
D
EC

EM
B
ER

20
23

A
JN

R
V
O
LU

M
E
4
4

�
P
P
1357

–
14
70



THE JOURNAL OF DIAGNOSTIC AND INTERVENTIONAL NEURORADIOLOGY

Imaging-related manifestations of monoclonal antibody–targeted therapies

Machine learning brain age prediction model using FLAIR MRI biomarkers

Osteomyelitis complication of neopharyngeal breakdown

Multiparametric MRI radiomics in pediatric myelin oligodendrocyte glycoprotein

antibody-associated disorders

Official Journal ASNR • ASFNR • ASHNR • ASPNR • ASSR
DECEMBER 2023 | VOLUME 44 | NUMBER 12 | WWW.AJNR.ORG



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  

2.0 mm and  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 

jurisdictions. Stylized X is a trademark of MicroVention, Inc. © 2022 MicroVention, Inc. MM1222 US 03/22

* Data is derived from in vivo and ex vitro testing and may not be representative of clinical performance.

1.  Data on file

2.  Tanaka M et al. Design of biocompatible and biodegradable polymers based on intermediate water concept. 

Polymer Journal. 2015;47:114-121. 

3.  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. 

4.  Schiel L et al. X Coating™: A new biopassive polymer coating. Canadian Perfusion Canadienne. June 2001;11(2):9. 

For more information, contact your local 

MicroVention sales representative or visit 

our website. www.microvention.com
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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 1

• MAINTAIN NATURAL VESSEL HEALING 

RESPONSE 2,3,4

• IMPROVE DEVICE  DELIVERABILITY AND 

RESHEATHING 1

The only FDA PMA approved portfolio with a 0.021” 

delivery system for smaller device sizes, and no 

distal lead wire.

FRED™                ™

Flow Diverter Stent

THE NE    T ADVANCEMENT IN 
FLOW DIVERSION TECHNOLOGY
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WEB™17
Aneurysm Embolization System

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 (dimethyl 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 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 

of Sequent Medical, Inc. in the United States.

©2021 MicroVention, Inc. MM1184 WW 11/2021
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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:

• 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 fi brosis 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 m2), or
•  Acute kidney injury.

• Screen patients for acute kidney injury and other conditions 
that may reduce renal function. For patients at risk for 
chronically reduced renal function (e.g. age > 60 years, 
hypertension, diabetes), estimate the glomerular fi ltration rate 
(GFR) through laboratory testing.

• For patients at highest risk for NSF, do not exceed the 
recommended VUEWAY dose and allow a suffi cient 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 fi brosis 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 

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 identifi ed in the bone, followed by other organs (brain, 
skin, kidney, liver and spleen). Minimize repetitive GBCA imaging studies, 
particularly closely spaced studies, when possible. 

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

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

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

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

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

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY, 
including BOXED WARNING on Nephrogenic Systemic Fibrosis.
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 O, et al. Physicochemical and 
pharmacokinetic profi les 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, 
Hutóczki G, et al. Effi cacy and safety of gadopiclenol for contrast-enhanced MRI of the central 
nervous system: the PICTURE randomized clinical trial. Invest Radiol. 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

* 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.1-6†

NO COMPROMISE IN MRI From Bracco, 
your trusted partner

Visit 
VUEWAY.com 
for more 
information

65-year-old man – 3.0 T Siemens 
Brain metastasis from lung adenocarcinoma7

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

† Phase III CNS Study Design (Study GDX-44-010)7: 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.

Pre T1 SE Post T1 SE Post T1 SE

Unenhanced Gadopiclenol 0.05 mmol/kg Gadobutrol 0.1 mmol/kg



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:

• 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 fi brosis 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 m2), or
•  Acute kidney injury.

• Screen patients for acute kidney injury and other conditions 
that may reduce renal function. For patients at risk for 
chronically reduced renal function (e.g. age > 60 years, 
hypertension, diabetes), estimate the glomerular fi ltration rate 
(GFR) through laboratory testing.

• For patients at highest risk for NSF, do not exceed the 
recommended VUEWAY dose and allow a suffi cient 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 fi brosis 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 

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 identifi ed in the bone, followed by other organs (brain, 
skin, kidney, liver and spleen). Minimize repetitive GBCA imaging studies, 
particularly closely spaced studies, when possible. 

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

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

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

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

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

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY, 
including BOXED WARNING on Nephrogenic Systemic Fibrosis.
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.
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Vueway™ 
(gadopiclenol) injection, for intravenous use

BRIEF SUMMARY: Please see package insert of 
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 m2) 
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 m2) 
and little, if any, for patients with chronic, mild kidney disease (GFR 60-89 mL/
min/1.73 m2). 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. 

•  Vueway 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 

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 
m2), or

• 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, diabetes), estimate the glomerular 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].

Bracco Diagnostics Inc.
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 Prescribing Information]. Extravasation 
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 Contraindications (4) and Warnings and Pre-

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.

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 
of birth defect, loss, or other adverse outcomes. In the U.S. general population, 
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 

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 
[153Gd]-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].
Injection Site Reactions Inform the patient that Vueway may cause reactions 
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].
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EDITORIAL

Introducing AJNR SCANtastic and the
AJNR Academy of Reviewers
Max Wintermark, MD
Editor-in-Chief, American Journal of Neuroradiology

In this age of rapid technological progress, our capacity to com-
municate and share information has undergone remarkable

transformation. The American Journal of Neuroradiology fully
embraces this digital revolution, recognizing the diverse commu-
nication needs and preferences of our audiences. It underscores
the importance of customizing our approaches to cater to these
distinct requirements.

In the upcoming months, our readers will witness a series of
initiatives designed to redefine how the AJNR engages with its au-
dience. Leading this charge is AJNR SCANtastic, spearheaded by
Dr Lea Alhilali, from Radiology Partners, Instagram, and the
Research Institute in Arizona. AJNR SCANtastic represents a
novel educational endeavor on social media, injecting a fresh per-
spective into the realm of neuroradiology research. Its mission is
to make the high-quality content of AJNR more accessible and
insightful, extending its impact to a broader readership and
amplifying the influence of neuroradiology research. The poten-
tial applications of AJNR SCANtastic are far-reaching, benefiting
trainees and patient education alike. We invite you to explore
AJNR SCANtastic on platforms such as X (Twitter), Facebook,
LinkedIn, and Instagram and help us spread the word!

In the dynamic landscape of academic publishing, peer review
serves as a cornerstone of quality assurance and knowledge dis-
semination. It is the mechanism through which scholarly work is
rigorously assessed and authors receive constructive feedback, fos-
tering a culture of continuous improvement and collaboration. To
bolster this essential process, the AJNR is proud to introduce its
Academy of Reviewers, a program led by Dr Mauricio Castillo,
Emeritus Editor, and Dr Alexandre Boutet, Editorial Fellow.

The AJNR Academy of Reviewers is an initiative aimed at ele-
vating the quality of the peer review process. It establishes a struc-
tured framework for reviewer training, mentorship, and ongoing
professional development. By providing rigorous training, guid-
ance, and best practices through the Academy, we anticipate a
significant enhancement in the quality of reviews, resulting in
more dependable peer assessment of academic work. The
Academy also serves to standardize review practices and ethical
standards, ensuring fairness and consistency in the peer review
process. Transparent and accountable reviews not only benefit
authors but also enhance the credibility and integrity of academic
publishing.

In an era marked by the swift flow of information and the
relentless expansion of academic content, both publishing and
peer review processes must adapt and progress. The ground-
breaking initiatives of AJNR SCANtastic and the AJNR Academy
of Reviewers offer the promise of cultivating a more resilient,
well-informed, and widely disseminated scholarly publishing
landscape. As these innovative concepts take hold, it becomes
paramount to nurture and sustain them to grow and develop our
neuroradiology community as a cohesive whole.http://dx.doi.org/10.3174/ajnr.A8043
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REVIEW ARTICLE

Monoclonal Antibodies: What the Diagnostic
Neuroradiologist Needs to Know

R. Alsufayan, C. Hess, and T. Krings

ABSTRACT

SUMMARY: Monoclonal antibodies have become increasingly popular as novel therapeutics against a variety of diseases due to
their specificity, affinity, and serum stability. Due to the nearly infinite repertoire of monoclonal antibodies, their therapeutic use is
rapidly expanding, revolutionizing disease course and management, and what is now considered experimental therapy may soon
become approved practice. Therefore, it is important for radiologists, neuroradiologists, and neurologists to be aware of these
drugs and their possible different imaging-related manifestations, including expected and adverse effects of these novel drugs.
Herein, we review the most commonly used monoclonal antibody–targeted therapeutic agents, their mechanism of action, clinical
applications, and major adverse events with a focus on neurologic and neurographic effects and discuss differential considerations,
to assist in the diagnosis of these conditions.

ABBREVIATIONS: Ab ¼ antibody; AE ¼ adverse event; Ag ¼ antigen; ARIA ¼ amyloid-related imaging abnormalities; CAA ¼ cerebral amyloid angiopathy;
CTLA-4 ¼ cytotoxic T-lymphocyte Ag 4; Fc ¼ constant fragment; IRAE ¼ immune-related AE; IRIS ¼ immune reconstitution inflammatory syndrome; mAb ¼
monoclonal antibody; NTZ ¼ natalizumab; PML ¼ progressive multifocal leukoencephalopathy; PRES ¼ posterior reversible encephalopathy syndrome; TNF ¼
tumor necrosis factor

Antibodies (Abs) are produced by B cells and share the same
basic structure, which is Y-shaped and allows Ab molecules

to carry out their dual functions: antigen (Ag) binding and bio-
logic activity mediation.

The base of the Ab is composed of a constant fragment (Fc),
which imparts the effector properties of the molecule in the
immune system, on its recognition by Fc receptors present on
various cell types that determine the actual biologic effect. The
opposing end is the variable fragment of the molecule that binds
to unique Ags, imparting the specificity of each Ab. Each B-cell
line produces Abs specific for 1 unique epitope, thus resulting in
monoclonal Ab (mAb) production. At times, multiple B cells
generate different Abs against multiple epitopes from different

regions of a full-length protein Ag. This feature allows immune
responses to a highly specific target to disable/eliminate the Ag
from the system, after which B cells remain in the bloodstream
ready to produce Abs when the Ag is encountered again.1

The method of producing various mAbs against a variety of
targets, ranging from cancer to autoimmune diseases, is similar.
The target Ag, or part thereof, is injected into a host animal,
mounting an immune response and creating a pool of B cells spe-
cific to that Ag. The B cells are then harvested and cultured with
myeloma cells, creating a hybridoma of a line of immortal mAb-
producing cells that can divide to generate more of the desired
mAbs. However, the Fcs of Abs produced in host animals are for-
eign to the human immune system, inducing a response that can
neutralize the treatment or even lead to an anaphylactic reaction.
Three options are available to overcome this hurdle: The mAbs
can be humanized through the use of transgenic mice that create
Abs with human Fcs. Products that use this method have names
that end in -zumab.1 A second approach is to split host-derived
mAbs and then combine the created variable fragment with
human Fc. The end products are chimeras and have names that
end in -ximab.1 A third approach is to create a fusion protein
composed of a human Fc and an Ag-specific receptor. These do
not resemble typical Abs but act in a similar manner and have
names that end in -cept.1 mAbs mediate their therapeutic effect
by targeting cells for death via Ab-induced apoptosis, Ab-
dependent cell cytotoxicity, or complement mediated cell lysis, or
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mAbs can physically block a receptor ligand interaction,1 with
the ultimate goal of targeting a specific cell population or mole-
cule relevant to disease pathogenesis.

Generally, only �0.1% of the circulating Abs enter the brain,
and they do so via either adsorptive-mediated endocytosis, car-
rier-mediated transport, or receptor-mediated transcytosis.2 This
process is discussed in greater detail in the Online Supplemental
Data.

Immunostimulating mAbs: Ipilimumab and Tremelimumab
Ipilimumab and tremelimumab are mAbs that selectively block
cytotoxic T-lymphocyte Ag 4 (CTLA-4), an immune-inhibitory
protein expressed on activated T cells, thereby enhancing the
immune response against tumors.3 In multiple trials, they have
shown high efficacy in the treatment of metastatic melanoma.3,4

They are currently under study for the treatment of various other
types of advanced malignancy, including metastatic renal cell car-
cinoma and prostate cancer.

The most common adverse events (AEs), affecting .10% of
patients, are diarrhea, rash, pruritus, fatigue, nausea or vomiting,
abdominal pain, insomnia, anorexia, hallucinations, and tempera-
ture intolerance.3,4 In addition, a novel spectrum of autoimmune-
inflammatory toxicities surfaced, the pathogenic mechanism of
which seems to be sustained by the positive modulation on the
immune system known as immune-related AEs (IRAEs).5 The
gastrointestinal tract, liver, skin, pituitary, and the musckuloskele-
tal system are most frequently involved, leading to colitis, hepati-
tis, dermatitis, hypophysitis, and arthritis. Rarer IRAEs include
uveitis, thyroiditis, primary adrenal insufficiency, polyneuritis,
Guillain-Barré syndrome, optic ischemic or peripheral neuropa-
thy, pneumonitis, pancreatitis, aseptic meningitis, nephritis, red
blood cell aplasia, myocarditis, myasthenia gravis, sarcoidosis, and

myositis. The frequency and severity of
IRAEs appear to be dose-dependent.6,7

Occasionally (�1%), deaths have occurred
as a result of colonic perforation.8

From a neurologic and neuroradio-
logic point of view, hypophysitis is the
most commonly encountered AE of
these drugs and is estimated to occur in
10%–18% of patients treated.9 MR imag-
ing features of hypophysitis are typically
characterized by diffuse enlargement of
the pituitary gland, with loss of normal
posterior pituitary signal intensity on the
precontrast T1WI and variable enlarge-
ment of the infundibulum. Enhancement
is typically uniform but can be heteroge-
neous (Fig 1).10

Symptoms are variable, such as fa-
tigue, insomnia, anorexia, hallucina-
tions, and temperature intolerance. The
laboratory findings may show a decline
in values of biomarkers of the affected
pituitary lobe, ie, thyroid-stimulating
hormone, cortisol, and sex hormones
compared with the normal ranges.

