severity cate-
gories between the early and TEA assessments, one of whom had
an isolated, severe cerebellar hemorrhage, which categorized the
infant as having moderate injury in the TEA score, but not
according to the early score because cerebellar hemorrhage is not
included in the scoring system of Miller et al.”

A single infant in our cohort had parenchymal echogenicity
detected by sonography, which was not appreciated in the early
MR imaging. The gestational age at birth for this infant was
25 weeks 6 days and the echogenicity in the CUS persisted up to
the third week of life. The early MR imaging performed at
32 weeks’ PMA (7 weeks of life) detected sequelae of IVH but not
WML The TEA WMI score suggested moderate injury. Thus, an
MR imaging at 30-34 weeks might not be early enough when
considering infants of extremely low gestational ages who have
sustained WMI early. The ideal definition of “early” in terms of
PMA remains to be determined, with consideration for the feasi-
bility of early imaging at low gestational ages when very preterm
infants are likely to experience considerable clinical instability,
and families, increased stress. Especially considering research
involving early imaging, parents need some additional time to be
approached for discussions.

It is also useful to consider that the timing around which the
pre-oligodendrocytes are most vulnerable to injury is around
28 weeks’ gestation, resulting in the peak of WML? Imaging in
the first 2 weeks after birth may thus appear to be a reasonable
goal in terms of balancing clinical stability and capturing early
injury."® Repeat imaging may be considered if there are concerns
of subsequent WMI due to the NICU course. Early detection of
injury would offer an opportunity for higher-intensity and tar-
geted developmental interventions for the high-risk preterm
infants and would give essential information regarding evolving
neuropathology and research.'*

The limitations of this study must be considered, including a
small sample size and a low number of cases, particularly in the
higher severity categories. The cohort, however, is temporally
close and from the same NICU; thus, there is homogeneity in ex-
traneous and possibly confounding factors affecting brain growth
and maturation, like nutritional management'> and other aspects
of the NICU environment.'® All infants received developmental
support available in the NICU from parents, nurses, and allied
health professionals, including occupational and physiotherapy.

The scoring systems used at both time points, though provid-
ing systematic approaches that have been used in clinical and
research settings, are not validated across large populations and
with long-term outcomes. The MRIs at the 2 time points have
been obtained using different MR imaging systems (1T versus 3T

(blue arrows), which has resolved at TEA. D, Isolated unilateral cere-
bellar hemorrhage (encircled in yellow) with eventual disparity in cer-
ebellar hemispheric sizes and bilateral cerebral WM volume loss at
TEA. E, Early IVH (blue arrow) with dilation resulting in periventricular
WMI (orange arrows) with cyst formation (green arrows) and volume
loss (yellow arrows) at TEA.
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FIG 2. Evolution of WMI severity categories from early to TEA MRI.
The thickness of arrows is proportional to the number of cases.

systems). Our team routinely uses the 1T in-NICU MR imaging
system for clinical and research scans. The 1T system is equipped
for standard sequence acquisition, including T1- and T2-
weighted imaging and diffusion-weighted imaging but not for
spectroscopy, vascular, and tensor imaging. Although apprecia-
tion of subtle structural abnormalities may be different in a sys-
tem with a weaker magnet, our data show that >90% of MRIs
performed in the 1T system do not require follow-up imaging in
a 3T unit for this purpose.'' In our study, the lesions visualized in
the early scans acquired with the 1T system were less appreciated
at TEA due to expected temporal evolution of the lesions.” Most
important, there did not appear to be lesions that were missed on
the 1T system.

CONCLUSIONS

Brain MR imaging in infants born preterm can accurately
define brain injury, particularly WMI. Although the optimal
timing to image the neonate brain remains to be determined,
both early (30-34 weeks) and TEA MR imaging appear inde-
pendently sensitive for WMI and especially for global assess-
ment of injury when analyzed with systematic assessment
tools. Early MR imaging should be considered in this vulner-
able cohort, and performing imaging in the first 2 weeks of
life may be a reasonable goal, depending on the gestational
age at birth, clinical stability, and family circumstances.
While earlier imaging may capture WM lesions that later
resolve yet remain of clinical relevance, TEA MR imaging
may offer insight into the consequences of WMI on the devel-
oping brain. How information from each time point may be
best used and may potentially guide implementation of early
intervention measures should be further studied.
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Clinical and Imaging Findings in Children with Myelin
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(MOGAD): From Presentation to Relapse
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ABSTRACT

BACKGROUND AND PURPOSE: Myelin oligodendrocyte glycoprotein-antibody associated disease (MOGAD) is an increasingly recog-
nized cause of demyelinating disease in children. The purpose of this study is to characterize the CNS imaging manifestations of
pediatric MOGAD and identify clinical and imaging variables associated with relapse.

MATERIALS AND METHODS: We retrospectively identified children with serum antibody-positive MOGAD evaluated at our institu-
tion between 1997 and 2020. Clinical and demographic data were collected. MRIs of the brain, orbit, and spine at presentation and
relapse were reviewed for location and pattern of abnormality.

RESULTS: Among 61 cases (34 girls), mean age at presentation was 7 years (IQR 4-11). At presentation, there was imaging involvement
of the brain in 78.6% (44/56), optic pathway in 55.4% (31/56), and spine in 19.6% (11/56). Brain involvement was commonly in the
frontal (70.5%, 31/44) and subcortical (75%, 33/44) white matter, with involvement of the thalamus and pons in 47.7% each (21/44).
Optic neuritis (ON) was commonly bilateral (80.6%, 25/31) involving intraorbital segments (77.4%, 24/31). Spinal cord lesions were
typically cervical (72.7%, 8/11) and multifocal (72.7%, 8/1).

The imaging patterns were age-dependent; children =9 years more commonly demonstrated ADEM-like imaging pattern at presen-
tation (39.4%, 13/33) and first relapse (8/23, 34.8%), while children >9 years more commonly had ON at presentation (34.8%, 8/23,
P =.001) and FLAIR-hyperintense lesions in anti-MOG-associated encephalitis with seizures at first relapse (5/18, 27.8%, P =.008).

CONCLUSIONS: We describe the CNS imaging findings in pediatric MOGAD. The imaging pattern is age-dependent at presentation
and first relapse. Younger age at presentation is associated with longer time to relapse.

ABBREVIATIONS: ADEM = acute disseminated encephalomyelitis; DGN = deep gray nuclei; FLAMES = FLAIR-hyperintense lesions in anti-MOG-associated
encephalitis with seizures; MOG = myelin oligodendrocyte glycoprotein; MOGAD = MOG-antibody associated disease; NMOSD = neuromyelitis optica spec-

trum disorder; ON = optic neuritis

S ince myelin oligodendrocyte glycoprotein (MOG) was identified as
a target antigen in acute disseminated encephalomyelitis (ADEM),"
MOG-antibody associated disease (MOGAD) is increasingly recog-
nized as a major cause of demyelinating disease in children and
adults.* MOGAD has a distinct clinical course and management™®
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compared with other demyelinating diseases, such as multiple
sclerosis and neuromyelitis spectrum disorders (NMOSD),
and the ability to prospectively suspect MOGAD based on ini-
tial clinical manifestations and imaging phenotype”® would
allow for targeted antibody testing and prompt treatment.

While MOGAD has an overall better clinical course compared
with NMOSD, a certain proportion of patients will develop
relapsing disease (28%-62%)*7""'" with long-term neurologic
sequelae.'”

Additionally, pediatric patients manifest differently compared
with adult patients,"> and the spectrum of MOGAD is still being
defined in the pediatric population, with only a few prior small

11,13-17 . L 18
and recently proposed diagnostic criteria.”” There

studies
is currently limited imaging description at the time of diagnosis
and relapse.

The purpose of this study is to comprehensively characterize

the brain, orbit, and spine imaging manifestations of pediatric
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MOGAD at presentation and relapse in a large institutional
cohort of seropositive MOGAD, and to identify clinical and
imaging variables associated with a relapsing phenotype.

MATERIALS AND METHODS

Patients were identified retrospectively from the University of
California San Francisco pediatric neuroimmunology clinic
database, which includes all patients seen between 1997 and 2020.
Patients were eligible for inclusion if they had clinical evidence of
a noninfectious neuroinflammatory syndrome, at least 1 serologic
anti-MOG titer of 1:20 or greater by using a cell-based assay
(Mayo Clinic) either while acutely symptomatic or on a banked
study serum sample (particularly for patients included in the
cohort before routine anti-MOG antibody testing), had clinical
exclusion of reasonable alternative diagnoses, and MR imaging
available at presentation or at any of the first 2 relapses (Online
Supplemental Data). This study was conducted with approval by
the Institutional Review Board and in compliance with all policies
on the responsible conduct of human research. The need for
informed consent was waived. Some of the clinical and CSF anal-
ysis of this cohort has been reported previously."