Several issues concerning anti-CTLA-4–induced hypophysitis
remain to be fully elucidated, including the higher prevalence in
males and the lower incidence in patients exposed to tremelimu-
mab compared with ipilimumab.11

Clinically, resolution of acute symptoms after discontinuation
of mAb treatment and steroid therapy is typically seen; if required,
hormone replacement therapies are initiated. It remains to be seen
how many patients will have persistent partial hypopituitarism or
panhypopituitarism requiring long-term hormone replacement.
Most important, the treatment of IRAEs with immunosuppressive
agents, such as corticosteroids, does not appear to affect the anti-
tumor response.6

The most important differential diagnosis is that of a new pi-
tuitary metastatic deposit; this can only be evaluated with time
with follow-up imaging after cessation of mAb treatment (Online
Supplemental Data). Other causes of hypophysitis unrelated to
anti-CTLA-4 mAbs may be considered, including polyglandular
autoimmune syndromes and immunoglobulin G–related sys-
temic disease, secondary hypophysitis due to local inflammation
of the pituitary as a reaction to sellar disease, or systemic diseases
(infectious or inflammatory disorders, eg, Wegener granulomato-
sis, sarcoidosis, tuberculosis, or syphilis).12,13

Immunosuppresive mAbs: Natalizumab
Natalizumab (NTZ) is a humanized monoclonal antibody directed
against the a4b 1 and a4b 7 integrins. It prevents inflammatory
cells from binding to cerebrovascular endothelial cells, thereby pre-
venting them from crossing the BBB,14 resulting in CNS immuno-
suppression. It is mainly used for relapsing-remitting MS but has
also proved efficacy in Crohn disease and ankylosing spondylitis.15

The overall incidence of AEs associated with NTZ is low.
However, 3 associated phenomena need to be kept in mind

FIG 1. Hypophysitis induced by anti-CTLA-4 mAbs. This 61-year-old woman with metastatic mela-
noma underwent adjuvant treatment with ipilimumab. A, Sagittal T1 fast-spoiled gradient recalled
image cut through the midline, postgadolinium, at initiation of treatment in the patient with a
normal-for-age pituitary gland. MR imaging 6months later (B–D) demonstrates a markedly thick-
ened, densely enhancing pituitary gland in keeping with ipilimumab-induced hypophysitis.

AJNR Am J Neuroradiol 44:1358–66 Dec 2023 www.ajnr.org 1359



because early recognition of their spectrum of clinical and imag-
ing findings is crucial to limit morbidity: The primary AE is pro-
gressive multifocal leukoencephalopathy (PML). Secondarily,
on clearance of NTZ, a PML-associated immune reconstitution
inflammatory syndrome (PML-IRIS) may occur, resulting in a
paradoxical worsening of symptoms. Third, on cessation of
NTZ, an exuberant rebound of MS may be observed.16

PML
The cause of PML is the neurotrophic polyoma JC virus. By caus-
ing lytic infection of brain oligodendrocytes and, to a lesser extent,
astrocytes, widespread CNS demyelination ensues. Clinical signs
and symptoms of PML vary. The most common symptoms in
PML are confusion, hemiparesis, incoordination, speech disturb-
ance, and visual problems.17

On MR imaging, PML presents with preferentially peripheral,
variably sized and shaped white matter T2/FLAIR hyperinten-
sities, classically involving subcortical U-fibers, which do not con-
form to cerebrovascular territories and do not enhance (Fig 2).
They are bilateral, with an asymmetric distribution, growing larger
and becoming confluent as the disease progresses, with no or only
mild mass effect. Involvement of the overlying cortex, while origi-
nally thought to be rare, has been increasingly reported.18,19

With time, lesions become increasingly hypointense on T1WI
as irreversible white matter destruction occurs, and they may
demonstrate a “microcyst” or “granular” pattern,20 which may
represent small areas of demyelination in the immediate vicinity
of infected oligodendrocytes.18 These will lead with time to pro-
gressive brain atrophy (Online Supplemental Data).

Superficial and deep gray matter involvement (more com-
monly the thalami) has been reported in conjunction with white
matter lesions in up to 5%–31% of patients.21 Posterior fossa

involvement is most commonly in the cerebellum and middle
cerebellar peduncles, but the brainstem can also be involved with
crescent-shaped lesions.22 The optic nerve and spinal cord are
spared, and hemorrhage is a rare finding of PML but has been
reported in patients with HIV taking NTZ.23,24

Enhancement in NTZ-associated PML may indicate a worse
prognosis and may be patchy, linear, nodular, or peripheral.25

The DWI and DTI appearance of PML lesions varies depend-
ing on the stage of the disease. Early on, when lesions are rela-
tively small, infected oligodendrocytes swell and die, resulting in
high signal on DWI.16 Fractional anisotropy values are reduced,
compatible with myelin injury. As the lesions enlarge, the signal
on DWI remains high within the periphery as new oligodendro-
cytes become infected.26 When lesions become quiescent, the rim
loses its DWI hyperintensity. In later phases of tissue destruction,
a relatively free diffusion of water within the irreversibly damaged
tissue is observed.9

A confirmed diagnosis of PML is based on histologic exami-
nation or CSF polymerase chain reaction.

Differential diagnoses of PML include other opportunistic viral
infections, including varicella zoster encephalomyelitis and herpes
simplex encephalitis and various bacterial and fungal infections.
Varicella zoster myelitis may demonstrate T2-hyperintense signal
and enhancement in the spinal cord,27 differentiating it from
PML. Herpes zoster encephalitis demonstrates rapidly progressive
cortical and subcortical T2 hyperintensity, swelling, and occa-
sional enhancement involving the limbic regions.28

MS relapse is presumably the most important differential for
new lesions. New MS lesions tend to be small, focal, and well-
delineated, favoring the periventricular and juxtacortical white
matter and are typically round or ovoid.20,21 MS lesions may
enhance homogeneously or peripherally, whereas PML generally

FIG 2. NTZ-induced PML. PML in a 52-year-old male patient with Crohn disease treated with NTZ. FLAIR (A and F), enhanced T1 (B and G), SWI
(C and H), DWI (D and I), and ADC maps (E and J) at ganglionic (A–E) and supraganglionic (F–J) levels demonstrate the typical imaging features of
PML with subcortical U-fiber involvement, lack of enhancement, and asymmetric involvement of the white matter.
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does not. MS lesions generally restrict diffusion only in the hyper-
acute phase (,1week).29 Both tumefactive demyelinating and
PML lesions demonstrate large areas of T2 hyperintensity and T1
hypointensity; however, mass effect is usually greater with the
former, and T1 hypointensity improves with time in tumefactive
lesions due to remyelination,30 while improvement does not
occur in PML.

Acute disseminated encephalomyelitis can appear similar to
PML, with large areas of T2 signal abnormality in the white mat-
ter and deep gray structures, with minimal enhancement and
variable mass effect.31

Posterior reversible encephalopathy syndrome (PRES) can
appear similar to PML on initial examination, but lesions tend to
be more symmetric than those in PML and predominantly
involve the posterior aspects of the brain, and lesions typically
resolve with treatment of the inciting etiology. In addition, PRES-
associated T2/FLAIR hyperintensities classically present with
facilitated diffusion.

The goal of treatment for NTZ-associated PML is the restora-
tion of immune function by rapid removal of the drug, typically
achieved with plasma exchange or immunoadsorption, to clear
the drug from the a4b 1 receptors.32

PML-IRIS
Once NTZ is cleared by plasma exchange, many (�70%)33

patients with prior PML will experience rapid progression of neu-
rologic symptoms, thought to be due to an exuberant immune
response to viral Ags resulting in inflammation-mediated damage
to infected and noninfected neuronal and glial tissue.

PML-IRIS may also occur following discontinuation of NTZ,
usually �90 days after the last dose, reflecting the longer time
necessary to clear the drug without plasma exchange.16

On imaging, pseudoprogression of the PML imaging abnor-
malities with active inflammation and new peripheral and open
rim enhancement is seen (Fig 3). Existing PML lesions may
increase in size or coalesce as more white matter becomes
involved, accompanied by increasing cerebral swelling and mass
effect. Contrast enhancement develops or increases (variable pat-
terns: patchy, punctate, irregular, and hazy, ill-defined).18 Across
time, T1 hypointensity increases, indicating irreversible white
matter damage with long-term atrophy of the overlying cortex
due to retrograde neuronal degeneration. The therapy for PML-
IRIS is high-dose corticosteroids.34

NTZ Rebound
Discontinuation of NTZ therapy may be necessary for a vari-
ety of reasons, including fear of contracting PML after long-
term usage, JC virus seroconversion, disease progression
despite treatment, pregnancy or the intention to become preg-
nant, Abs to NTZ, or allergy.35 In these patients, rebound of the
primary disease (MS) may be encountered in 22%, with an
unusually robust inflammatory response greater than a patient’s
typical relapse severity before starting NTZ therapy on MR
imaging.36

On MR imaging, the appearance of the rebound phenomenon
is new enhancing and/or nonenhancing lesions, and the number
of these lesions may be greater than in a typical relapse and can

FIG 3. PML-IRIS after cessation of NTZ treatment. PML-IRIS in the same patient as depicted in Fig 2 following cessation of NTZ. The condition
of the patient deteriorated clinically, prompting additional imaging that now demonstrates a “leading edge” of demyelination toward the white
matter, mild enhancement, and DWI hypersignal, in keeping with cellular infiltration.
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be quite severe. Development of enhancement at the margins of
old lesions has also been reported.37

Other immunosuppressive mAbs such as efalizumab, rituxi-
mab, brentuximab vedotin, alemtuzumab, and eculizumab share
with NTZ potential primary and secondary AEs and are dis-
cussed in greater detail in the Online Supplemental Data.

Amyloid-Segregating mAbs: Aducanumab
Aducanumab is a human mAb that selectively targets amyloid b

aggregates, including soluble oligomers and insoluble fibrils. It is
used in the treatment of mild cognitive impairment and mild
Alzheimer disease.38 Even with the FDA approval of this drug,
there is debate regarding its clinical efficacy in treating mild cog-
nitive impairment and Alzheimer disease, to a certain extent due
to the termination of the 2 pivotal Phase 3 clinical trials,
221AD301 Phase 3 Study of Aducanumab (BIIB037) in Early
Alzheimer’s Disease (ENGAGE) and 221AD302 Phase 3 Study of
Aducanumab (BIIB037) in Early Alzheimer’s Disease, following a
futility analysis.39 Despite the early termination of both trials,
both demonstrated a favorable treatment effect of aducanumab at
low doses, but they were discordant at the highest dose because
the ENGAGE trial showed no beneficial treatment outcome com-
pared with a placebo, while the EMERGE clinical trial showed a
decrease in the rate of cognitive and functional decline. When the
final 2 data sets were compared with their respective futility data
sets, an improved treatment effect was evident in both studies as
additional data were collected. The FDA cited EMERGE as hav-
ing “substantial evidence of effectiveness to support approval.”40

Nonetheless, at best, the treatment may
only slow cognitive and functional decline
—raising the question of what pathologies
drive continued functional decline as
amyloid burden diminishes.

There has been a high rate of imag-
ing-related abnormalities observed in
patients treated with Aducanumab. These
have been coined amyloid-related imag-
ing abnormalities (ARIA) and occurred
in .40% of individuals in the aducanu-
mab 10mg/kg group.39 Clinically, new
signs or symptoms suggestive of ARIA
were present in a large number of
patients, including headaches in 13%,
dizziness in 4%, confusion/altered men-
tal status in 5%, visual disturbance/eye
disorders in 2%, and nausea in 2%.39

In September 2022, the American
Journal of Neuroradiology published a
white paper on ARIA,41 focusing on
imaging abnormalities and how to
report these. In brief, the current hy-
pothesis of ARIA formation is based
on the assumption that amyloid depo-
sition in vessel walls (cerebral amyloid
angiopathy [CAA]) may result in loss
of vascular integrity and reduced peri-
vascular clearance and may be related

to spontaneously occurring microhemorrhages.42 When antia-
myloid mAb therapy is initiated, antibody-mediated breakdown
of amyloid plaque and mobilization of parenchymal and vascu-
lar Ab increase the load of perivascular drainage.43 This over-
load of the perivascular clearance pathways, ie, the glymphatic
system, transiently increases amyloid deposition in the arterial
wall, while at the same time, antibody-mediated inflammation
and breakdown of amyloid occur in the vessel wall, all causing
loss of vascular integrity and BBB breakdown.44 As a result, pro-
teinaceous fluid and/or red blood cells leak into the parenchyma
and/or leptomeningeal space, and this issue results in edema/
effusion (ARIA-E) or microhemorrhages/superficial siderosis
(ARIA-H). High-risk factors for ARIA are the following: 1) ini-
tial treatment period, 2) higher drug doses, 3) ApoE4 genotype
—with ApoE4 homozygotes having the highest risk,45 and 4)
pretreatment microhemorrhages most consistent with CAA, lo-
bar microhemorrhages, and superficial siderosis.46,47

ARIA-E
The E in ARIA-E stands for edema, effusion, and exudate that
may be present, either parenchymal, sulcal, or both. The imaging
appearance of parenchymal edema is similar to that of vasogenic
edema, ie, absent diffusion restriction, and is best depicted on T2
FLAIR (Fig 4). It occurs mainly in the white matter, with some
gray matter involvement. There may be associated local mass
effect and gyral swelling. When the leak occurs in the leptome-
ningeal space, the result is a sulcal effusion or exudate, appreci-
ated on T2 FLAIR sequences within the sulci/subpial spaces.48

FIG 4. ARIA-E on follow-up. T2-weighted FLAIR scans at baseline (A and D), after 7months of
aducanumab treatment (B and E), and on follow-up 2 months later (C and F) demonstrate, in this
81-year-old patient who remained clinically stable, new development of edematous changes in
the left occipital and parietal cortical and subcortical regions (arrows), which spontaneously
resolved, in keeping with ARIA-E.
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ARIA-E is most often found in dependent (posterior) brain
regions—in the following order: occipital, parietal, frontal, and
temporal lobes, and, least frequently, the cerebellum. Variable
lesion intensity and size ranging from single subtle to multifocal
and near-hemispheric46 generally have ill-defined margins and
infrequently have circumscribed margins.

ARIA-E is transient and typically persists on MR imaging for
about 4–12weeks, with self-limiting clinical symptoms lasting about
4weeks after interruption or discontinuation of antiamyloid therapy
and has even been reported to resolve under continued dosing.49

Differential diagnoses of ARIA-E include CAA, especially its
inflammatory subtype (CAA-RI), PRES, sarcoidosis, or neo-
plasms, for example, angiocentric lymphoma.

The similarity of ARIA-E to PRES and inflammatory CAA,
both on clinical presentation and MR imaging findings, is
thought to be related to a similar CNS vascular endothelial dys-
function.46 Differentiating these entities on the basis of imaging
alone may, therefore, be difficult, and obtaining the clinical his-
tory of treatment with mAbs is crucial in making the diagnosis.

ARIA-H
ARIA-H, particularly in the form of microhemorrhages, is com-
mon in untreated, older individuals, and increases in incidence
with age. Most cases of ARIA are asymptomatic, with the

incidence of symptomatic ARIA in the 10mg/kg group being
7.5%. Overall, the incidence of ARIA-H was lower than that of
ARIA-E, and ApoE4 carriage has an increased risk.39

The H in ARIA-H is hemorrhage, which includes microhemor-
rhages and superficial siderosis detected on heme-sensitive sequences,
ie, T2* gradient recalled-echo and SWI (Fig 5). Intraparenchymal
heme leakage results in microhemorrhages that are punctate and
rounded, with markedly hypointense foci on T2* sequences, meas-
uring,10 mm in diameter. A leak of heme products into the lepto-
meningeal or subpial space results in superficial siderosis, which
manifests as curvilinear hypointensity along the brain surface.

Lobar macrohemorrhage (focus of hemorrhage identifiable
on T1- or T2-weighted imaging, and usually .10 mm in diame-
ter on gradient recalled-echo) rarely occurs with antiamyloid
agents, and when it does, it may be the result of an underlying
disease process such as CAA.50 The location of the microbleeds
(superficial rather than deep), the type of bleeds (microbleeds as
well as siderosis), and their occurrence in conjunction with mAb
treatment will help the radiologist differentiate ARIA-H from
other causes of microbleeds such as hypertensive angiopathy.

Clinical management is based on patient symptomatology
and imaging criteria, with the radiologist playing a major role in
the evaluation of patients treated with these new drugs as out-
lined by the white paper of Cogswell et al41 and summarized in
the Online Supplemental Data.

In recent clinical trials, the incidence of ARIA was higher with
mAbs that bind the N- (aducanumab, bapineuzemab, ganteneru-
mab) versus C-terminal (ponezumab) and target aggregated-versus-
soluble (ponezumab) forms of amyloid b .41 Newer FDA-approved
mAbs such as lecanemab that target amyloid b soluble protofibrils
appear to have a lower risk of ARIA (approximately 12%).51

Tumor Necrosis Factor–Inhibiting mAbs: Adalimumab
Adalimumab is a human mAb that inhibits tumor necrosis fac-
tor-a (TNF-a) by binding to TNF-a and blocking its interaction
with surface TNF receptors, thus suppressing inflammation.52 It
is used to treat inflammatory conditions including rheumatoid
arthritis (RA), psoriasis, psoriatic arthritis, ankylosing spondylitis
(AS), inflammatory bowel diseases, juvenile idiopathic arthritis,
and hidradenitis suppurativa.52

A variety of immune-mediated AEs have been reported and may
manifest clinically as urticaria, psoriasis, lupus-like syndrome, and
diabetes mellitus type 1.53 In addition, numerous reports of neuro-
logic AEs, including new development or exacerbation of demyeli-
nating diseases, optic neuritis (Online Supplemental Data), chronic
inflammatory demyelinating polyneuropathy, mononeuritis multi-
plex, Guillain-Barré syndrome, and others have been published.54,55

The incidence of demyelinating disease in patients treated
with TNF-a inhibitors is estimated to be 0.02%–0.2% of patients
receiving this medication (Fig 6).56

The relationship between the occurrence of demyelinating
disease and TNF-a antagonists is poorly understood, though sev-
eral theories have been proposed. One hypothesis is that TNF-a
antagonists do not penetrate the BBB but peripherally prevent
the destruction of autoreactive T cells. Thus, by increasing the
number and activity of T cells, more will penetrate into the CNS

and increase the autoimmune responses. Another hypothesis

FIG 5. ARIA-H. In this 80-year old woman treated for amnestic mild
cognitive impairment with aducanumab, serial imaging demonstrates,
in the asymptomatic patient, new foci of blooming artifacts within
the left frontal sulcus compared with the baseline scan (A and B;
FLAIR and T2 gradient echo sequences). On follow-up 3months later
(C and D), note T2-weighted FLAIR hypersignal surrounding the left
superior frontal sulcus (arrow in C), where mild pial siderosis is seen
(arrow in D), in keeping with ARIA-H.

AJNR Am J Neuroradiol 44:1358–66 Dec 2023 www.ajnr.org 1363



states that the inability of TNF-a antagonists to enter the CNS

would prevent the inhibition of TNF-a-mediated demyelination
in MS. Third, as TNF-a antagonists decrease TNF-a levels sys-

temically but not within the CNS, this could cause an upregula-
tion of TNF-a expression in the CNS, further exacerbating

TNF-a-mediated demyelination. Fourth, TNF-a antagonists
may inhibit TNF-a-induced interleukin-10 and prostaglandin

E2 production, resulting in upregulation of IL-12 and IFN-g ,
which are associated with demyelinating disease processes. Fifth,

down-regulation of TNF receptor 2 may occur. These receptors are

necessary for the proliferation of oligodendrocytes and damage

repair. Finally, TNF-a antagonists may unmask a latent infection or

neurologic disease, inciting an autoimmune demyelinating process.56

Treatment requires discontinuation of mAb treatment, steroids, and,

in severe cases, immunosuppressive drugs.57

CONCLUSIONS
MAbs are currently and will in the future be increasingly used for the
management of a wide variety of diseases including neoplastic, autoim-
mune, and degenerative processes. Knowledge of the type of treatment

the patient is undergoing is as important
as understanding the potential pathologic
mechanism involved in the development
of imaging and neurologic sequelae.

While immunostimulating anti-
cancer mAbs such as ipilimumab can
lead to proinflammatory conditions
such as hypophysitis, immunosuppres-
sive drugs such as NTZ used in a vari-
ety of inflammatory conditions and
severe MS forms can lead to activation
of underlying opportunistic infections
(with associated treatment-related IRIS
and rebound phenomena). Amyloid-
segregating mAbs can lead to amyloid-
related imaging abnormalities in which
the radiologist plays an instrumental
role in patient management. The fourth
group of mAbs that is frequently associ-
ated with neurologic and neuroradiologic
findings is TNF-inhibiting mAbs that
cause a higher incidence of demyelinat-
ing abnormalities both in the central and
peripheral nervous system (Table).
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FIG 6. Demyelinating lesions after anti-TNF-a AE. This 36-year-old female patient with ankylos-
ing spondylitis was treated with adalimumab and had cognitive decline. MR imaging (A–D: T2
weighted FLAIR, E: DWI, F: Contrast enhanced T1) demonstrates multiple demyelinating plaques
with very subtle contrast enhancement (arrow, F).

Monoclonal antibody therapies and their use in neurologic diseases
Drug Target Mechanism of Action Condition Used Adverse Effects

Ipilimumab,
tremelimumab

CTLA-4 Anti-CTLA-4 selectively
blocking CTLA-4

Metastatic melanoma,
several types of
advanced malignancy

Immune-related AEs such
as hypophysitis, colitis,
uveitis, dermatitis, and
arthritis

Aducanumab Amyloid b aggregates,
including soluble
oligomers and
insoluble fibrils

Decrease CNS amyloid
burden

MCI and mild Alzheimer
disease

ARIA

Adalimumab TNF-a Blocks TNF-a interaction
with p55 and p75 cell
surface TNF receptors

RA, PsA, AS, IBD, JIA, and
HS

Neurologic AEs including
demyelinating
diseases, ON, CIDPN,
MNM, and GB

NTZ a4b 1 Integrin Blocks entry of T cells
into the CNS

Multiple sclerosis (RRMS) PML, PML-IRIS, NTZ
rebound

Note:—ON indicates optic neuritis; CIDPN, chronic inflammatory demyelinating polyneuropathy; MNN, mononeuritis multiplex; GB, Guillain-Barré syndrome; RRMS,
relapsing-remitting MS; AS, ankylosing spondylitis; MCI, mild cognitive impairment; RA, rheumatoid arthritis; PsA, psoriatic arthritis; IBD, inflammatory bowel diseases; JIA,
juvenile idiopathic arthritis, HS, hidradenitis suppurativa.
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Prevalence and Characteristics of Intracranial Aneurysms in
Hereditary Hemorrhagic Telangiectasia

How-Chung Cheng, Marie E. Faughnan, Karel G. terBrugge, Hon-Man Liu, Timo Krings, and
the Brain Vascular Malformation Consortium Hereditary Hemorrhagic Telangiectasia Investigator Group

ABSTRACT

BACKGROUND AND PURPOSE: The association between hereditary hemorrhagic telangiectasia and intracranial aneurysms remains
controversial. This study evaluated the prevalence and characteristics of intracranial aneurysms in patients with hereditary hemor-
rhagic telangiectasia with brain vascular malformations.

MATERIALS AND METHODS: Between 2007 and 2021, patients enrolled in the Brain Vascular Malformation Consortium with definite he-
reditary hemorrhagic telangiectasia, the presence of brain vascular malformations, and available angiographic studies of the brain were
retrospectively reviewed. Angiographic features of intracranial aneurysms and their relationship to coexisting brain vascular malformations
were analyzed. We also examined the association between baseline clinical features and the presence of intracranial aneurysms.

RESULTS: One hundred eighty patients were included. A total of 14 intracranial aneurysms were found in 9 (5%) patients, and 4 in-
tracranial aneurysms were considered flow-related aneurysms. Patients with intracranial aneurysms were significantly older than
patients without intracranial aneurysms (mean, 48.1 [SD, 18.2] years versus 33.5 [SD, 21.0] years; P¼ .042). If we excluded flow-related
intracranial aneurysms, the prevalence of intracranial aneurysms was 3.3%. All intracranial aneurysms were in the anterior circulation,
were unruptured, and had an average maximal diameter of 3.9 (SD, 1.5) mm. No intracranial aneurysms were found in pediatric
patients with hereditary hemorrhagic telangiectasia. No statistically significant correlation was observed among other baseline dem-
ographics, hereditary hemorrhagic telangiectasia features, and the presence of intracranial aneurysms.

CONCLUSIONS: The prevalence of intracranial aneurysms in this large cohort study is comparable with that in the general popula-
tion and might be increased slightly due to hemodynamic factors associated with shunting brain vascular malformations.