Clinical and Laboratory Data

Clinical data were collected via retrospective chart review and
included clinical features that were documented by a pediatric
neurologist who either directly cared for the patient during the
initial presentation or who subsequently followed the patient on
an outpatient basis. In nearly all cases, relapse was defined as a dis-
tinct recurrence of symptomatology following a period of symp-
tom resolution for an interval of at least 2 weeks, which was also
confirmed radiographically. In a minority of cases, episodes were
still felt to qualify as clinical relapse if based on high clinical suspi-
cion by a trained neuroimmunologist or pediatric neurologist,
even in the absence of radiographic confirmation. We collected
clinical data from the initial presentation and up to 2 relapses,
including age, time to relapse, clinical symptoms, and serum anti-
MOG and anti-AQP4 titers either at presentation or on a banked
specimen. MOG-IgG testing with a cell-based assay (Mayo Clinic)
was done on clinical samples after 2017 when the test became
commercially available and on banked research samples for sam-
ples collected before 2017. The total number of clinical relapses,
up to 10, and total length of follow-up were documented.

Imaging

All clinical MRIs of the brain, orbit, and spine within 3 months of
initial presentation and relapse available in our institutional
PACS were reviewed, including those performed at outside
institutions.

The MRIs were reviewed by 3 pediatric neuroradiologists with
7-32 years experience. At the initiation of the study, 10 randomly
selected MRIs were reviewed by all reviewers separately and then
together by consensus to achieve consistency in scoring.
Interreader reliability was assessed on overall imaging pattern in
these 10 cases. Given strong interreader reliability (see Results),
each subsequent study was reviewed by 1 reviewer and reviewers
met periodically thereafter to maintain uniformity in scoring.
Detailed imaging review included the assessment of location, sym-
metry, size, and characterization of abnormalities of the brain,
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optic nerves, and the spine (Online Supplemental Data). Locations
of involvement were chosen based on prior descriptions in the lit-
erature.'>'”?° Supratentorial locations were characterized as cor-
tex, deep gray nuclei (DGN; caudate, putamen, globus pallidus,
thalamus), and white matter (subcortical, deep, periventricular, in-
ternal capsule, corpus callosum). The white matter involvement
was classified based on lobes involved (frontal, parietal, temporal,
and occipital lobes and the insula). The infratentorial regions
involved were categorized as midbrain, pons, medulla, brachium
pontis, cerebellum, or other. The parenchymal involvement was
(small,
Supplemental Data). Noncortical involvement was assessed for

assessed for size intermediate, or large; Online
margin characteristics (well-defined, ill-defined, or mixed) and
degree of confluence (discrete, beginning confluence, or conflu-
ent). Other imaging features assessed were presence and pattern of
enhancement (cortical, leptomeningeal, solid/nodular, peripheral
ring, or incomplete ring), presence of reduced diffusion on DWI,
and abnormal susceptibility on SWI/gradient echo. Orbital images
were evaluated for unilateral versus bilateral involvement, seg-
ments of optic nerve abnormality, optic nerve enhancement, peri-
neural enhancement, and presence of reduced diffusion. When
dedicated orbital imaging was not available, the orbits were
assessed on whole-brain sequences if deemed to be of sufficient
quality by the reviewers. Spine involvement was characterized as
long (spanning =3 vertebral bodies) or short segment (spanning
<3 vertebral bodies), unifocal or multifocal, region of involvement
(cervical, thoracic, conus, or cauda equina), cross-sectional pattern
(central, peripheral, holocord, or gray matter only), presence of
cord expansion, and pattern of enhancement (none, intramedul-
lary, or leptomeningeal). When spine DWI was available, the pres-
ence of reduced diffusion was assessed.

The overall imaging pattern was characterized as ADEM-like,
optic neuritis (ON), myelitis (any cord signal abnormality),
FLAIR-hyperintense lesions in anti-MOG-associated encephalitis
with seizures (FLAMES), or any combination of the above.
ADEM:-like pattern was defined as multifocal supratentorial or
infratentorial white or gray matter T2/T2-FLAIR hyperintense
lesions with or without enhancement (Fig 1). When FLAMES
occurred in combination with other patterns (ADEM-like, ON,
or myelitis), the overall pattern was assigned as FLAMES (Fig 2).

Statistical Analysis

Interreader reliability was assessed using the Cohen kappa coeffi-
cient. The association of age (=9years versus >9years estab-
lished based on prior literature)® and anti-MOG titer with
imaging pattern at presentation, presence of clinical relapse, and
time to clinical relapse were assessed using the Student ¢ test and
Wilcoxon rank sum test, as appropriate. The association of imag-
ing pattern with patient age and occurrence of relapse was
assessed by using the Fischer exact test. The threshold for signifi-
cance for all tests was set at P <<.05. All statistical tests used Stata
14.0 (College Station, TX).

RESULTS

Sixty-one patients were included in the study. The median age at
presentation was 7 years (IQR: 4-11). The study population was
55.7% (34/61) female.



FIG 1. Thirteen-year-old adolescent boy who presented with encephalopathy after a viral prodrome, found to have papilledema and opening
pressure >39, subsequently found to have serum positivity for anti-MOG antibody. Brain MR imaging demonstrates features of ADEM-like pat-
tern of pediatric MOGAD. A-C, FLAIR hyperintensity involving the left frontal subcortical white matter with ill-defined borders and beginning
confluence (white arrowheads), bilateral thalami (black arrows), pons and brachium pontis (white arrow). D, Solid nodular enhancement associ-

ated with the left frontal white matter lesions.

FIG 2. Ten-year-old boy with rapid-onset altered mental status and seizures. A, Cortical FLAIR
hyperintensity (white arrow) involving the left parietal lobe. B, Associated leptomeningeal
enhancement (black arrow). C, Concurrently acquired arterial spine labeling image demonstrates
hyperperfusion of the left parietal cortex (white arrowhead), reflective of associated seizure

activity.

Clinical Relapse

The median follow-up time was 6years (IQR: 3-13 years). Of
the study cohort, 73.7% (45/61) had at least 1 relapse and 52%
(32/61) had at least 2 relapses. The median time to first relapse
was 5 months (IQR: 2-13), and median time between first and
second relapse was 8 months (IQR: 2-25.25). Age at presenta-
tion was not associated with the presence of relapse (8.7 years
without relapse versus 7.8 years with relapse, P =.45). The mean
follow-up time was longer among those =9years (10.1 years)
compared with those >9years (5.6 years, P=.003). Older age
(>9years) at presentation was associated with shorter time to
first relapse (4.6 versus 18.8 months, P =.04).

Clinical and Laboratory Data

The most common clinical syndrome at presentation was ON
(50.8%, 31/61), followed by ADEM (23%, 14/61) and myelitis
(19.7%, 12/61, Table 1). The baseline anti-MOG titer was not sig-
nificantly different between those with and without relapse (1:100
versus 1:100, P=.84). None of the cases had a positive anti-
AQP4 titer.

Imaging Findings
A total of 239 MRIs in 61 patients were reviewed, including 125
brain, 52 orbit, and 62 spine MRIs. MRIs were scanned at 1.5T in

156/239 (65.2%), 3T in 78/239 (32.6%),
1T in 3/239 (1.3%), and unknown in
2/239 (0.8%).

Presentation. MR imaging at presenta-
tion was available in 91.8% (56/61) of
patients, including 56 brain, 18 orbit,
and 29 spine MR images.

The imaging characteristics are
summarized in Tables 2 and 3. At
presentation, there was intracranial
involvement in 78.6% (44/56), orbital
in 55.4% (31/56), and spinal in 19.6%
(11/56). Among those with intracra-
nial abnormalities, the frontal lobe
white matter was the most commonly
involved (31/44, 70.5%), with the sub-
cortical location being most common (33/44, 75%). The thala-
mus was the most commonly affected DGN (21/44, 47.8%), and
the pons was most commonly affected infratentorial structure
(21/44, 47.7%). The lesions commonly had ill-defined margins
(32/42, 76.2%) and were beginning to demonstrate confluence
(18/42, 42.9%). A range of enhancement patterns was noted,
most commonly solid/nodular (17/44, 38.6%) or linear (10/44,
22.7%). The presence of reduced diffusion was rare (4.5%, 2/44),
and no cases (0/36) had abnormal magnetic susceptibility.

Orbital involvement was more commonly bilateral (25/31,
80.6%) and more commonly involved the intraorbital segments
of the optic nerve (24/31, 77.4%). Most cases with orbital involve-
ment demonstrated optic nerve (86.2%, 25/29) and perineural
(68%, 17/25) enhancement.