ABBREVIATIONS: HHT ¼ hereditary hemorrhagic telangiectasia; IA ¼ intracranial aneurysm; VM ¼ vascular malformation

Hereditary hemorrhagic telangiectasia (HHT) or Osler-Weber-
Rendu syndrome is an autosomal dominant disorder charac-

terized by mucocutaneous telangiectasias and vascular malforma-
tions (VMs) in organs, including the liver, gastrointestinal tract,

lungs, brain, and spinal cord.1,2 It is caused by mutations in one of
several genes involved in the transforming growth factor-b /bone
morphogenetic protein signaling pathway. Loss-of-function muta-
tions in HHT genes have been shown to impair endothelial cell
proliferation and migration during angiogenesis and vascular
remodeling.1,3,4 Approximately 96% of individuals with a definite
clinical diagnosis of HHT have a mutation in the endoglin (ENG)
gene or activin A receptor type II-like kinase 1 (ACVRL1) gene,5

and about 3% of patients have a mutation in the SMAD4 gene. The
diagnosis of HHT is made clinically using the Curaçao criteria,
which include spontaneous and recurrent nose bleeds, multiple
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mucocutaneous telangiectasias (of the lips, oral cavity, nose, or fin-
gers), visceral VMs (of the liver, lungs, or CNS), and a first-degree
relative with HHT. Patients are diagnosed with “definite HHT”
when 3 of these 4 criteria are met, whereas those who fulfill 2 crite-
ria are considered to have “possible HHT.”6 For asymptomatic
individuals from a family with known HHT, the International
HHT Guidelines recommend genetic testing for diagnosis.5

Patients with HHT present with a wide variety of cerebrovas-
cular diseases. Between 10% and 20% of patients have brain VMs,
classified in previous studies as pial AVFs, nidus-type AVMs, or
capillary vascular malformations.7–11 Other nonshunting vascular
lesions such as cavernous malformations, developmental venous
anomalies, and intracranial aneurysms (IAs) were also found in
patients with HHT.8,11,12

Although earlier studies reported the prevalence of IAs in the
HHT population,8,11,13,14 no studies have addressed the charac-
teristics of these aneurysms and their relationship to AVMs. The
present study aimed to determine the prevalence of IAs in the
HHT population, identify angiographic features of IAs, and
examine the correlation between IAs and brain VMs in patients
with HHT. Notably, a recent study found a strikingly high 14.5%
prevalence of IAs in an HHT cohort, contrary to previous stud-
ies.14 Current screening recommendations may need refinement
if this higher prevalence of IAs is confirmed in our data set.

MATERIALS AND METHODS
Study Population
We analyzed patient data from the HHT project of the Brain
Vascular Malformation Consortium. Patients with either a con-
firmed genetic diagnosis or a definite clinical diagnosis of HHT,
based on the presence of at least 3 of the Curaçao criteria,6 were
enrolled in the Brain Vascular Malformation ConsortiumHHT pro-
ject as previously reported.10,15 The Brain Vascular Malformation
Consortium HHT cohort aimed for a 25% recruitment target for
patients with brain VMs.15 From January 2007 to December 2021,
we included all recruited patients with brain VMs and available
angiographic studies (ie, CTA, MRA, and/or DSA). All patients pro-
vided written, informed consent. The study was approved by each
participating center’s institutional review board.

Data Collection
For each patient, we collected data including age at enrollment,
sex, clinical presentations, family history, and genetic testing
results (ENG, ACVRL1, SMAD4) when available. Radiologic data
included biplanar 6-vessel selective cerebral angiography, con-
trast-enhanced MRA or TOF-MRA using 1.5T or 3T scanners,
and CTA. All images were retrospectively reviewed by 2 of the
authors (H.-C.C. and T.K.) in consensus. Images were assessed
for the presence of IAs and shunting lesions such as AVMs and
AVFs, as classified in previous studies.10,16 The aneurysm loca-
tion, the number of aneurysms per patient, their geometric meas-
urements, and their relationship to the intracranial shunting
lesions were recorded. We measured aneurysm neck width,
dome-to-neck ratio, and aspect ratio on the PACS. Aneurysms
with a neck diameter of $4mm or a dome-to-neck ratio of ,2
were classified as wide-neck.17,18 A Spetzler-Martin grade was
calculated for each AVM when the patient had a concurrent IA.19

IAs were considered unrelated aneurysms when they presented
on vessels that were not AVM feeders, whereas those arising
from vessels contributing to perfusion of the nidus were termed
flow-related aneurysms.20 Flow-related aneurysms were further
classified as proximal when located at the circle of Willis up to
the primary bifurcation, while those more distally located were
considered distal.

Statistical Tests
We determined the prevalence of IAs by the number of patients
having at least 1 IA divided by the total number of included
patients with HHT. We tested for differences in age, sex, the pres-
ence of Curaçao criteria, and the presence of AVMs/AVFs between
patients with IAs and those without. Continuous variables were
compared using the Student t test, and categoric variables were
compared using the Fisher exact test. We considered P values, .05
as statistically significant. All analyses used SPSS (IBM).

RESULTS
One hundred eighty patients with HHT and brain VMs as well as
available angiographic studies were included in the study. The av-
erage age at enrollment was 34.2 (SD, 21.1) years, with 54 (30%)
subjects younger than 18 years of age. Female patients accounted
for 61.7% of the population. One hundred thirty-one patients
had positive findings on genetic testing: One hundred nine
(83.2%) had an ENG mutation, 21 (16.0%) had an ACVRL1
mutation, and 1 (0.7%) had a SMAD4 mutation. Basic demo-
graphics and clinical features of the study population are sum-
marized in Table 1.

Fourteen IAs were noted in 9 (5%) patients, and 3 (33%)
patients had multiple aneurysms. No pediatric patients with
HHT in this cohort had an IA. All IAs were unruptured and
were found in the anterior circulation, most commonly located
in the ICA (64%), followed by the anterior cerebral artery
(21%). The average neck size and maximal aneurysm diameter

Table 1: Basic demographics of 180 subjects with HHT and brain
VMs

Characteristic Summarya (%)
Age at enrollment (mean) (yr) 34.2 (SD, 21.1)
Women 111/180 (61.7%)
Curaçao criteria
Epistaxis 168/180 (93.3%)
Mucosal telangiectasias 141/180 (78.3%)
Pulmonary AVMs 91/180 (50.6%)
Liver VMs 14/180 (7.8%)
Gastrointestinal bleeding 9/180 (5.0%)
Affected first-degree relative 135/180 (75%)

Genetic mutation
ENG 109/131 (83.2%)
ACVRL1 21/131 (16.0%)
SMAD4 1/131 (0.7%)

DSA 116/180 (64.4%)
MRA 114/180 (63.3%)
CTA 5/180 (2.8%)
AVM 113/180 (62.8%)
AVF 16/180 (8.9%)
IAs 9/180 (5%)

a Summary is the number of observations with each value over the total available
numbers (and the percentage) or the mean (SD) for continuous variables.
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were 3.7 (SD, 1.3)mm and 3.9 (SD, 1.5) mm, respectively. The
average aspect ratio was 0.92 (SD, 0.30). All aneurysms had a
dome-to-neck ratio of,2. A representative example of IAs is
shown in Fig 1.

Of the 9 patients with IAs, 6 had nidus-type brain AVMs, 1
had an AVF, and 2 had a capillary vascular malformation. Ten
(71%) of the 14 IAs were considered unrelated to the VMs,
whereas 4 (29%) were considered flow-related aneurysms arising
from a feeding artery of a shunting VM. One patient with a right
frontal Spetzler-Martin grade III AVM and a nidus size of 4 cm
had 1 aneurysm on each of the ICAs (Fig 2). Another patient
with a left frontal AVF and a large venous pouch had an aneu-
rysm on the ipsilateral anterior cerebral artery. The last patient

had 2 Spetzler-Martin grade I AVMs in the same hemisphere as
the aneurysm. The characteristics of IAs and angiographic fea-
tures are summarized in the Online Supplemental Data. Patients
with IAs were significantly older compared with patients without
IAs (mean, 48.1 [SD, 18.2] years versus 33.5 1 [SD, 21.0] years;
P¼ .042). No statistically significant association was found
between patients with or without IAs regarding sex, the presence
of the Curaçao criteria, or the presence of concurrent shunting
brain VMs (AVMs and/or AVFs) (Table 2).

DISCUSSION
The association between HHT and IAs remains controversial. In
a report on neurovascular manifestations of patients with HHT,

Brinjikji et al11 demonstrated a 2.1%.
prevalence of IAs. Woodall et al8 eval-
uated 230 patients with HHT and
found a 2.4% prevalence of IAs. Ring et
al13 looked for arterial aneurysms in all
locations in an HHT cohort and
reported a 4.3% IA prevalence. A very
recent study from Perez Akly et al14

found 33 (14.5%) patients with HHTs
with IAs, .3-fold higher than the
prevalence rate of 3.2% in the general
population,21 thus potentially changing
the clinical practice regarding active
screening for IAs in patients with HHT.
This remarkable discrepancy and the
potential impact of encountering a high
prevalence of IAs in patients with HHT
prompted the present study.

We report a prevalence of IAs of 5%
in this largest series of patients with
HHT with brain VMs. In the subgroup
of patients not having flow-related IAs,
the prevalence of IAs was 3.3%, very
similar to that of the general population.
Although we included specifically
patients with HHT with brain VMs, our
observation is in line with the reported
prevalences by Brinjikji et al,11 Woodall
et al,8 and Ring et al.13 In addition, our
study cohort shares similar prevalences

of epistaxis,8,11,14 mucosal telangiectasias,1,11,22 and pulmonary
AVMs1,11,23,24 with previous reports, and, therefore, is likely gener-
alizable to unselected patients with HHT. Because children can de-
velop complications of HHT,25 we believe that it is necessary to
include the pediatric population in this epidemiologic study to bet-
ter understand the prevalence and natural history of IAs and, more
important, to determine whether HHT is associated with an
increased risk of IAs. Moreover, we are convinced that by includ-
ing all patients with available angiographic studies of all types (ie,
CTA, MRA, and/or DSA), our observed prevalence of IAs more
accurately reflects the prevalence of IAs in the HHT population.
According to our findings and those of the latter 3 studies,8,11,13

the prevalence of IAs in HHT is similar to that in the general

FIG 1. Representative images of a patient with HHT with an IA unre-
lated to AVMs. A, MRA demonstrates an ophthalmic segment aneu-
rysm of the right ICA (arrowhead) projecting medially. B, 3D
reconstruction of a DSA shows a bilobed, wide-neck, right ophthal-
mic segment aneurysm of the right ICA (arrow).

FIG 2. Representative images of a patient with HHT with flow-related cerebral aneurysms. T1
contrast-enhanced MR images demonstrate a Spetzler-Martin grade III right frontal AVM with a
nidus size of 4 cm (A, asterisk) and venous varices (B, arrowhead), supplied by several dilated arte-
rial feeders from the right anterior cerebral arteries (B, arrow) and the right middle cerebral
arteries (C, arrow). MRA demonstrates a clinoid segment aneurysm of the right ICA (D, arrow-
head) and another aneurysm arising from the ophthalmic segment of the left ICA (E, arrowhead).
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population, with a small additional prevalence of IAs in patients
with HHT with coexisting shunting brain VMs.

This observation is in keeping with pathogenetic concepts of
HHT in several ways. First, it is postulated that in HHT, the tar-
gets of the dysfunction are the venules instead of the arteries.16

Early histopathologic studies demonstrated that the clinically de-
tectable lesions of HHT start with focal dilation of postcapillary
venules, which enlarge and connect with arterioles, eventually
forming direct arteriovenous shuntings as capillaries disap-
pear.1,26 More recent animal studies also suggest that the ENG/
ACVRL1 signaling pathway mediates the endothelial cell shear
stress response and is essential for flow-induced endothelial cell
migration against the direction of blood flow, starting from grow-
ing veins, ie, flow-migration coupling. Loss of ENG or ACVRL1
expression in venous and capillary endothelial cells is sufficient to
cause AVMs as a result of impaired flow-migration coupling,
whereas ENG or ACVRL1 deletion in arterial endothelial cells
does not lead to AVM formation.4,27-30 Histopathologically,
HHT is unlikely to be associated with a higher prevalence of IAs.
Second, although several reports have associated the interruption
of the transforming growth factor-b signaling pathway with a
higher prevalence of visceral aneurysms in patients with HHT
due to its important role in extracellular matrix remodeling,13,31

there is no genetic evidence to support applying the same hypoth-
esis to IAs. ENG, one of the most commonly found mutated
genes in patients with HHT, has repeatedly been reported to have
no association with IAs.32,33

In a study about sequencing transforming growth factor-b
pathway genes in familial IA cases, Santiago-Sim et al34 demon-
strated that mutations in transforming growth factor-b receptor
genes are not a major cause of IAs. Furthermore, a recently pub-
lished genome-wide association study also demonstrated no evi-
dence of polygenic overlap between other aortic aneurysms and
IAs,35 while another meta-analysis of genome-wide association
study on genetic risk factors for IAs found no linkage between
transforming growth factor-b -related genes and the develop-
ment of IAs.36 Finally, unlike some other clinical features of HHT
that become apparent in early childhood and evolve, no IAs were
found in the pediatric population of our cohort. In addition, the
mean age of patients with IAs in this study was 48 years, compa-
rable with the mean age of 47–55 years described in non-HHT
populations with IAs.37,38 If IAs and VMs share the same

pathogenesis, there would presumably
be more evidence of IAs in younger
patients with HHT.

IAs in this study were most com-
monly found in the ICA and were small
with a mean maximal diameter of
3.9mm. Similar to findings in the pre-
vious studies,8,11,14 no patients in this
cohort presented with SAH, which may
hint at a benign nature of IAs in HHT.
Although there were a few case reports
describing ruptured IAs in patients
with HHT,39,40 most were flow-related
aneurysms associated with a shunting
brain VM.

In this study, we found no association between IAs and shunt-
ing brain VMs. Because approximately 71% of included patients
with HHT had at least 1 shunting brain VM, it is possible that we
could not detect any significant difference in brain VM preva-
lence between patients with and without IAs, given this high
prevalence of brain VMs in our cohort. Notably, merely 29% of
the IAs in this study were related to the shunting brain VMs, and
only 2% of the AVMs were found to have flow-related aneur-
ysms, as opposed to 18% described previously by a meta-analysis
on the natural history of brain AVMs and concurrent IAs in the
non-HHT population.41 One possible explanation is thart most
of the AVMs found in patients with HHT are ,3 cm;10,11,42

therefore, the hemodynamic factors related to the shunting in the
AVM nidus, such as higher shear stress on the vessel wall, are less
prominent among patients with HHT.