Spinal cord involvement was more commonly short segment
(6/11, 54.5%), multifocal (8/11, 72.7%), with frequent involve-
ment of the cervical cord (8/11, 72.7%). There was a spectrum of
involvement of the cross-section of the cord (Table 3), and cord
enhancement was uncommon (3/11, 27.3%).

The most common imaging pattern at presentation was
ADEM-like (14/56, 25%), followed by ADEM-like with ON
(13/56, 23.2%, Fig 3). There was strong interreader reliability
in the assessment of overall imaging pattern (kappa =0.84).
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Relapse. MR imaging was available in 91.1% (41/45) of patients
at the first relapse. MR imaging was available in 87.5% (28/32) of
patients with a second relapse.

Table 1: Demographics and clinical data at time of diagnosis in
cohort of pediatric patients with MOGAD

n = 61

Age, median (IQR), years 7 (4-1)
Female (%) 34 (55.7)
Race (%)

African American 6(9.8)

Hispanic 13 (21.3)

White 22 (36.)

Other 14 (23.0)

Unknown 6(9.8)
Initial clinical presentation

Syndrome

ADEM 14 (23.0)

ON 31(50.8)

Myelitis 12 (19.7)
Symptom

Headache 19 (31)

Altered mental status 12 (19.7)

Ataxia 7 (1.5)

Fever 11 (18.0)

Seizure 2(33)
Anti-MOG titer, median (IQR)? 1:100 (1:80-1:1000)
Relapsing disease 45 (73.8)
Total episodes up to 10, median (IQR) 3 (1-4)
Time to first relapse, median (IQR), months 5 (2-13)

“Titer while acutely symptomatic during initial presentation was not available for
45 patients.

Table 2: Brain MR imaging features at presentation for serum antibody-positive MOGAD

The imaging patterns were significantly different at relapse
time points, with the combination of ADEM-like and ON (10/41,
24.4%) being the most common pattern at first relapse, and
ADEM:-like alone (11/29, 37.9%) being the most common pattern
at second relapse (P=.01, Fig 3; Online Supplemental Data).
There was a change in imaging pattern between presentation and
first relapse in 69.4% (25/36) and between first and second relapse
in 65.3% (17/26).

Association of Clinical Variables and Imaging Findings

At presentation, ADEM-like (13/33, 39.4%) was the most com-
mon imaging pattern in younger children (age =9 years)
whereas ON (8/23, 34.8%) was most common in older children
(>9years of age, P=.001, Table 4). At first relapse, the imaging
pattern also differed by age (P=.008); ADEM-like (8/23, 34.8%)
was most common among those =9 years, while FLAMES (5/18,
27.8%) was most common in older children at first relapse. The
imaging patterns were not significantly associated with age at sec-
ond relapse (P=.21). The imaging pattern at presentation was not
significantly associated with occurrence of future relapse (P = .24).

DISCUSSION
Our study provides detailed characterization of imaging patterns
of CNS involvement in a large cohort of children with MOGAD.
We demonstrate an age-dependent imaging phenotype, which per-
sists into first relapse. Furthermore, we demonstrate that imaging
phenotypes often differ at relapse compared with presentation.
Older age at presentation is associated with shorter time to relapse.
MOGAD is increasingly recognized as a major cause (21%-
75%) of pediatric acquired demyelinat-

. . 2.4 . . .
ing disease.”” Proposed diagnostic cri-

Brain Involvement n=44 n=44 teria'® and spectrum of imaging
Supratentorial 41/44 (93.2) Margins® manifestations of MOGAD are being
Cortex . 9/44 (20.5) Well-defined 3/42 (7)) defined. Much of the previous litera-
Deep gray 26/44 (59.1) Ill-defined 32/42 (76.2) . . if . ¢
Caudate 9/44 (20.5) Mixed 7/42(67) ~ ture on imaging manifestations o
Putamen 9/44 (20.5) Confluence? MOGAD include pediatric and adult
Globus pallidus 6/44 (13.6) Discrete 16/42 (38.) populations®*'*** and do not provide
Thalamus ) 21/44 (47.7) Beginning confluence 18/42 (42.9) systematic, detailed radiologic descrip-
UL a3 Confluent 8/42(19) tions. In our detailed radiologic study
Frontal lobe 31/44 (70.5) Mass effect 19/44 (43.2) oo )
Parietal lobe 28/44 (63.6) Enhancement® of pediatric MOGAD, lesions at pre-
Temporal lobe 22/44 (50) Solid/nodular 17/44 (38.6) sentation involved predominantly the
Occipital lobe 19/44 (43.2) Peripheral ring 0 frontal subcortical white matter and
Insula X 21/44 (477) Incomplete ring 1/44 (2.3) DGN in the supratentorial brain and
VTS Wiy lll-defined 9/44 (20.5) ons in the infratentorial brain. The
Subcortical 33/44 (75) Linear 10/44 (22.7) P A ] ’
Deep 17/44 (38.6) Leptomeningeal 4/44(9]) lesions were often ill-defined and be-
Periventricular 14/44 (31.8) Cortical 0/44 ginning to confluence, with solid/nod-
Internal capsule 9/44 (20.5) None 17/44 (2.3) ular enhancement, but without
| fCorpus catlbosum ;;:: ?7%25)) ] >1defrf\:hancement characteristic 1(;;:: Ei27)7) reduced diffusion or magnetic sus-
nfratentoria . ow diffusivity© . oo L .
Midbrain 15/44 (34])  Susceptibility® os36  ceptibility. This is in agreement with
B 21/44 (47.) limited previous studies with 10-69
Medulla 9/44 (20.5) patients which demonstrate predomi-
Brachium pontis 12/44 (27.3) nantly poorly demarcated brain lesions
Cerebellum 15/44 (34J) involving the subcortical white matter
Other 5/44 (11.4)

“Not applicable in 2 cases of cortical only involvement.

®Percentages do not add up to 100% as many cases had multiple combinations of features.

“Unknown in 1 patient due to lack of DWI sequence.
dUnknown in 8 patients due to lack of SWI/gradient echo sequence.
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and DGN in pediatric MOGAD.'""*"”
The involvement of subcortical white
matter as well as pontine involvement is
a distinction from NMOSD, which



more commonly affects periventricular white matter and area
postrema,”* in addition to the presence of T1 hypointensity and
lack of cortical involvement in NMOSD."* MOGAD lesions rarely
involve the corpus callosum and are distinct from the small well-
defined lesions seen in MS.'”'"'* Incomplete ring pattern of
enhancement, characteristic of MS, was seen in only 1 subject in
our study. No cases in our cohort had signal abnormality on SWI;

Table 3: Orbit and spine MR imaging features at presentation for serum antibody-

positive MOGAD

thus, the presence of SWI abnormality suggests an alternative
diagnosis.

Similar to prior studies, optic nerve involvement in our study
was commonly bilateral and displayed anterior predominance
compared with posterior predominance in NMOSD,"? with a
high prevalence of perineural enhancement (68%) similar to
previous reports of 41%-52%.>>2¢

Reports of spine involvement in
MOGAD are variable. Many of our
cases had short segment, multifocal

Orbital Involvement n =31 Spine Involvement n=1 spinal cord involvement, with the cer-
Unilateral 6/31(19.4) Long segment 4/ (36.4) vical cord most affected. While initial
Bilateral - 25/31(80.6) Short segment 6/1 (54.5) reports of MOGAD favored a lower
Segments involved Cauda equina enhancement /1 (9.) 4/ domi 202728 |

Orbital 24/31(774)  Focality cordiconus predominance, ater
Intracanalicular 20/31(64.5) Unifocal 3/M(273)  studies in pediatric cohorts suggest
Prechiasmatic 17/31 (54.8) Multifocal 8/M(72.7) cervicothoracic ~ predominance.'>"®
Optic chiasm 5/31(16.) Location Most prior studies report a predomi-
Optic tract 4/31(12.9) Cervical 8/M(27)  hintly longitudinally extensive myeli-
Optic nerve enhancement? 25/29 (86.2) Thoracic 6/11(54.5) . v 0 & o Y 14};7’20
Perineural enhancement® 17/25 (68) Conus 5/11 (45.4) tis ] (63%-93 /01)3 in MOGAD,

Optic nerve low diffusivity® 10/15 (66.7) Cauda equina /M (9) while Xu et al'” report short segment
Pattern involvement in 50%, similar to our
Cer?tral 6/1 (54.5) findings. There are also mixed data on
Per!pheral . 4/ (364) cross-sectional involvement of the

Entire cross-section 3/11(27.3) . .
Central gray only 4/ (36.4) cord, with our study demonstrating
Enhancement central cord involvement in slightly
None 7/M (63.6) more than one-half of the cases and
:_ntramedullary l 3]’; E 55)7‘3) central gray matter involvement in
eptomeningea 0 . .
Cord expansion 5/M (45.4) 36%. The central gray matter involve

2Unknown in 2 patients due to absence of contrast.
®Unknown in 6 patients due to absence of contrast and/or fat saturation.
“Unknown in 16 patients due to missing DWI sequence.

FIG 3. Imaging patterns at presentation and relapses.

ment is described in pediatric
MOGAD in ~50%.*** These differ-
ences in previous reports might be due
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Table 4: Variation of imaging patterns at relapse stratified by age greater or less than

assessment of patterns of spine involve-

9 years ment. The use of immunosuppressants
Relapse 1 Relapse 2 and disease-modifying therapy, which
Age <9 Age >9 Age <=9 Age >9 may affect the rate,” timing, and pattern
(n=23) (n=18) P Value (n=13) (h=15) P Value of relapse, could not be adjusted for
Normal /23 (43) 4/18(222) 008  1/13(77) 2/15(33) 21 given variability in treatment, some of
ADEM-like 8/23 (34.8) 1/18 (5.6) 8/13 (615) 2/15 (13.3) which occurred at other institutions.
ON 3/23(13.0)  2/18 (1) YB3(77)  2/15(133)
Myelitis 0 2/15 (13.3)
ADEM-like + ON +  2/23(87) 0 0 115 (6.7) CONCLUSIONS
ADrEKflli'tlis + ON 7/23 (304) 3/18 (16.7) 2/13 (154)  3/15 (20) We describe the detailed imaging mani-
-like . . X . s
Myelitis + ON 0 118 (5.6) festatlf)ns of pediatric MOGAD at pre-
ADEM-like + myelitis  2/23 (8.7)  2/18 () V13(77)  1/15(67) sentation and at first 2 relapses. There
Any FLAMES 0 5/18 (27.8) 0 2/15 (13.3) are age-dependent variations in imag-

to small sample size and relatively low prevalence of myelitis in
pediatric MOGAD (45%-68%).">"”

Our findings are concordant with previous reports of age-
related changes in imaging phenotype at presentation with pre-
dominantly ADEM-like presentation in younger children and
ON in older children.>>'® There are varying rates of relapse
reported in pediatric MOGAD from 28% to 62%,"”°'! with our
study on the higher end at 73.8%. This may partly be reflective of
referral bias to our tertiary care center; however, this is an advant-
age of our study, as the higher relapse rates enable us to assess
imaging and clinical factors associated with relapse. Clinical man-
ifestations in relapsing pediatric MOGAD suggest varied pheno-
types with some predominance of ON and myelitis”**>*>! and
change in phenotype between episodes in >50%.” There is lim-
ited published literature on imaging phenotypes at relapse, and
our work adds to the literature in this respect. In our cohort, ON
was present on imaging in 33%-45% at relapse and ADEM-like
appearance on imaging in 60%-63%, which was more frequent at
younger age of relapse. These age-dependent variations did not
persist at second relapse, but this is difficult to interpret, given the
small cohort of patients with second relapse and imaging.

There are mixed data on association of anti-MOG titer and
risk of relapse.*'® We did not find an association between base-
line anti-MOG titer and polyphasic disease. Previous reports
indicate higher rate of recurrence among those with persistently
high titers.***" While older age has been associated with relaps-
ing phenotype in prior studies,**' in our study, older children
had a shorter time to first relapse, which may be related to higher
rates of persistent seropositivity in older children.>'

Our study has several limitations. Given the retrospective
study design, there is heterogeneity in available clinical, labora-
tory, and imaging data. The study included patients seen over
20years, during which imaging techniques and MOGAD diag-
nosis and treatment have changed, further contributing to the
data heterogeneity. All available MRIs corresponding to the first
3 clinical episodes were included in this study, including those
performed at other institutions before referral and, hence, were
of varying image quality and technique. However, only <2%
were deemed to have poor subjective image quality by reviewers.
Despite the relatively large sample size, the number of patients
with spine involvement was low, limiting comprehensive
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ing phenotype at presentation and first

relapse. Imaging phenotype at relapse
often differed from phenotype at presentation. Furthermore,
older children tend to relapse sooner than younger 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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ARTIFICIAL INTELLIGENCE

A Radiomic “Warning Sign” of Progression on Brain MRI in
Individuals with MS

Brendan S. Kelly, Prateek Mathur, Gerard McGuinness, Henry Dillon, ““Edward H. Lee, ““Kristen W. Yeom, Aonghus Lawlor,

and Ronan P. Killeen
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ABSTRACT

BACKGROUND AND PURPOSE: MS is a chronic progressive, idiopathic, demyelinating disorder whose diagnosis is contingent on the
interpretation of MR imaging. New MR imaging lesions are an early biomarker of disease progression. We aimed to evaluate a
machine learning model based on radiomics features in predicting progression on MR imaging of the brain in individuals with MS.

MATERIALS AND METHODS: This retrospective cohort study with external validation on open-access data obtained full ethics ap-
proval. Longitudinal MR imaging data for patients with MS were collected and processed for machine learning. Radiomics features
were extracted at the future location of a new lesion in the patients’ prior MR imaging (“prelesion”). Additionally, “control” samples
were obtained from the normal-appearing white matter for each participant. Machine learning models for binary classification were
trained and tested and then evaluated the external data of the model.

RESULTS: The total number of participants was 167. Of the 147 in the training/test set, 102 were women and 45 were men. The av-
erage age was 42 (range, 21-74 years). The best-performing radiomics-based model was XGBoost, with accuracy, precision, recall,
and Fl-score of 0.91, 0.91, 0.91, and 0.91 on the test set, and 0.74, 0.74, 0.74, and 0.70 on the external validation set. The 5 most im-
portant radiomics features to the XGBoost model were associated with the overall heterogeneity and low gray-level emphasis of
the segmented regions. Probability maps were produced to illustrate potential future clinical applications.

CONCLUSIONS: Our machine learning model based on radiomics features successfully differentiated prelesions from normal-
appearing white matter. This outcome suggests that radiomics features from normal-appearing white matter could serve as an

imaging biomarker for progression of MS on MR imaging.

ABBREVIATIONS: Al = artificial intelligence; MSSEG2 = MS SEGmentation Challenge 2; NAWM = normal-appearing white matter

S is a chronic, progressive, idiopathic, demyelinating dis-

order of the CNS.! Diagnosis is contingent on timely and
precise application of the McDonald criteria, which rely on the
interpretation of MR imaging® It is unusual among many
chronic conditions in that imaging features can often predate
clinical manifestations of disease. Imaging remains a prominent
tool in the diagnosis, progress-monitoring, and evaluation of
treatment efficacy.”” New MS lesions are an important imaging
biomarker because they can signify both disease progression
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and the efficacy of disease-modifying drugs.’ Indeed, the ab-
sence of new T2-FLAIR lesions in the CNS is used as the solitary
metric of disease-modifying drug effectiveness.* However, the
monitoring of lesions can be a tedious or repetitive task for neu-
roradiologists,” and that issue, compounded by supply-demand
issues in radiology,® has prompted research into automated
lesion identification.”

Computer-assisted segmentation methodologies have been an
important topic for scientific exploration for the past 2 decades.®
More recently, a substantial increase in the incorporation of artifi-
cial intelligence (AI) into these methodologies has been observed.”
Current research trends are shifting away from the simple identifi-
cation of MS lesions on T2-FLAIR to comparing images captured
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FIG 1. Flow chart of included patients.

at distinct time intervals.” In response to this escalating interest, the
Medical Image Computing and Computer Assisted Interventions
society initiated a challenge concentrating on the detection of new
lesions (MS SEGmentation Challenge 2 [MSSEG2]), further galva-
nizing research interest in this domain.’

Predictive models in MS have also been the subject of research;
however, their methods and external generalizability vary.'® Many
of these models use “systems biology” approaches (Omics data) to
predict various disease markers and outcomes.'' Recent imaging
research into predictive modeling for MS includes applications in
cognitive decline'® and deep learning approaches to disease pro-
gression.'> Radiomics is a field of research in which higher-order
image features such as texture or intensity distribution are investi-
gated (often using AI and machine learning models to glean
deeper information from radiologic images)."*'> The methodol-
ogy is widely used in medical imaging research, including applica-
tions in MS.'*" By transforming simple images into mineable
high-dimensional data, it allows in-depth characterization of MS
lesions. Thus, radiomics has this potential to augment diagnostic
accuracy and individualize patient management.”