In conclusion, the prevalence of IAs in patients with HHT
with brain VMs is similar to that in the general population. In
addition, we observed that IAs in patients with HHTs are seen in
adults, but not children, and they are typically small with a low
likelihood of hemorrhagic presentation. Thus, our observations
do not support a recommendation for routine screening of
patients with HHT specifically for IAs.

This study has limitations. First, it has some inherent selection
bias because we included only patients with brain VMs. Although
the genetic linkage between IAs and brain VMs, if any, remains
undetermined, the prevalence of IAs in our study was in line with
that reported in the literature. Second, genetic information was
not available for one-third of the included individuals; therefore,
there was an insufficient sample size to assess the association
between IAs and genes mutated. Also, our study cohort included
few patients with ACVRL1 or SMAD4 mutations, unsurprisingly,
given the known association between brain VMs and ENGmuta-
tion, among patients with HHT. Additional studies will be
required to clarify the association between these genes and IAs.
Finally, the limited sample size of IAs may reduce the power of
the study to detect statistically significant correlations such as the
association between IAs and shunting brain VMs, but there was
no evidence of even a trend association.

CONCLUSIONS
From this large cohort of patients with HHT and brain VMs, we
demonstrate that the prevalence of IAs in HHT is similar to that

Table 2: Bivariate analysis between baseline demographics and IAs

Outcome
Patients with IAs

(n= 9)
Patients without IAs

(n =171) P Value
Age (mean) (yr) 48.1 (SD, 18.2) 33.5 (SD, 21.0) .042
Women 7/9 (77.8%) 104/171 (60.8%) .486
Curaçao criteria
Epistaxis 9/9 (100%) 159/171 (93.0%) 1.000
Telangiectasias 8/9 (88.9%) 133/171 (77.8%) .687
Pulmonary AVMs 6/9 (66.7%) 85/171 (49.7%) .497
Liver VMs 2/9 (22.2%) 12/171 (7.0%) .148
Gastrointestinal bleeding 0/9 (0%) 9/171 (5%) 1.000
Affected first-degree relative 5/9 (55.6%) 130/171 (76.0%) .230
AVM 6/9 (66.7%) 107/171 (62.6%) 1.000
AVF 1/9 (11.1%) 15/171 (8.8%) .576
AVM or AVF 7/9 (77.8%) 122/171 (71.3%) 1.000
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of the general population and is not clearly associated with the
presence of shunting brain VMs. Further studies are required to
explore the mechanistic linkage between HHT and IA formation
and the natural history of IAs in the HHT population.
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Predicting Antiseizure Medication Treatment in Children
with Rare Tuberous Sclerosis Complex–Related Epilepsy

Using Deep Learning
Haifeng Wang, Zhanqi Hu, Dian Jiang, Rongbo Lin, Cailei Zhao, Xia Zhao, Yihang Zhou, Yanjie Zhu,

Hongwu Zeng, Dong Liang, Jianxiang Liao, and Zhicheng Li

ABSTRACT

BACKGROUND AND PURPOSE: Tuberous sclerosis complex disease is a rare, multisystem genetic disease, but appropriate drug
treatment allows many pediatric patients to have positive outcomes. The purpose of this study was to predict the effectiveness
of antiseizure medication treatment in children with tuberous sclerosis complex–related epilepsy.

MATERIALS AND METHODS: We conducted a retrospective study involving 300 children with tuberous sclerosis complex–related
epilepsy. The study included the analysis of clinical data and T2WI and FLAIR images. The clinical data consisted of sex, age of
onset, age at imaging, infantile spasms, and antiseizure medication numbers. To forecast antiseizure medication treatment, we
developed a multitechnique deep learning method called WAE-Net. This method used multicontrast MR imaging and clinical data.
The T2WI and FLAIR images were combined as FLAIR3 to enhance the contrast between tuberous sclerosis complex lesions and
normal brain tissues. We trained a clinical data-based model using a fully connected network with the above-mentioned variables.
After that, a weighted-average ensemble network built from the ResNet3D architecture was created as the final model.

RESULTS: The experiments had shown that age of onset, age at imaging, infantile spasms, and antiseizure medication numbers were
significantly different between the 2 drug-treatment outcomes (P, .05). The hybrid technique of FLAIR3 could accurately localize
tuberous sclerosis complex lesions, and the proposed method achieved the best performance (area under the curve ¼ 0.908 and
accuracy of 0.847) in the testing cohort among the compared methods.

CONCLUSIONS: The proposed method could predict antiseizure medication treatment of children with rare tuberous sclerosis
complex–related epilepsy and could be a strong baseline for future studies.

ABBREVIATIONS: ACC ¼ accuracy; ASM ¼ antiseizure medication; AUC ¼ area under the curve; CNN ¼ convolutional neural network; DCA ¼ decision
curve analysis; FCNN ¼ fully connected neural network; FN ¼ false-negative; FP ¼ false-positive; ReLU ¼ rectified linear unit; ROC ¼ receiver operating charac-
teristic; SEN ¼ sensitivity; SPE ¼ specificity; TN ¼ true-negative; TP ¼ true-positive; TSC ¼ tuberous sclerosis complex; WAE ¼ weighted-average ensemble

Tuberous sclerosis complex (TSC) is a rare genetic disease
that affects multiple organs and is caused by mutations in

the TSC1 or TSC2 genes.1-3 Its incidence is estimated to be 1
in 6000 live births,3,4 and it is commonly associated with seiz-
ures and related neuropsychiatric disorders.5 Epilepsy is the
most prevalent symptom in pediatric patients with TSC,6,7

affecting approximately 85% of them.2,8 The primary objective
of epilepsy treatment in these patients is to control seizures
and enhance their quality of life.3 However,.50% of pediatric
patients with TSC develop drug resistance to antiseizure med-
ication (ASM),9-11 and identifying this resistance can be a
time-consuming process.12 Therefore, investigating predictive
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biomarkers of drug-treatment outcomes for pediatric patients
with epilepsy is an urgent need.

Currently, MR imaging provides excellent tissue contrast,
which is a technique used routinely to diagnose TSC disease.13

Radiologists have difficulty distinguishing patients with pediatric
refractory (resistant seizure) disease from those with seizure-con-
trolled disease because these patients may have similar appearan-
ces in MR imaging. Recent artificial intelligence tools have been
used to help radiologists assess the cortical tubers in rare pediatric
TSC disease, including from MR images.14 Deep learning has
promoted the progress of 3D volumetric classification.15-17

Previous studies have shown the ability of deep convolutional
neural network (CNN) models to classify lung cancer and bone
lesions on MR imaging with high accuracy.18,19 In addition, sev-
eral studies have begun to combine images of multicontrast MR
imaging, by using the complementary visual information from
the multicontrast MR imaging to improve the performance of the
classification.20,21 However, these studies required many images
to train the CNNs, which were challenging to obtain in rare dis-
orders like pediatric TSC disease. Until now, few studies have
used deep learning methods to predict outcomes of drug treat-
ment for epilepsy in rare pediatric TSC disease.

Because the quantity of patients with rare pediatric TSC is
limited, some studies have only used some machine learning
techniques for the prediction of epilepsy drug-treatment out-
comes. For example, An et al22 predicted patients with drug-
resistant epilepsy at the time of the first ASM prescription and
achieved an area under curve (AUC) of 0.764 with random for-
ests. However, their work mainly focused on patients with general
epilepsy instead of pediatric patients with rare TSC. Recently,
lesion location and type of information features of MR imaging
have been identified to predict epilepsy drug-treatment outcomes
in rare pediatric TSC disease with multilayer perceptron and
achieved an AUC of 0.812.12 However, the features of MR imaging
were also typically extracted manually, possibly introducing errors,
and the description of these features was usually qualitative, subjec-
tive, and nonspecific. With current state-of-the-art machine learn-
ing methods, it may be possible to achieve better performance in
automated drug-treatment outcome prediction through analysis of
advanced imaging. Until now, there are not any state-of-the-art
machine learning methods that can achieve an AUC of approxi-
mately 0.90 to predict epilepsy drug-treatment outcomes in rare
pediatric TSC applications. In this study, we aimed to develop a
deep learning method for predicting the outcomes of epilepsy drug
treatment in children with the rare TSC disease.

MATERIALS AND METHODS
Network Architectures of Imaging Data
Deep learning, especially CNNs, has been widely used in medical
image processing.23-25 Among the different variants of CNNs, 2D
Residual Network (ResNet: https://keras.io/api/applications/
resnet/) has shown remarkable performance in image classifica-
tion.26 It is composed of residual blocks that are substantially
deeper. In addition, the residual networks are easier to optimize
and can gain accuracy from significantly increased depth.
Additionally, although most imaging studies have used 2D CNNs
as their model architecture, some studies have proposed 3D

CNNs that can fully use the spatial features of MR imaging and
achieve better performance.27-29

Therefore, we have constructed a 3D CNN architecture based
on the idea of ResNet,26 which is a more developed model based
on 2D-ResNet. The MR image–based models were the 3D version
of the network modified on 2D-ResNet. ResNet3D models
(https://paperswithcode.com/lib/torchvision/resnet-3d) were used
for feature-extraction from imaging data. The ResNet3D classify-
ing layer was replaced with an average pooling layer and a fully
connected layer to perform the binary classification task. The
neural network structure of ResNet3D is shown in Fig 1.

Network Architectures of Clinical Data
A fully connected neural network (FCNN) using clinical variables
was separately developed for the classification task as in Table 1.
FCNN consists of a series of fully connected layers of 1024, 512,
128, 64, 32, and 16 nodes with an interposing rectified linear unit
(ReLU) activation and batch normalization layers. A final classifi-
cation layer with a single node was used to perform the binary
classification task of clinical variables.

Synthesis of T2WI and FLAIR
Cortical tubers and subcortical nodules are major brain manifesta-
tions of rare pediatric TSC disease. Improving the conspicuity of
cortical tubers and subcortical nodules is very important for clinical
radiologists to diagnose rare pediatric TSC disease.30 T2WI provides
higher lesion and brain contrast. However, there is a strong CSF sig-
nal in T2WI, which interferes with visualization of periventricular
lesions. FLAIR images can suppress CSF. However, the lesion-brain
contrast in FLAIR is not clear enough. No single sequence can gener-
ate all of the desired tissue-contrast features in 1 image due to the
necessary trade-offs in the choice of MR imaging pulse sequence pa-
rameters. Recent work has shown that combining T2WI and FLAIR
images can enhance the detection of MS lesions.31,32 However, meth-
ods to optimize combining T2WI and FLAIR in rare pediatric TSC
disease have not been reported so far. Therefore, inspired by
Wiggermann et al31 and Gabr et al,32 we propose to use FLAIR3 as a
new synthetic technique to optimally combine T2WI and FLAIR in
rare pediatric TSC disease as in the following equation,32

FLAIR3 ¼ FLAIR1:55 � T2WI1:45:Equation 1

This formula is used to balance the lesion and brain tissue
contrast between T2WI and FLAIR images. Lesion-brain contrast
levels were different in T2WI and FLAIR images, even at the
same TE. Unlike T2WI, FLAIR introduces modest T1-weighting,
which counteracts the effect of prolonged relaxation of T2 in the
lesion, thereby reducing the lesion-to-brain contrast. In addition,
only FLAIR produces CSF-nulled images. Therefore, combining
the 2 images with optimized weights may yield the best lesion-to-
brain contrast in patients with rare pediatric TSC.

Late Fusion Strategies
Recently, several studies33-35 reported that the late fusion model
can most effectively grasp the data distribution and ultimately
yielded the best prediction performances. Inspired from Eweje
et al18and Jonsson et al,20 we developed a late fusion model to
combine multiple sequences of MR imaging for a feature
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extractor. Then, clinical data were fed into an FCNN. The late
fusion model used prediction scores from the T2WI, FLAIR,
FLAIR3, and clinical models as input and output a final classifica-
tion by a simple and effective weighted-average ensemble
(WAE) method as follows,

WAE ¼ W1 � T2WI þ W2 � FLAIR

þW3 � FLAIR3þ W4 � Clinical;Equation 2

where W1 1 W2 1 W3 1 W4 ¼ 1. T2WI, FLAIR, FLAIR3 and
Clinical represent the prediction scores of 3 input images and
clinical data. WAE represents the output prediction scores W1,
W2, W3, and W4 are the weights of the prediction scores of the 4

input. The above multi-technique deep learning method is called
as WAE-net, as shown in Fig 1.

For the pediatric TSC classification tasks with 1 single input
image technique, 3D-ResNet34 architectures were applied. For
the pediatric TSC classification tasks with 1 single-input clinical
datum, FCNN architectures were applied. When WAE-net was
used, 3 sequences of T2WI, FLAIR, FLAIR3 images, and clinical
data were used as input. The late fusion model used prediction
scores from the T2WI, FLAIR, FLAIR3, and the clinical model as
input and output a final classification by a simple and effective
weighted-average method. In our experiments, W1, W2, W3 and
W4, which were the weights of the prediction scores of the 4
inputs, are the same.