While previously radiology Al research was focused on a nar-
row range-of-use cases’ aligned to the above advances, there has
been a significant increase in interest in the concept of temporal-
ity in the field.*® The interpretation of medical images is not a
static process, and recent research has shown the importance

both of incorporating prior imaging®' into the pipeline and also
considering medical images as part of a time-series and in making
predictions.”>*

In this study, we aimed to evaluate the potential of radiomics
features in predicting progression on MR imaging of the brain in
individuals with MS. In our approach, we propose using a machine
learning model and radiomics features to differentiate a “prelesion”
from a control sample in the normal-appearing white matter

(NAWM).

MATERIALS AND METHODS

This retrospective study with external validation was designed
according to both the Radiological Society of North America and
the European Society of Radiology published principles,**** with
patient expert involvement.”® We obtained independent statistical
advice. The article was prepared using the Checklist for Artificial
Intelligence in Medical Imaging® and conforms to the Assessment
of RadiomIcS rEsearch (ARISE) guide]ine.28 It received full institu-
tional review board approval (St. Vincent’s University Hospital), and
the requirement for prospective consent was waived. This research
constitutes Level 5A evidence (data quality and AI model develop-
ment with external testing) because it represents 1 retrospective study
with internal and external data used for final performance reporting.*”

Participants and Data

Consecutive patients who had at least 2 MR imaging brain studies
for MS at our institution between January 2019 and December
2022 were reviewed (Fig 1). Those with a new lesion on follow-
up imaging were included in this study. There is no overlap of
the internal cohort with prior studies. The external cohort is pub-
licly available and has been previously described.?

Images were acquired on a 1.5T system (Magnetom Avanto
syngo MR B19; Siemens). Imaging sequences included a 3D T2-
FLAIR sequence using the following parameters: acquired voxel
size, 1.1 x 1.1 x 1.1 mm; TR, 6000 ms; TE, 413 ms; TI, 2030 ms;
acquisition time, 6 minutes 44 seconds; orientation, sagittal. All
scans were defaced using the FSL Brain Extraction Tool 10
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET/UserGuide) to preserve
participant anonymity.*® All images were coregistered to the first
time point also using FSL (http://www.fmrib.ox.ac.uk/fsl).

A baseline automated segmentation of MS lesions was generated
using DeepMedic (https://github.com/deepmedic/deepmedic).”
These baseline segmentations were then manually corrected by 1 of
2 certified radiologists in their first year post-board examination
using ITK-Snap Version 3.8.0 (www.itksnap.org).”> Radiologic
progression (new or enlarging lesions) was defined according to
the Magnetic Resonance Imaging in MS (MAGNIMS) consensus
guidelines (https://www.magnims.ew/).”> Cases with progression
were initially identified from the radiologic report and confirmed
at a dedicated research re-read. In the case of enlarging lesions,
subtractions of coregistered intensity-normalized images were
used to confirm that the lesion had unequivocally enlarged. Only
the newly segmented area (ie, the area that changed) was
included. Cases with progression were first segmented and man-
ually corrected as detailed above and then additionally verified by
a third radiologist who is a subspecialist neuroradiologist with
>10 years postfellowship experience.
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FIG 2. Prelesion and control masks. Expert segmentation mask at time b () is projected back-
ward to time a (t,) to the location where a lesion will occur (prelesion, red) and the other random
areas in the NAWM (control, green). Note that this 2D representation is for illustrative purposes

only, and for the experiments, the random translation was in 3D.

FIG 3. Radiomics workflow in which features are extracted from the segmented regions and

passed to the machine learning models.

New lesion segmentations were projected backward in time to
the same location (dubbed the prelesion) on the prior MR imaging
study. This same segmentation was then randomly translated 3
times to other locations within the NAWM to produce 3 control
segmentations (Fig 2). The NAWM mask was obtained by sub-
tracting the lesion mask from the white matter mask generated by
FSL. By means of PyRadiomics (Version 3.01; https://pypi.org/
project/pyradiomics/),”* high-order image features were extracted
from the prelesion and control segmentations (Fig 3). The 3 con-
trol features were averaged to gain a fairer representation of the
NAWM. Because the shapes of the control segmentations were de-
pendent on the original lesion segmentations, shape-related radio-
mic features were excluded.
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Model, Training, and Evaluation

A baseline model using just the mean in-
tensity value of the segmented regions
was first tested to ensure that there was
justification to proceed to use higher-

order features;”®

control and prelesion
regions were compared on both internal
and external data.

Several machine learning models
were trained and tested (eXtreme
Gradient Boosting [XGBoost; https://
xgboost.readthedocs.io/en/stable/],
Support Vector Classifier, K Nearest
Neighbor, and logistic regression).
Hyperparameter optimization was per-
formed using a grid search. Because
the classes were balanced 50:50 in a bi-
nary prediction problem, we chose over-
all prediction accuracy as our primary
evaluation metric.*® Feature importance
was extracted from the best-performing
model. This was used for feature selec-
tion and to give a level of explainability.
The optimal number of features is a
trade-off between model complexity
and performance. The number of fea-
tures that yields the best performance
across the different classification models
would be chosen as the optimal number
of features. Failure analysis was per-
formed on incorrectly classified cases.””

To demonstrate the potential clinical
usefulness of our approach,”*
duced a probability map using a previ-
ously unseen case. A section with a new

we pro-

lesion was selected, and the image was di-
vided into patches. Radiomics features
were extracted from each patch and
passed to the best-performing model to
predict whether that patch was a prele-
sion. The absolute and relative probabil-
ities given by the model were calculated
and used in a data visualization to illus-
trate a potential future clinical application.
The code necessary to reproduce these experiments is available here
(https://github.com/insight-ucd/insightmri/tree/main/MSOmics).

RESULTS

The total number of participants in the training, test, and
external validation sets was 167 (124, 23 and 20); 1 additional
participant was randomly chosen for production of the proba-
bility map only. Failure of FSL registration and brain extrac-
tion led to the exclusion of 1 patient (Fig 1). Of the 147
participants in the training/test set, 102 were women and 45
were men. Overall, the average age was 42 years (range, 21-74
years) (Table 1). Two hundred ninety-four volumetric MR
imaging FLAIR images were used in the process of training


https://pypi.org/project/pyradiomics/
https://pypi.org/project/pyradiomics/
https://xgboost.readthedocs.io/en/stable/
https://xgboost.readthedocs.io/en/stable/
https://github.com/insight-ucd/insightmri/tree/main/MSOmics

and internal testing, with 40 heterogeneous FLAIR acquisi-
tions for external validation.

Results of different models for testing and validation are dis-
played in Tables 2 and 3. The preliminary model based on first-
order image metrics (mean pixel intensity) had modest perform-
ance on internal data (accuracy, precision, recall, and F1-score of
0.77,0.76, 0.77, and 0.75). There was a statistically significant dif-
ference in the overall mean pixel intensity between the prelesion
samples and controls on internal data with a paired ¢ test
(P <.05). However, this method did not generalize to external
data (accuracy, precision, recall, and Fl-score of 0.5, 0.25, 0.5,
and 0.33), justifying the use of higher-order features.

The best-performing radiomics-based model was XGBoost,
with accuracy, precision, recall, and Fl-score of 0.91, 0.91, 0.91,

Table 1: Patient demographics

Demographics

Total participants 147
Average age (yr) 4219
Min 21
Max 74
Sex
Male 45
Female 102

Note:—Max indicates maximum; Min, minimum.

Table 2: Internal test cohort results

and 0.91 on the test set, and 0.74, 0.74, 0.74, and 0.70 on the external
validation set. The 5 most important radiomics features (Fig 4) to
the XGBoost model were associated with the overall heterogeneity
(RunEntropy, Variance, and GrayLevelNonUniformityNormalized)
and low gray-level emphasis (LowGrayLevelEmphasis and
LongRunLowGrayLevelEmphasis) of the segmented regions.
Complete feature importance of the best-performing model is
given in the Online Supplemental Data. The Online Supplemental
Data show the performance for a model trained on only 14 fea-
tures (including only 1 feature for each 10 participants®®), which
was inferior to the chosen model.

Probability maps were produced for illustrative purposes of
potential future clinical application and are shown in Fig 54, -B.
These show the probability of a new lesion in absolute terms (A)
and relative to the overall risk (B). The relative probability is
defined in Equations 1 and 2.

1) P(x,y) = P(N) x (NLV/WMV).

P(x, y) represents the general probability of a lesion at location
coordinates x, y, where P(N) represents the probability of a new
lesion anywhere. NLV represents the average new lesion volume.
WMV represents the NAWM volume.

2) RP(x,y) =P(x, y)/P’(ic,j/).

The relative probability of a new
lesion in a specific location (¥, y) is
represented by RP (X, y), where the
predicted probability of a lesion by the
model in the specific location X, y is
P’(x, ¥), and P(x, y) represents the
baseline probability of a lesion in any
location.

For our data,P(x,y) =0.5(0.02) = 0.01

and RP(%X,y) = 0.01/P’(X,y).

Model Precision Recall Fl-Score Accuracy Best Parameters
XGBoost 0.91 0.91 0.91 0.91 {classifier__colsample_bylevel: 0.8,
‘classifier__gamma": 0,
'classifier__learning_rate" 0.2,
'classifier__max_depth" 4,
‘classifier__min_child_weight" 1,
'classifier__n_estimators": 100,
'classifier__subsample” 0.5}
SvC 0.90 0.89 0.89 0.89 {classifier__C" 10,
'classifier__kernel" 'rbf'}
Logistic 0.81 0.78 0.78 0.78 {classifier__C"1,
regression ‘classifier__penalty": 'l
‘classifier__solver": 'liblinear?}
KNN 0.83 0.78 078 0.78 {classifier__n_neighbors" 7}
Intensity 0.76 0.77 0.75 0.77 NA
baseline

Note:—SVC indicates support vector classifier; KNN, K nearest neighbor; NA, not applicable.

Table 3: External validation cohort results

Our sample probability map dem-
onstrated 1 true-positive and 1 false-
positive using a cutoff of relative

increased probability of a new white
matter lesion of 4 compared with back-

ground (Fig 5).

Failure analysis on external valida-
tion showed that in many instances, a
potential cause for misclassified cases
was misregistration of images rather
than the machine learning model. For
example, of the 3 false-negatives, 2 were
likely related to misregistration (Fig 6).

DISCUSSION

In this study, we have demonstrated the

Model Precision Recall Fl-Score Accuracy Best Parameters
XGBoost 0.74 0.74 0.70 0.74 {'classifier__colsample_bylevel" 0.8,
'classifier__gamma': 0,
‘classifier__learning_rate": 0.2,
'classifier__max_depth" 4,
‘classifier__min_child_weight" 1,
‘classifier__n_estimators" 100,
'classifier__subsample’: 0.5}
SVC 0.69 0.71 0.68 0.71 {classifier__C" 10,
‘classifier__kernel’ 'rbf'}
Logistic 0.62 0.55 0.56 0.55 {'classifier__C"1,
regression ‘classifier__penalty": 'l
'classifier__solver": 'liblinear’}
KNN 0.51 042 043 042 ({classifier_ n_neighbors: 7}
Intensity 0.25 0.50 0.33 0.50 NA
baseline

potential of radiomics features in pre-

Note:—SVC indicates support vector classifier; KNN, K nearest neighbor; NA, not applicable.

dicting progression on MR imaging of
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FIG 4. Top 5 radiomic features identified by the top performing XGBoost model.

FIG 5. lllustrative probability maps showing the absolute (A, Upper row) and relative (B, Lower row) probability of a new lesion occurring in

each patch.

the brain in individuals with MS. We used a machine learning
model and the extracted features at the location of future progres-
sion to predict the occurrence of a new lesion.

Al is revolutionizing the field of MS imaging research, prom-
ising to improve diagnostic accuracy, reduce the time taken for
image interpretation, and facilitate personalized patient manage-
ment.” Radiomics, the extraction of high-order features from
radiologic images using data-characterization algorithms, plays

240 Kelly Feb2024 www.ajnr.org

an increasingly important role in MS research.'®"® Building on
this body of evidence and understanding that the white matter of

individuals with MS is quantifiably different from that of healthy

6

controls,”*® our hypothesis was that radiomics features could

potentially reveal subtle alterations before they become visually

. . S . . . 37.38
discernible on MR imaging. As in previous studies,

interpre-
tation of the radiomics features that were most important to our

final model showed that more homogeneous and lower gray-level



FIG 6. False-negative analysis (A and B, Upper row, C—E, Lower row). Two of the 3 false-negative cases in the external validation set are shown.
A and B, The new lesion map falls within the ventricle on the prior image, making a negative prediction more likely because the low gray levels
were associated with negative predictions (Fig 4). C, D, and E, The orientation of the proximal left trigeminal nerve is different so that the seg-

mentation is cast onto the normal brainstem instead.

regions were more likely to be classified as “control,” yielding a
level of intuition about model behavior and suggesting that the
model performed as expected.

Temporality or the consideration of time-based changes is
increasingly recognized as a critical component in radiology
Al research.! It allows longitudinal analysis of imaging data,
potentially enabling the AI to capture disease progression and
treatment responses and even predict future outcomes.*>**°
Integrating temporality into AI models enhances their
capacity to detect subtle, time-dependent changes in patient
imaging data, which may remain undetected by conventional
image analysis.”> We aimed to build on this research because
in conditions such as MS, in which the temporal evolution of
lesions is a critical aspect of disease-monitoring and manage-
ment, they could lead to earlier intervention and better patient
outcomes.***' The MSSEG2 was a clear recognition of the impor-
tance of temporality in research. We demonstrate generalizability
through external validation of our results on MSSEG2. While
there was a drop in performance at external validation, it was
in keeping with what was expected from the literature.*?
Furthermore, the MSSEG2 data are known to be very heterogene-
ous, including several different institutions, 15 scanners, and
scanning protocols with a mix of 1.5T and 3T, meaning that
MSSEG2 was a robust test of performance.’ Diagnostic accuracy
results from MSSEG2 have been modest overall, putting our per-
formance in context. Even the best-performing published models
from the challenge demonstrate only modest accuracy for new-
lesion detection, indicating both the robust challenge represented

by the data set and the potential for improvement in the field.?
Furthermore, false-negative analysis also shows that some of the
misclassifications were technical (Fig 6).

A relative probability map was produced on an unseen case to
demonstrate a possible future clinical application. There are some
artifacts in the cortical gray matter on the right of the image and
lower-level increased probability in a band of subcortical white
matter on the right. These could be removed with anatomic filter-
ing or further thresholding, but we chose to present the map “as
is” rather than overly “tuning it.” One false-positive was seen, even
with thresholding, but this was at the site of a lesion that regressed,
so there was a change at this location, albeit in the opposite direc-
tion. Furthermore, the purpose of the map is to illustrate a poten-
tial clinical application for future work rather than it being directly
related to the research question of this study. Prospective analysis
would be needed before the relative probability map could be
implemented clinically.

Limitations

The retrospective study design limits the level of evidence.
Furthermore, because our experiments only involved those
patients with progression, there was a strong selection bias. While
this is a common issue in clinical radiology research,* it remains
a clear limitation. The purpose of the study, to examine the
potential for radiomics markers to predict new lesion occurrence,
informed our research design; however, this purpose would need
to be addressed prospectively before any implementation. Our
sample size was modest, but having >120 pairs with change for
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training compares favorably with MSSEG2,” which comprised
only 100 pairs of patients in total, of whom one-half were stable.

Future Directions and Implications for Practice

Our findings indicate that radiomics features have the potential
to serve as an imaging biomarker for predicting radiologic pro-
gression of MS. The extracted features could be used to develop a
probability map for future lesion occurrence. This map and the
relative probabilities of progression have many potential clinical
applications. These include making personalized decisions
around the timing for follow-up imaging or even interventions.
The use of imaging biomarkers in this way is a topic of prospec-
tive evaluation in cancer imaging.44 Furthermore, stratification of
patients based on imaging biomarkers to identify individuals
suited for preventive intervention is highlighted as a key role of
medical imaging in personalized medicine by the European
Society of Radiology."> Another possible application would be to
highlight ROIs during radiologist interpretation*® or to direct
attention® in a lesion-detection algorithm.

CONCLUSIONS

Our machine learning model based on radiomics features suc-
cessfully differentiated prelesions from NAWM. This result sug-
gests that radiomics features from NAWM could serve as an
imaging biomarker for progression of MS on MR imaging.

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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ABSTRACT

BACKGROUND AND PURPOSE: The review of clinical reports is an essential part of monitoring disease progression. Synthesizing
multiple imaging reports is also important for clinical decisions. It is critical to aggregate information quickly and accurately.
Machine learning natural language processing (NLP) models hold promise to address an unmet need for report summarization.

MATERIALS AND METHODS: We evaluated NLP methods to summarize longitudinal aneurysm reports. A total of 137 clinical reports
and 100 PubMed case reports were used in this study. Models were 1) compared against expert-generated summary using longitudi-
nal imaging notes collected in our institute and 2) compared using publicly accessible PubMed case reports. Five Al models were
used to summarize the clinical reports, and a sixth model, the online GPT3davinci NLP large language model (LLM), was added for
the summarization of PubMed case reports. We assessed the summary quality through comparison with expert summaries using
quantitative metrics and quality reviews by experts.