Participant Data
In this study, all pediatric patients came from Shenzhen Children’s
Hospital between January 2013 and September 2021, diagnosed
with rare TSC-related epilepsy. Three hundred pediatric patients
with ASM treatment for at least 1 year were enrolled in the retro-
spective study. Written informed consent was obtained from all
subjects before the study, and the protocols and study were
approved by the institutional review board of the Shenzhen
Children’s Hospital. Written informed consent was obtained from
patients with rare TSC and/or their parents. All MR imaging scans
included FLAIR images and T2WI before ASM treatment.

FIG 1. The net schematic of the proposedWAE-net method. A, Schematic of our proposedWAE-net pipeline. The ResNet3D took T2-weighted,
FLAIR, and FLAIR3 images as input and output prediction scores, respectively. A FCNN model accepted age, sex, and TSC symptom variables as
input and output a prediction score. A WAE-net used prediction scores from the T2-weighted, FLAIR, FLAIR3, and clinical models as input and
output a final classification by a simple and effective direct weighted-averaging method. B, Network structure of ResNet3D. FC indicates fully
connected layer; conv3d, 3D convolution.

Table 1: Network structure of FCNN using 1-dimensional clinical
variables
Layer Name Output Dims
Input layer (1,4)
FC1 1024
FC2 512
FC3 128
FC4 64
FC5 32
FC6 16

Output layer 1

Note:—FC indicates fully connected layer; Dims, dimensions.
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Otherwise, drug-treatment outcomes were defined according
to the 1981 International League Against Epilepsy classification,36

which were recorded as a controlled group or an uncontrolled
group. Pediatric patients were considered as the controlled group
if they did not have clinical seizures for at least 1 year. Uncontrolled
pediatric patients (refractory patients) had at least 1 seizure in the
past year. Figure 2 shows the inclusion criteria.

Imaging Data
Binary classification models were trained to distinguish pediatric
uncontrolled seizures from controlled seizures on T2-weighted,
FLAIR, and FLAIR3 images. Five-fold cross-validation was used
to evaluate the models. Using the ResNet3D architecture,37 mod-
els were trained with a learning rate of 0.001, batch size of 4 for
100 epochs, Adam optimization (https://www.researchgate.net/
publication/352497171_Adam_Optimization_Algorithm), and the
loss function of focal loss. The area under the receiver operating
characteristic (ROC) of cross-validation (AUC) as the metric for
model evaluation, while preserving the model, achieved the best level
of AUC during training. After training, we used the parameters of all
5 models, which originated from 5-fold cross-validation, to test. The
prediction score of each pediatric patient was determined by the av-
erage of the prediction scores of the 5 models from 5-fold cross-vali-
dation. Figure 3B shows the training and evaluation scheme.

Pediatric data were randomly split into a training and validation
data set (n¼ 240) and an independent test data set (n¼ 60). We
trained all the models using an NVIDIA RTX A6000 GPU card
(https://www.techpowerup.com/gpu-specs/rtx-a6000.c3686). Training,
validation, and test of models were implemented with Python
(Version 3.8.10) and PyTorch (Version 1.9.0) environments.

T2WI was registered into the FLAIR space using the FMRIB
Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk/
fslwiki/FLIRT) of FSL, which used mutual information as the cost
function.38 In neuroimaging studies, most lesions were located in the
brain tissue. Therefore, we first used the deep learning tool HD-bet
(https://bio.tools/HD-BET#!)39 to dissect the skull inMR imaging.

The 3D MR images were resized to 128, 128, 128, and the
image intensity was then normalized to the range between 0 and
1, using Equation 2 as follows,

NormalizdðxÞ ¼ x�MinðxÞ
MaxðxÞ–MinðxÞ ;Equation 3

where Max(x) and Min(x) are the maximum and minimum of the
brain-extracted MR images and Normalized(x) is the normalized
MR images. Finally, T2WI and FLAIR were combined into FLAIR3.
Figure 3A shows the schematic of the data-preprocessing pipeline.

Clinical Data
The FCNNmodel for clinical feature-based classification was also
trained with a learning rate of 0.001, batch size of 4 for 100
epochs, Adam optimization, and the loss function of focal loss.
Five-fold cross-validation was used to evaluate the models. The
clinical features with statistical significance (P, .05) were
selected as the final feature input of the FCNNmodel.

Evaluation Model
Here, AUC, accuracy (ACC), sensitivity (SEN), and specificity (SPE)
were calculated to assess the classification performance for eachmodel
in each cohort. These metrics are defined in terms of true-positive
(TP), which is the total number of positive classifications that are cor-
rect; true-negative (TN), which is the total number of negative classifi-
cations that are correct; false-positive (FP), which is the total number
of positive classifications that are incorrect, and false-negative (FN)
which is the total number of negative classifications that are incorrect.
ACC, SEN, and SPE are calculated by using the following equations:

ACC: The percentage of the whole sample that is correctly
classified.

ACC ¼ TPþ TN
TPþ TN þ FPþ FN

:Equation 4

SEN: The percentage of the total sample that is true that is
correctly classified.

SEN ¼ TP
TPþ FN

:Equation 5

SPE: The percentage of the total sample that is negative and
correctly classified.

SPE ¼ TN
TN þ FP

:Equation 6

Statistical Analysis
Here, we used frequencies and percentages for categoric variables
and mean (SD) for continuous variables. To compare pairs of
groups, we used F-tests for continuous variables and x 2 tests for
categoric variables. P, .05 was defined as significant. All statistical

FIG 2. Study inclusion criteria. Flow chart details the identification of
the study cohort. ILAE indicates International League Against Epilepsy.
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analyses were performed using scikit-
learn (https://scikit-learn.org/stable/index.
html), scipy (https://scipy.org/), and
stats (https://pypi.org/project/statsmodels/)
models in Python 3.8.10.

RESULTS
Patient Characteristics
The main patient characteristics of all
300 patients with rare pediatric TSC-
related disease are listed in Table 2. Of

FIG 3. The applied operations of preprocessing pipeline, training, and evaluation. Schematic of the data preprocessing pipeline (A) and training
and evaluation scheme (B). Five models were trained for each technique and used to predict drug-treatment outcome individually. The 5 predic-
tions were averaged to give the final prediction of the model performances.

Table 2: The clinical characteristics of pediatric patients with rare TSCa

Characteristics Controlled (n= 97) Uncontrolled (n= 203) P Value
Male (No.) (%) 56 (57.7%) 107 (52.7%) .416
Age at onset (mean) (months) 30.44 (SD, 33.17) 17.35 (SD, 26.22) ,.001b

Age at imaging (mean) (months) 57.01 (SD, 45.18) 36.27 (SD, 40.37) ,.001b

Infantile spasms (No.) (%) 21 (21.6%) 93 (45.8%) ,.001b

Epilepsy (No.) (%) 97 (100.0%) 203 (100.0%)
ASM numbers ($3), n (%) 42 (43.3%) 171 (84.2%) ,.001b

Focal epilepsy (No.) (%) 75 (77.3%) 16 5 (81.3%) .424

Note:—Controlled indicates controlled seizures; Uncontrolled, uncontrolled seizures.
a P values of continuous variables are the results of F-tests, and P values of categoric variables are the results
of x 2 tests.
b The statistical significance between the groups.
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the 300 enrolled patients, 97 (41.1%) were controlled and 203
(58.9%) were uncontrolled by drug treatment. Thirty-one (41.3%)
and 8 (40.0%) patients had controlled seizures, while 44 (58.7%) and
12 (60.0%) patients had uncontrolled seizures in the training and
test cohorts, respectively. Of the 300 patients with TSC, 56 (57.7%)
were male in the controlled seizures group and 107 (52.7%) were
male in the uncontrolled group. The ages at onset in children with
rare TSC were 30.44 (SD, 33.17)months and 17.35 (SD, 26.22)
months in the controlled and uncontrolled groups, respectively.
The ages at imaging of the children with TSC were 57.01 (SD,
45.18) months and 36.27 (SD, 40.37)months in the controlled and
uncontrolled groups, respectively. There were no significant differ-
ences between the 2 drug-treatment outcomes based on sex and
focal epilepsy features (P. .05). Age of onset, age at imaging, in-
fantile spasms, and ASM numbers were significantly different
between the 2 drug-treatment outcomes (P, .05).

Boxplots for age of onset and age at imaging and stacked bar-
plots for infantile spasms and ASM numbers are shown in Fig 4.
From the figure, we can see that the number of patients with

infantile spasms in the uncontrolled group was much larger than
that in the controlled group. The number of pediatric patients
with ASM numbers of 3 in the uncontrolled group was much
higher than that in the controlled group.

Synthetic FLAIR3
Figure 5 shows FLAIR, T2WI, and synthetic FLAIR3 images in a
representative child with rare TSC in the controlled group and a
child with rare TSC in the uncontrolled group and a healthy
child. Note the improved lesion contrast and visibility of the
lesions on the synthetic FLAIR3 images of the child with rare
TSC. The TSC lesion is shown by the white arrow.

Model Performance
The performance results compared with other networks on FLAIR
is shown in Table 3. When the network inputs are FLAIR,
ResNet3D achieved the best AUC performance. Performance of
the final T2-weighted, FLAIR, FLAIR3, clinical data, and proposed
WAE-net models on the test set are described in Table 4 and Fig 6.

FIG 4. Statistical analysis of the clinical data set. A and B, Boxplots for continuous variables. A, Age at onset. B, Age at imaging. The horizontal axis
represents groups, and the vertical axis represents features. Themiddle line of the boxplot is the median of the feature data. The upper and lower
bounds of the boxplot are the upper and lower quartiles of the feature data, respectively. P values are the results of the Spearman correlation
test. C and D, Stacked barplots for categoric variables. C, Infantile spasms. D, ASM numbers ($3). The horizontal axis represents features (1.0 repre-
sents ASM numbers [$3] or infantile spasms; 0.0 represents ASM numbers [,3] or no infantile spasms), and the vertical axis represents the number
of patients in the 2 groups. P values of continuous variables are the results of F-tests, and P values of categoric variables are the results of x 2 tests.
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The clinical pediatric data-based model results were trained using
age of onset, age at imaging, infantile spasms, and ASM numbers
with an AUC of 0.774, ACC of 0.831, SEN of 0.950, and SPE of
0.579 in the testing cohort. The AUC performance of FLAIR3 was
better than that of T2WI using the same network. When both
FLAIR3 and clinical data are fed into the network, the network
achieves an AUC performance of 0.887, which is higher than the
AUC performance of T2-weighted data plus clinical data and
FLAIR data plus clinical pediatric data. When T2-weighted
(T2W), FLAIR, FLAIR3, and clinical pediatric data are all ensem-
ble to input into the proposed network (‘Ensemble all’ in Table 4
and Fig 6), the best classification results were obtained for the pro-
posed WAE-net model with an AUC of 0.908, ACC of 0.847, SEN

of 0.850, and SPE of 0.842 in the testing cohort. Figure 7A, -B
shows the ROC curve for T2-weighted, FLAIR, FLAIR3, clinical
pediatric data, and the performance of the proposed WAE-net
models on the test set. Figure 7C, -D shows the decision curve
analysis (DCA) for T2-weighted, FLAIR, FLAIR3, clinical pediatric
data, and the performance of the proposed WAE-net models on
the test set.

DISCUSSION
Reliable prediction of epilepsy drug-treatment outcomes allows
more targeted treatment and can improve cure rates and may
protect neurodevelopment.4,8,40 However, it is difficult for clini-
cians to determine epilepsy drug-treatment outcomes on the basis
of clinical and treatment presentation. Therefore, there is an
urgent need to develop a pediatric model that can predict epilepsy
drug-treatment outcomes before treatment initiation.

Therefore, for the first time, we have developed a deep learn-
ing model to predict the drug-treatment outcome and have first
introduced FLAIR3 as a new technique into the rare pediatric
TSC diagnosis to improve lesion contrast. Our approach uses a
deep neural network framework to extract descriptive factors
from multicontrast MR images and clinical pediatric data. The
proposed WAE-net model achieved the best AUC performance
of 0.908 in the testing cohort when T2-weighted, FLAIR,
FLAIR3, and clinical data are all input to the network. The struc-
tural MR images were complemented by demographic infor-
mation (age at onset and age at imaging) and infantile spasms
and ASM numbers collected at the baseline visit to compute a
combined score used to predict epilepsy drug-treatment outcome.
Compared with the single technique with ResNet3D approaches,
the proposed WAE-net can improve the pediatric classification
performance, meaning that combining multiple-contrast MR
imaging and clinical pediatric data can use the complementary
information between the two.20,21 Moreover, ResNet, with
extremely high accuracies in the ImageNet data set (https://
image-net.org/) has rapidly become a good choice for image-
recognition tasks.26 However, to the best of our knowledge,
this article is the first to consider the ResNet3D of CNN archi-
tectures for diagnosis in rare pediatric TSC disease.

We specifically selected these structural MR imaging and clin-
ical pediatric data to create a classification method that used the
least invasive, lowest cost, and more commonly used diagnostic
tools in clinical applications. In other words, the MR imaging and
clinical pediatric data that we included here can typically be col-
lected in nontertiary or highly specialized medical centers, greatly
increasing the potential applicability of our method in clinical pe-
diatric practice. For example, we did not use PET and fMRI as
biomarkers because these imaging data are more expensive and
less diffuse than the MR imaging and clinical pediatric data used
here. In addition, a significant advantage of MR imaging over
other imaging modalities such as CT and nuclear imaging is that
it clearly shows soft tissues in multicontrasts.41

In addition, we found that FLAIR3 could improve lesion con-
trast and visibility of the lesions and that the AUC performance of
FLAIR3 is better than that of T2WI by using the same neural net-
work. In addition, the AUC performance of FLAIR3 data plus
clinical data is higher than the AUC performance of T2-weighted

FIG 5. Representative images from a child with TSC in the controlled
group, a child with TSC in the uncontrolled group, and a healthy child
shown on T2WI, FLAIR, and the proposed synthetic FLAIR3 (TSC
lesion, white arrow). Controlled group (A) uncontrolled group (B), and
healthy child group (C).