RESULTS: In clinical summarization, BARTcnn had the best performance (BERTscore = 0.8371), followed by LongT5Booksum and
LEDlegal. In the analysis using PubMed case reports, GPT3davinci demonstrated the best performance, followed by models BARTcnn
and then LEDbooksum (BERTscore = 0.894, 0.872, and 0.867, respectively).

CONCLUSIONS: Al NLP summarization models demonstrated great potential in summarizing longitudinal aneurysm reports,
though none yet reached the level of quality for clinical usage. We found the online GPT LLM outperformed the others; how-
ever, the BARTcnn model is potentially more useful because it can be implemented on-site. Future work to improve summari-
zation, address other types of neuroimaging reports, and develop structured reports may allow NLP models to ease clinical
workflow.

ABBREVIATIONS: BART = bidirectional and auto-regressive transformer; BERT = bidirectional encoder representations from transformer; LED = long-
former-encoder-decoder; LLM = large language model; NLP = natural language processing; ROUGE = recall-oriented understudy for gisting evaluation

clinical imaging for disease diagnosis, treatment, and follow-up. As

C hatGPT and other large language models (LLMs) have raised
interest in using natural language processing (NLP) for clinical
research (eg, to collect clinical outcome data).'” We sought to
utilize AI technology to improve brain aneurysm research and
clinical workflow by summarizing radiology imaging reports.*
Imaging reports are written by radiologists to describe findings of
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additional imaging is performed and follow-up duration increases,
additional time is required to review reports and make the diagno-
sis in a follow-up visit.*® Longitudinal imaging which captures an-
eurysm changes over the course of 3-5 years is common.”® This
study specifically evaluated AI language models’ summarization of
a longitudinal series of aneurysm imaging reports. We tested the
capability and quality of different NLP models, including a GPT
text model. We present methodology that can be used to evaluate
NLP models. We aim to promote a systematic approach using
quantitative evaluation to understand the performance of NLP
models so that clinical researchers can objectively understand
the strength and weakness of these new technologies and further
harness the benefits they may provide to medical research.

In our analysis using real longitudinal brain aneurysm imaging
reports, we first locally implemented 5 state-of-the-art summari-
zation models: BARTcnn (Meta [previously Facebook] Menlo
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Park, California),” LongT5booksum (Google, Mountain View,
California),'® LEDbooksum, LEDlegal, and LEDclinical (Allen
Institute for Al, Seattle, Washington) and compared the perform-
ance using expert-generated summaries (ground truth) within
the hospital firewall. These are all machine learning models for
NLP tasks. These models were developed and shared by Meta,
Google, and the Allen Institute for Al, and further improved by
individual users for NLP research. For example, BART (bidirec-
tional and auto-regressive transformer [BART]-large-cnn by
Meta) was trained on the CNN/DailyMail data set, with
>300,000 news articles and their respective summaries from
CNN and Daily Mail articles. GPT3davinci (OpenAl, San
Francisco), a massive LLM, can only be accessed online and is
therefore not a HIPAA-compliant application. But to compare
it with the other 5 models, we used 100 publicly accessible
English case reports related to brain aneurysms from PubMed.’
This evaluation allowed us to fairly understand the strengths of
all the models in the tasks to generate aneurysm follow-up sum-
marization reports.

MATERIALS AND METHODS

Clinical Collection

This study was approved by the Institutional Review Board. We
anonymized and analyzed clinical imaging reports from 52
patients (64 aneurysms) from 2005 to 2022 undergoing monitor-
ing for intracranial aneurysm progression. There were 44 females
and 8 males. A total of 137 clinical imaging reports were used for
this study. The average interval between the first and second visits,
and second and third visits was 15.35 and 12.36 months, respec-
tively. Typically, our center recommends aneurysm follow-up
every 12 months. Sometimes patients return later than the recom-
mended length of time. Usually, after the second visit, they will
adhere closer to the schedule for the third visit. The aneurysm
imaging reports include 3 modalities: MR angiography, CT angi-
ography, and DSA. Online Supplemental Data show the patient
demographic and imaging report information.

Case Report Analysis

We also performed comparative analysis and evaluated the NLP
summary models using a data set derived from PubMed. A total
of 100 publicly accessible English case reports on neurovascular
disease (brain aneurysms, neuroangiography, vascular malforma-
tions) were collected through PubMed search, and their body texts
were used for this part of the analysis. Expert-generated summa-
ries based on these case reports as well as compiled figure captions
were used as reference comparisons.

Reference Standards Preparation

H.T. B.J., and A.C,, who trained in neuroradiology and brain an-
eurysm disease clinical reports, performed the following roles:
wrote the summaries and graded the PubMed case reports and
clinical imaging reports that were used in this research.'’"* K.N.
and N.S., 2 board-certified neuroradiologists, reviewed and re-
vised the summaries and grading. For each patient, summaries
were generated from the first visit, first 2 visits, and first 3 visits.
Patient information, aneurysm features, imaging technique, and
treatment were essential information in the summary.

Summarization Models

We used 6 state-of-the-art NLP summarization models that
have been trained with different source data sets and shown
strength in faithful summary: BARTcnn—BART model trained
on the CNN/DailyMail news data set;’ LongT5booksum—T5
trained on the booksum data set, a collection of human written
summaries of various literature;'° LEDbooksum—Longformer
Encoder-Decoder (LED) model trained on the booksum data
set;'* LEDlegal—LED model trained on sec-litigation-releases
data set containing more than 2700 litigation releases and com-
plaints;"*  LEDclinical —-LED model trained on references
extracted from revised references in the MIMIC-III data set, a
database of public health—related data;'®> GPT3davinci—GPT3
davinci-003 LLM utilizing 1.75 billion parameters to generate
summaries and only accessible from an API provided by
OpenAL'® Except for GPT3davinci, models were implemented
locally in Python (http://www.python.org). Online Supplemental
Data aggregate information about each model and information to
access the source code.

Quantitative Evaluation

We compared model-outputted summaries (model summary)
to expert generated summaries (ground truth summary)
through evaluation of recall-oriented understudy for gisting
evaluation (ROUGE)-1, ROUGE-2, ROUGE-L score, and
BERTscore. ROUGE-1, ROUGE-2, ROUGE-L, and bidirec-
tional encoder representations from transformer (BERT) score
are the standard matrix using computational approaches to
assess the quality of NLP models.'”'® We also calculated text
reduction: the ratio of the length of the summary with the length
of the original text. Online Supplemental Data show the list of
equations. Specifically, a unit of text, grams, was used in
ROUGE-1, ROUGE-2, and ROUGE-L score. (For example, a
unigram refers to a single word.) BERTScore evaluates words in
the reference summary and model summary by finding the co-
sine similarity and implements greedy matching techniques to
define the score. For each metric, the F1-score, a statistical cal-
culation to estimate the accuracy for each score type, was used
to compare the performance of the models. The Figure illus-
trates the NLP parameters and the processes for calculating
these scores.

Expert Evaluation

The expert evaluation was performed by 4 experts (H.T., BJ.,
K.N,, N.S.) based on assessed readability, accuracy of information,
comprehensiveness, and redundancy following the approach pro-
posed by Goldstein et al.">'**' Online Supplemental Data show
the evaluation matrix for each category and how the score was
evaluated. Specifically, we evaluate each summary by comparing
the model-generated summary against the expert generated sum-
mary (ground truth) for readability—refers to grammatical cor-
rectness of each summary, accuracy—refers to correctness of
information in each summary, comprehensiveness—refers to
amount of aneurysm information in each summary, and redun-
dancy—measures length and amount of redundant information
present in each summary. Each summary was evaluated and
given a numeric score of 1 to 5 (5 being best) in the categories
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FIGURE. Visualization of quantitative evaluation with examples. The example gives expert generated reference sentence and model-generated
sentences. A, Different ROUGE scores are calculated based on defining unigrams, bigrams, and longest common subsequences. Matching
between the reference and candidate sentences are highlighted in red. ROUGE-1, ROUGE-2, and ROUGE-L are computed as Fl scores using P
(precision) and R (recall) values. B, BERTscore was calculated by 1) first converting text into tokens, 2) calculating pair-wise cosine similarity
between every reference and model token, and 3) identifying the tokens in the other sentence with the highest similarity value, and using the

highest similarity values to calculate F1.

independently by H.T. and B.J. The average score was then
approved by K.N. and N.S. to be the final score. In the case of dis-
crepancies with a score difference of >3 (medium score), the
summary was rescored until consensus was reached and the score
was approved.

RESULTS

Our analysis using patient data showed that BARTcnn per-
formed the best overall for single and longitudinal visit reports
when both quantitative and expert evaluation was considered
(Online Supplemental Data). LEDbooksum ranked second for 1
imaging report, followed by LongT5Booksum. For more than 2
imaging reports, BARTcnn held the best performance followed
by LongT5Booksum and LEDlegal. Comparing the reduction of
the text, experts were able to reduce report text to an average of
16.29%, 13.14%, and 9.86% for 1, 2, and 3 visit reports, respec-
tively. LEDlegal and LongT5Booksum showed better text
reduction but were low in comprehensiveness. BARTcnn
provided the next best reduction and maintained reasonable
comprehensiveness.
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Our comparative study of model performance with
GPT3davinci (Online Supplemental Data) found that GPT3davinci
demonstrated superior performance in case report summarization,
scoring highest in all categories. It was followed by BARTcnn and
LEDbooksum. Based on the expert quality analysis, GPT3davinci
and BARTcnn had the closest readability, accuracy, and redun-
dancy. BARTcnn, which had the second-best overall perform-
ance, could produce comparable output to GPT3davinci while
using local workstations (Online Supplemental Data).

DISCUSSION

Given the sophistication of the models and large training sets, we
expected GPT3 and BARTcnn to be among the best models for
summarization. Although there is room for improvement, these
2 characteristics appear to have been the most important deter-
minants of summarization performance. LEDclinical was trained
based on a critical care database (MIMIC-III), yet the perform-
ance was relatively poor.”” This may be because the radiology
reports we summarized are more limited in scope than the broad
assortment of clinical notes used to train LEDclinical against



discharge reports, and thus do not benefit from its reference re-
vision approach."” Additionally, the radiology reports may not
be sufficiently long for the Longformer network model underly-
ing the LED models (LEDclinical, LEDbooksum, LEDlegal) to
have an advantage over the other models."* The performance of
LongT5booksum, LEDbooksum, and LEDlegal on average fell
between BARTcnn and LEDclinical. This likely reflects the pur-
pose of the original models (book summarization, and legal
document summarization) being more restricted, while
GPT3 and BARTcnn were trained on a wider range of topics.
However, in some limited contexts (eg, LEDbooksum, single
clinical visit quantitative metrics), they were able to surpass
BARTcnn. In the expert assessment of redundancy, the
BARTcnn model did have a tendency to repeat sentences, but
this did not have a large impact on the human readers’ ability
to parse the summaries. (For example: Patient will have fol-
low-up MRA in 12 months. Patient will have follow-up MRA
in 12 months.)

Summarization of longitudinal clinical imaging reports is a
relatively new area of research. However, in the past, work has

focused on both NLP processing of neuroradiology reports>>*

and extracting temporal relations from clinical reports.”>*
Processing of neuroradiology reports includes different objec-
tives, such as generating diagnoses or summarization. Recently,
neural network NLP models have become the focus, in particu-
lar variations of BERT-based models.”® Models such as
Clinical BERT predict 30-day hospital readmission based on dis-
charge summaries and various intensive care clinical notes,
including radiology reports.”® Recently, a variety of BERT deriv-
atives, collectively referred to as RadBERT, were trained with a
broad set of Veterans Affairs’ radiology reports and tested on
tasks including summarization.®® The testing methodology dif-
fered from that presented here. Summaries generated by experts
were not used, and the data set, likewise, was not focused on a
specific disease or longitudinal data. Their results therefore are
not directly comparable with ours, and their reported ROUGE
scores were uniformly lower than our results. The BARTcnn
model we tested extends BERT with an autoregressive decoder,
effectively adding a key feature of GPT to BERT.” The model
design, along with initial training set, is a large part of why
BARTcnn was able to outperform other local models in our
study.

Defining temporal relations in clinical reports is essential to
follow the course of disease and treatment. Previous research has
largely focused on encoding the sequence of events with a struc-
ture digestible by software for further analysis. Based on a few
forms of cancer, the clinical data sets (THYME/THYME2) have
been carefully annotated.’" Other diseases and longitudinal series
of radiology reports have both not been a focus. Direct summari-
zation via deep learning models, as we present here, has only
recently become viable and bypasses the explicit extraction of
temporal relationships. This approach shares the pros and cons
with many other machine learning solutions. The model is largely
a black box that is simple to use and very effective, but because it
does not explicitly give structure to the data, modifying the form
of the output into, for example, a chart or table may require
another model focused on temporal relation extraction.

The models we evaluated showed great potential to help clini-
cal workflow and follow-up management. These models were not
designed for clinical imaging reports, and with the exception of
LEDclinical, not trained on clinical data sets. Based on our quali-
tative (expert) evaluation, we identified some common limita-
tions. Online Supplemental Data provide examples and critiques
of the output from the different models. Many models had quali-
tative deductions in readability, including spelling and grammati-
cal errors, as well as a lack of comprehensiveness (Online
Supplemental Data). This lack of comprehensiveness often con-
cerned the end of the text, leaving out important information
that occurred at the end (eg, patient outcomes or treatment). This
limitation means that these existing models are not immediately
ready for clinical usage. In the future, better focusing the models
on the characteristics of the data set can further improve the
models. Future steps to improve summarization can be first to
tune the models, adjusting input/output length and other param-
eters, followed by transfer learning on the longitudinal aneurysm
imaging report data set we have now created. Currently, we are
researching other related topics as well, including the combina-
tion of CNN image-processing with NLP text to process complete
imaging reports.”

Based on this study, we found that the type of data missing
(eg, aneurysm locations) varies between different models. In the
current state, the models can only reliably provide information,
such as general patient history and sometimes miss critical diag-
nostic information. However, NLP models continue to rapidly
improve. Our intention was to compare these models in a rele-
vant way, so that as new models are developed, we can objectively
assess model performance. Comparing different models with
expert evaluation can also help computer scientists identify future
areas to be addressed and facilitate further developing better AI-
generated summaries that can be sufficient for a clinical review.
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CONCLUSIONS

The AI NLP models showed great potential to generate clinical
summaries. Although these models were not created for clinical
imaging reports, the summaries were able to capture critical in-
formation, albeit not yet at a level suitable for clinical usage.
While the GPT model had superior performance, a local
BARTcnn model provided comparable quality results. This work
showed a new pipeline to evaluate AI NLP models for future neu-
roimaging report applications. Future steps to improve summari-
zation will be to tune the models with transfer learning on
different clinical longitudinal imaging report data sets.
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LETTERS

Setting the Bar: The Japanese College of Radiology’s
Perspective on Safeguarding Quality in the Interpretation of
Cross-Sectional Studies per Day

We read with keen interest the recent article titled “Realistic
Productivity in Academic Neuroradiology: A National

Survey of Neuroradiology Division Chiefs.”"

Many studies have
reported on the correlation between diagnostic errors and an
increase in workload volume, prompting claims for guidelines
that define a range of cross-sectional studies that can be safely
interpreted in a typical workday.>?

The Japanese College of Radiology (JCR), a bastion of two-thirds
of the board-certified radiologists in Japan, was established in 1973.
The JCR is an organization including diagnostic radiologists, inter-
ventional radiologists, nuclear medicine physicians, and radiation
oncologists as members. Owing to the world’s leading concentration
of CT and MR imaging scanners alongside one of the lowest ratios
of radiologists per capita based on the data of the Organization for
Economic Co-operation and Development (OECD), the workload
of Japanese radiologists exceeds the OECD average by 4-fold.*
Consequently, Japanese radiologists have been required to work at
very intense paces, even at academic/educational institutions. In this
context, the JCR released a position statement on the appropriate
workload for radiologists in 2022. This position statement reads,
“To maintain the quality of radiology services, the number of radiol-
ogists’ reports should ideally be limited to less than four cross-sec-
tional studies per hour of uninterrupted reading time (ie, protected
time excluding activities such as scheduling, conferences, and
consultations).” This document can be found on our web page
(https://jcr.or.jp/site/wp-content/uploads/2023/09/JCR_statement_
on_appropriate_workload_of_radiologists_Updated_on_March_
242022 _en.pdf).

Our statement may resonate very well with the “median of 32
cross-sectional studies as a reasonable and safe threshold for
interpretation during a standard clinical day” stated in the article
by Wintermark et al.' There are minor differences between this
survey and the statement by the JCR. Our recommendation of 4
cases per hour includes the interpretation of CT, MR imaging,
and PET/CT across the entire body. This number is based on the
optimal interpretation durations for various representative imag-
ing studies and their ratio in average high-volume Japanese
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institutions. This number should be further reduced in teaching
institutions, aligning with that in the survey reported in the article
discussed in this letter.'

Our work goes beyond image interpretations. We radiologists
have to make decisions regarding choosing the appropriate imag-
ing modalities, managing the optimal protocols, and giving
instructions to technologists. In addition, prompt and effective
communication with referring physicians is vital for patient
safety. All of these activities are time-consuming. It is, therefore,
necessary to establish international guidelines for a safe number
of interpreted cross-sectional studies per day to maintain the
quality of our radiology services worldwide.

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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