Table 3: Performance results compared with other networks on
FLAIR
Technique Model AUC ACC SEN SPE
FLAIR ResNet3D 0.783 0.695 0.650 0.790
FLAIR LeNet3D 0.660 0.644 0.600 0.737
FLAIR VGG3D 0.765 0.746 0.825 0.579

Note:—ResNet3D is derived from He et al;26 LeNet3D is derived from Simonyan;46

VGG3D is derived from Szegedy et al.47

Table 4: The results of testing set
Technique Model AUC ACC SEN SPE

FLAIR ResNet3D 0.783 0.695 0.650 0.790
T2WI ResNet3D 0.649 0.593 0.450 0.895
FLAIR3 ResNet3D 0.730 0.695 0.700 0.684
Clinical data FCNN 0.774 0.831 0.950 0.579
FLAIR1 clinical data WAE-net 0.826 0.847 0.974 0.580
FLAIR31 clinical data WAE-net 0.887 0.831 0.850 0.789
T2WI1 clinical data WAE-net 0.809 0.847 0.975 0.579
Ensemble all WAE-net 0.908 0.847 0.850 0.842
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data plus clinical pediatric data and FLAIR data plus clinical pedi-
atric data. One possible explanation is that FLAIR3 can improve
the lesion-to-brain contrast and provide more low-dimensional
visual lesion information for a rare pediatric TSC diagnosis, which
may increase the interpretability of deep learning and support the
idea that deep learning methods can identify the more relevant
features from the input images.42 Previous studies43-45 have identi-
fied several risk factors affecting epilepsy prognosis in pediatric
patients with TSC, including the age of onset of seizures, the pres-
ence of infantile spasm, and a history of using .3 antiepileptic
drugs. In our study, we also observed the impact of age at onset
and age at imaging on the prognosis of epilepsy. Specifically, we
found that these factors were statistically different between the
controlled and uncontrolled groups (P, .05), with the uncon-
trolled group being younger. Our findings suggest that pediatric
patients with a younger age of onset and imaging are more likely
to have a poorer prognoses. Pediatric patients with focal seizures
before 1 year of age are more likely to develop resistance than
patients with onset after 1 year of age.3 Jeong et l45 also reported
that pediatric patients with rare TSC epilepsy with previous infan-
tile spasms are more likely to have drug resistance,3 which is con-
sistent with our conclusion that the uncontrolled group has a
higher proportion of infantile spasms.

In our study, we included pediatric patients with confirmed
rare TSC-related epilepsy in Shenzhen Children's Hospital for
8 years, followed the patients for.1 year, and finally included 300
children with rare TSC-related epilepsy. During the experiments,
we found that the proposed 3D CNN models can achieve better
performance than the traditional machine learning approach
from Yang et al.12 They achieved an AUC of 0.812 with multilayer
perceptron.12 However, this study also had small sample sizes. We

did not find any studies involving deep learning techniques for
the prediction of epilepsy drug-treatment outcome on MR imag-
ing. Intuitively, neural network–based methods should perform
better than conventional approaches for feature-extraction fol-
lowed by a separate classifier, because the feature-selection process
is directly driven by the performance-optimization procedures.16

Deep learning is required for a number of training samples to
achieve good generalization performance. We believe the per-
formance improvement of our method is primarily caused by fully
using the spatial features of 3D MR imaging and complementary
information of clinical pediatric data. The increase in the number
of pediatric data sets may also be 1 reason.

The rarity of TSC presents a challenge in compiling a data set
that could effectively power the training of a deep neural network
for this task. Although the size of our data set is larger than that
of many other data sets used for rare disease classification tasks, it
is still orders of magnitude smaller than data sets used for other
medical image characterization tasks. Larger data sets could also
allow granular classification beyond binary, such as distinguish-
ing infantile spasms or other histopathologic diagnoses.

Several limitations should be noted for the current pediatric
study. First, we conducted this study in a retrospective manner
without external validation, having the risk of bias and lack of gen-
eralizability. Second, the study participants belonged to a single
ethnicity (Chinese), implying that our results might not be applica-
ble to pediatric patients from other ethnic backgrounds. Collecting
multicenter data sets is challenging due to the extremely low inci-
dence of rare pediatric TSC disease and the need to follow pediatric
patients with rare TSC for$1 year. Future prospective studies that
incorporate data from other international centers and larger data
samples can overcome this limitation.

FIG 6. The performances of the final T2-weighted, FLAIR, FLAIR3, clinical pediatric data, and the proposedWAE-net models on the test set.
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In short, for the first time, we introduce FLAIR3 as a new
technique in the rare pediatric TSC diagnosis to improve lesion
contrast, and we have developed a deep learning model that can
predict epilepsy drug-treatment outcomes with high AUC and
accuracy. At present, this work demonstrates the promise of deep
learning to aid radiologists in characterizing the refractory
patients with improved certainty. FLAIR3 can provide clinicians
with a new technique to accurately localize lesions in patients
with rare pediatric TSC.

CONCLUSIONS
In general, age of onset, age at imaging, infantile spasms, and
ASM numbers were shown to be related to epilepsy drug-treat-
ment outcome in children with rare TSC. FLAIR3 can improve
lesion contrast and visibility and provide more complementary
information for our deep learning models to improve the predic-
tion accuracy. The experiments have shown that the proposed
deep learning method could successfully predict epilepsy drug-
treatment outcomes in children with rare TSC-related disease.

FIG 7. Analysis of the single technique and the proposed WAE-net methods. A, ROC curves in FLAIR, T2-weighted, FLAIR3, and the clini-
cal model of the testing cohort. B, ROC curves in the proposed WAE-net of the testing cohort. C, DCA for FLAIR decision. T2-weighted,
FLAIR3, and the clinical model of the testing cohort. D, DCA for the proposed WAE-net of the testing cohort. The black line represents
the assumption that all patients have interventions. The black dotted line represents the assumption that no patients have interven-
tions. The colored lines represent the different models. The horizontal axis represents the threshold probability, and the vertical axis
represents the net benefit.
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The current test results have suggested that the proposed method
could be a noninvasive, efficient, and reliable way to predict pedi-
atric TSC-related drug-treatment outcomes and could be as a
strong baseline for future pediatric researchers.

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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Brain Age Estimation on a Dementia Cohort Using FLAIR MRI
Biomarkers

Owen Crystal, Pejman J. Maralani, Sandra Black, Corinne Fischer, Alan R. Moody, and April Khademi

ABSTRACT

BACKGROUND AND PURPOSE: The prodromal stage of Alzheimer’s disease presents an imperative intervention window. This work
focuses on using brain age prediction models and biomarkers from FLAIR MR imaging to identify subjects who progress to
Alzheimer’s disease (converting mild cognitive impairment) or those who remain stable (stable mild cognitive impairment).

MATERIALS AND METHODS: A machine learning model was trained to predict the age of normal control subjects on the basis of
volume, intensity, and texture features from 3239 FLAIR MRI volumes. The brain age gap estimation (BrainAGE) was computed as
the difference between the predicted and true age, and it was used as a biomarker for both cross-sectional and longitudinal analy-
ses. Differences in biomarker means, slopes, and intercepts were investigated using ANOVA and Tukey post hoc test. Correlation
analysis was performed between brain age gap estimation and established Alzheimer’s disease indicators.

RESULTS: The brain age prediction model showed accurate results (mean absolute error ¼ 2.89 years) when testing on held out
normal control data. The computed BrainAGE metric showed significant differences between the stable mild cognitive impairment
and converting mild cognitive impairment groups in cross-sectional and longitudinal analyses, most notably showing significant dif-
ferences up to 4 years before conversion to Alzheimer’s disease. A significant correlation was found between BrainAGE and previ-
ously established Alzheimer’s disease conversion biomarkers.

CONCLUSIONS: The BrainAGE metric can allow clinicians to consider a single explainable value that summarizes all the biomarkers
because it considers many dimensions of disease and can determine whether the subject has normal aging patterns or if he or she
is trending into a high-risk category using a single value.

ABBREVIATIONS: AD ¼ Alzheimer’s disease; Ab ¼ amyloid-b ; BrainAGE ¼ brain age gap estimation; cMCI ¼ converting mild cognitive impairment; NC ¼
normal control; LVV ¼ lateral ventricular volume; MAE ¼ mean absolute error; MCI ¼ mild cognitive impairment; MoCA ¼ Montreal Cognitive Assessment;
NABM ¼ normal-appearing brain matter; p-tau ¼ phosphorylated-tau; RFC ¼ Random Forest Classifier; RFR ¼ random forest regressor; sMCI ¼ stable mild cog-
nitive impairment; SVM ¼ support vector machine

Alzheimer’s disease (AD) causes accelerated loss of cognition
and memory, and is the most common type of dementia.1,2

AD is expected to impact 1 in 85 persons worldwide within the

next 30 years.3 Mild cognitive impairment (MCI) is the prodromal
phase of AD, characterized by abnormal changes in cognitive
domains that have not reached the severity of AD.4,5 This prodro-
mal phase represents a window in which interventions can be
applied to reduce the risk of progressing to AD. The MCI phase is
important to target because .50% of individuals with MCI even-
tually progress to AD.6 Subjects with MCI who convert to AD are
referred to as converting MCI (cMCI) as opposed to subjects with
stable MCI (sMCI) who have cognitive issues but do not progress
to AD. Distinguishing between subjects with cMCI and sMCI can
aid in early disease detection, as well as patient stratification in
large clinical trials. Incorrect patient grouping is one of the most
common causes of failed AD treatment trials.7 Quantitative bio-
markers from MR imaging can help improve diagnostic accuracy
and increase cohort homogeneity in AD treatment trials.

Aging is a time-dependent process in which humans undergo
functional decline due to an accumulation of cellular damage.8
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When this process is accelerated due to AD, individuals have
rapid cognitive decline and neurodegeneration. There is a grow-
ing interest in the community to measure this accelerated aging
through brain age techniques. Brain age is the predicted chrono-
logical age of a subject estimated by using a machine learning
model trained on normative data. This model is used to test dis-
ease data, and a large gap between the predicted age and true age
is a sign of accelerated aging. Leveraging the benefits of machine
learning can allow precision and preventative medicine when it
comes to early AD diagnosis.

Previous brain age estimation techniques have used estab-
lished T1-weighted MR imaging biomarkers and cognitive meas-
ures9 to categorize subjects into cognitive groups and identify
subjects with cMCI.10

This work investigated brain age on the basis of FLAIR MR
imaging biomarkers and a Random Forest Classifier (RFC) to
differentiate between sMCI and cMCI in cross-sectional and
longitudinal analyses. FLAIR MR imaging is routinely acquired
in clinical settings, and FLAIR biomarkers have high translation
potential. The FLAIR sequence highlights white matter disease
and white matter lesions, which are related to many neurologic
disorders,11-13 cognitive impairment, age, and CSF bio-
markers.11,14-17 Twelve FLAIR biomarkers related to intensity,
texture, and volumes of objects in the brain were extracted using
fully automated and validated algorithms and were used to train
a machine learning algorithm to predict the brain age of subjects
with cognitive impairment.

Four types of analysis were conducted. The first was a regres-
sion analysis to investigate the relationship between the predicted
age and true age for each cognitive group. The second was a
cross-sectional analysis, which compared the mean brain age gap
estimate (BrainAGE) among the normal control (NC), sMCI,
cMCI, and AD groups using ANOVA and the Tukey post hoc
test. Longitudinal analysis was performed to compare regression
slopes and intercepts of BrainAGE versus time among cognitive
groups. Finally, the correlation between BrainAGE and CSF bio-
markers and the APOE-4 genotype was investigated. The
BrainAGE metric has benefits as a single, explainable biomarker
that can be used for monitoring and diagnostic purposes or for
generating homogeneous cohorts for clinical trials.

MATERIALS AND METHODS
Experimental Data
The Alzheimer’s Disease Neuroimaging Initiative, an international
data set with longitudinal imaging for studying AD, was used
throughout all analyses.18 A total of 3072 imaging volumes from
978 patients was used for cross-sectional and longitudinal analysis.

The Montreal Cognitive Assessment
(MoCA) score was used to label subjects
as NC (MoCA . 26), MCI (19 ,

MoCA , 25), and AD (MoCA , 18).
The MCI class is divided into sMCI and
cMCI), depending on the analysis.

For cross-sectional analysis, a sub-
ject with MCI was labeled as cMCI if
their MoCA score progressed from the
MCI range to the AD range. The scan

immediately prior (approximately 1 year) to AD conversion was
labeled cMCI. Only the cMCI scan before conversion was
retained for the analysis to avoid data leakage. If a subject
remained within the MCI MoCA range for all time points, they
were labeled sMCI. For longitudinal analysis, subjects labeled
MCI who converted to AD in later scans were assigned a cMCI
label for up to 6 years before AD conversion and were included to
analyze disease progression across time. All scans after progress-
ing to AD were considered AD. For subjects with cMCI, the lon-
gitudinal time points were normalized so that time point 5 is 1
year before converting to AD. This normalization was imple-
mented to investigate how the subjects with cMCI progressed
leading up to AD conversion. A summary of the sample sizes
used for the cross-sectional and longitudinal analyses by the cog-
nitive group is shown in Table 1.

MR Imaging
FLAIRMR images were acquired from 58 centers worldwide on 3T
machines from GE Healthcare, Siemens, and Philips Healthcare.
Pixel spacing was 0.8594mm, TR¼ 9000–11,000 ms, TE¼ 90–154
ms, TI¼ 2200–2500 ms.

Biomarker Measurement
FLAIR MR imaging volumes underwent bias field correction
and intensity standardization to align intensity ranges of each
tissue across data sets.19 Intracranial volume segmentation was
performed using a convolutional neural network to extract brain
tissue.20 Note that 31 volumes were excluded due to poor intra-
cranial volume segmentations significantly impacting down-
stream biomarker extraction. Using the standardized imaging
volumes, 6 volume, 3 texture, and 3 intensity biomarkers were
extracted. Thresholding was used to extract total brain volume
and CSF volume,19 while lateral ventricular volume (LVV) and
white matter lesions were extracted using deep learning techni-
ques.12,21 Subarachnoid CSF volume was computed as the differ-
ence between the CSF and LVV masks. The texture biomarkers,
macrostructural damage, microstructural damage, and micro-
structural integrity were computed using spatial correlation and
local binary patterns of intensities within regions of the normal-
appearing brain matter (NABM), which is defined as the entire
intracranial volume excluding the CSF and white matter lesion.14

Using NABM, we calculated the mean intensity, skewness, and
kurtosis of the intensity distribution as the intensity features.

Brain Age Model
A brain age prediction model was developed to examine differen-
ces among NC, sMCI, cMCI, and AD using FLAIR biomarkers.

Table 1: FLAIR MR imaging data setsa

Patient Information
Diagnosis Volumes Images Patients Male:Female Centers Mean Age (yr)
NC 1033 37,706 435 187:248 57 71.54 (SD, 6.26)
sMCI 1662 57,322 632 345:287 58 74.17 (SD, 7.17)
cMCI 161 2315 62 37:25 34 74.49 (SD, 7.23)
AD 383 10,714 149 85:64 46 75.24 (SD, 7.66)
Total 3239 108,057 1278 654:624 58 73.42 (SD, 7.07)

a All data were acquired at 1.5/3T and 3- to 5-mm section thickness.
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Four different machine learning models were implemented, and
their performance was compared using an RFC, logistic regres-
sion, support vector machine (SVM), and a random forest regres-
sor (RFR). Note that for the discontinuous classifiers, the ages
must be rounded to the nearest integer. A 70/30 (n¼ 1187 /
n¼ 509) training/testing split was used. All normative (cross-sec-
tional) data were used to train the model, which included FLAIR
biomarkers and chronological age. Because all data are from a
normative sample, the RFC is modeling healthy brain aging. A
held out NC subset was used to verify model performance by
measuring the mean absolute error (MAE) between the predicted
brain age and ground truth chronological age. A common bias is
frequently observed in brain age prediction in which models of-
ten overestimate the brain age of younger subjects, underestimate
the brain age of older subjects, and predict subjects near the
mean age more accurately.22-24 Common practice is to apply the
following statistical bias correction to account for this:

Corrected Brain Age ¼ Predicted Ageþ ½TrueAge� ðSlope�
TrueAgeþ InterceptÞ�:1)

While other methods have been attempted for bias correction of
brain age, this technique has been found optimal.25 Note that the
slope and intercept used in Equation 1 are from the true age ver-
sus predicted age of the NC group. Corrected brain age versus
true age scatterplots and regression lines were analyzed using the
Pearson correlation coefficient.

BrainAGE Computation
By means of the optimal normative model, the remaining held out
data that included subjects with sMCI (n ¼ 1976), cMCI (n ¼68),
and AD (n ¼ 1707) were used to predict brain age. Franke et al26

showed how a relevant metric called BrainAGE, which is the differ-
ence between predicted brain age and true chronological age, can
be used as a biomarker in many applications, including the assess-
ment of neurologic, neuropsychiatric, and neurodegenerative dis-
eases (Equation 2). The authors found a significant BrainAGE
difference between NC/sMCI and cMCI/AD groups, demonstrat-
ing the viability of a BrainAGE biomarker.

Brain AGE ¼ Brain Age� True Age ðyearsÞ2)

Higher positive values indicate accelerated aging. The mean
BrainAGE for each cognitive group was compared via ANOVA
and Tukey post hoc analysis to investigate group differences.

Longitudinal BrainAGE
To analyze BrainAGE further, we used it as a biomarker to inves-
tigate disease progression across time for each disease group. The

held out longitudinal data for this
experiment included sMCI (n¼ 1976),
cMCI (n¼ 161), and AD (n¼ 1707).
Compared with the cross-sectional
analysis which considers only the scan
before conversion to AD as cMCI, in
this analysis, the longitudinal labeling
includes volumes from subjects who
converted up to 6 years prior. The nor-

mative model was used to predict the brain age from each subject
and time point. BrainAGE versus time regression lines were gen-
erated using the following equation: BrainAGE� time1 diagno-
sis 1 time 1 diagnosis. The slopes and intercepts of the
regression lines for each diagnostic category were compared via
ANOVA and Tukey post hoc. Cohen’s d was computed for the
slopes and intercepts of the groups to determine the effect size. In
order to determine how much time before conversion cMCI sub-
jects show significant differences compared to sMCI subjects, t
tests were performed comparing the BrainAGE of cMCI subjects
from each time point with the entire sMCI group.

Biomarker Correlation
The BrainAGE metric and its relation to cognitive decline were
further analyzed by correlation with phosphorylated-tau (p-tau)
and amyloid-b (Ab ) CSF biomarkers and the APOE-4 genotype
on cross-sectional data. These variables are known as criterion
standard indicators of AD and cognitive impairment.27,28

Elevated p-tau and high levels of Ab in the CSF are both strong
indicators of AD. The presence of the APOE-4 allele is strongly
associated with an elevated risk of developing AD.

RESULTS
All 12 FLAIR MR imaging biomarkers were extracted from the
data set, and subjects were labeled as NC, sMCI, cMCI, or AD as
in the subsection “Experimental Data.” Analyses were completed
on an NVIDIA GeForce RTX 3090 Ti GPU with 32GB of RAM.

An RFC, SVM, logistic regression model, and an RFR were
trained using all biomarkers from the NCs to create a brain age
prediction model. On a held out NC test set, the MAE and corre-
lation coefficient between the predicted brain age and the true
age when using each model were reported (Table 2).

The results show the RFR is the optimal brain age prediction
model because the model achieved an MAE of 2.46 years, which
is among the lowest reported in the literature, which typically
ranged from 4 to 9 years.9,29 The RFR model also yielded a strong
correlation coefficient of 0.87 (P, .001) when comparing the
predicted and true chronological ages of the NCs. The positive
impact of the correction can be seen as the MAE and correlations
improve for each of the 4 models after correction. Corrected pre-
dicted brain age versus true chronological age plots for NC,
sMCI, cMCI, and AD when using the optimal model (RFR) are
shown in Fig 1. True age–versus–predicted age plots before bias
correction are shown in the Online Supplemental Data.

BrainAGE was calculated by using Equation 2, and the distri-
butions for each cognitive group are shown in Fig 2. With a wor-
sening cognitive state, the mean BrainAGE increases. Results
from ANOVA and Tukey post hoc demonstrated that all

Table 2: Brain age prediction model comparison based on MAE and correlation between
true and predicted agea

Model MAE Raw MAE Corr. Correlation Raw Correlation Corr.
RFC 3.16 2.89 0.70 (P , .001) 0.84 (P , .001)
SVM (reg.) 3.54 2.66 0.66 (P , .001) 0.86 (P , .001)
Log. Reg. 4.06 3.10 0.56 (P , .001) 0.79 (P , .001)
RFR 3.21 2.46 0.74 (P, .001) 0.87 (P , .001)

Note:—corr. indicates corrected; reg., regression; Log. Reg, Logistic Regression.
a Results using the raw and corr. brain ages are shown for comparison.
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comparisons had significantly different BrainAGE except for the
NC and sMCI comparison (Table 3).

BrainAGE versus time from baseline for each cognitive group
is shown in Fig 3. ANOVA and Tukey post hoc tests were per-
formed to investigate differences between slopes and intercepts of
the BrainAGE-versus-time regressions across all cognitive
groups. The only significant differences (P, .05) in BrainAGE
slopes were found between cMCI and NC and cMCI and sMCI.
All intercept comparisons with AD showed significant differences
(P, .01). All slope comparisons showed a large effect size and
practical significance (d. 0.80) except for the NC/sMCI and
cMCI/AD comparisons. All AD intercept comparisons showed
large effect sizes (d. 0.80). ANOVA and Tukey’s post hoc results
comparing slopes and intercepts are summarized in Table 4.

Table 5 shows the t test results comparing the mean BrainAGE
of the cMCI group at 1-year time intervals with the entire sMCI
data set. There were significant BrainAGE differences (P, .05)
between sMCI and cMCI starting at time interval 2–3, which indi-
cate that the biomarkers can detect cMCI 3–4 years before AD
conversion (time point 5 represents 1 year before AD conversion,
time point 4 is 2 years before conversion, and so forth). Significant
differences (P, .05) also exist in time 3–4 and time 4–5 intervals
for the sMCI-cMCI BrainAGE comparison. Correlation analysis

FIG 1. Corrected predicted brain age versus true age for NC, sMCI, cMCI, and AD using the RFR.

FIG 2. BrainAGE distributions.
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was performed between the computed BrainAGE metric and the
existing criterion standard AD conversion indicators p-tau and
Ab CSF biomarkers and the APOE-4 genotype. Significant corre-
lation (P, .05) was found between each comparison. A complete
summary of the results of each experiment is shown in Table 6.

DISCUSSION
This is the first work that uses FLAIR MR imaging biomarkers to
predict the brain age of cognitively impaired subjects because T1-
weighted MR imaging has been most commonly used in the
past.9,29 Twelve biomarkers related to volume, intensity, and tex-
ture were extracted using previously validated tools.12,19-21 An
RFC trained and validated on held out NC subjects was devel-
oped to distinguish between cognitive groups cross-sectionally
and longitudinally.

The BrainAGE metric quantifies signs of accelerated aging
using the 12 FLAIR-only biomarkers, which encapsulate various
aging mechanisms. The volume biomarkers summarize global
changes in volume as well as specific ROIs. The texture features
measure the microstructural properties of the GM and WM,
which are correlated with mean diffusivity and fractional anisot-
ropy in DTI,14 while intensity features show signs of demyelin-
ation, edema, and ischemia.30 The BrainAGE metric reduces the
dimensionality of multiple features and summarizes the patho-
logic processes into a single value that successfully quantifies the
amount of accelerated aging. Combining 12 different biomarkers
accounts for the intersubject heterogeneity of AD progression.

The brain age prediction model validation yielded an MAE of
2.46 years between the corrected brain age and true age on a held
out NC set, which is the lowest found in the literature when test-
ing a dementia cohort. This finding demonstrates that the pro-
posed FLAIR biomarkers provide a more accurate model
compared with traditional approaches based on T1-weighted MR
imaging. This result may be attributed to the unique insights
FLAIR MR imaging provides, such as the ability to highlight
white matter disease or increase LVV segmentation accuracy due
to increased CSF-to-tissue contrast. There were significant differ-
ences in BrainAGE in all cross-sectional comparisons except NC/
sMCI. Most notably, BrainAGE showed significant differences
between sMCI and cMCI groups, demonstrating that FLAIR
BrainAGE can identify high-risk subjects with MCI.

In the longitudinal analysis, the BrainAGE slope of the cMCI
group showed significant differences compared with the NC and
sMCI groups and no significant differences with the intercepts of
NCs and subjects with sMCI. Therefore, at baseline, subjects with
cMCI have profiles similar those of NCs and those with sMCI,
but they neurodegenerate at an accelerated rate. Franke et al26

demonstrated significant differences (P, .050) between the slope
of the BrainAGE-versus-time regres-
sion of NC/sMCI (group 1) and cMCI/
AD (group 2), whereas the proposed
model shows significant differences
between the sMCI and cMCI groups
specifically. This model is more appli-
cable clinically because distinguishing
between “low-risk” subjects with MCI
(sMCI) and “high-risk” subjects with

Table 4: ANOVA comparing slope and intercept of BrainAGE
versus timea

Comparison
Slope Analysis

(P Value) (Cohen’s d)
Intercept Analysis

(P Value) (Cohen’s d)
NC vs sMCI .66 (0.43) .77 (0.30)
NC vs cMCI .02 (2.29) .29 (0.26)
NC vs AD .16 (1.42) ,.01 (8.65)
sMCI vs cMCI .04 (3.00) .50 (0.18)
sMCI vs AD .06 (1.90) ,.01 (9.03)
cMCI vs AD .69 (0.42) ,.01 (7.02)

a Cohen’s d is the effect size.

Table 5: T test comparing BrainAGE of subjects with cMCI at 1-
year intervals with sMCI data seta

Time before Conversion P Value (Cohen’s d)
5–6 yr .19 (1.30)
4–5 yr .35 (0.94)
3–4 yr .04 (2.44)
2–3 yr .02 (2.13)
1–2 yr ,.001 (3.47)

a Cohen’s d is the effect size.

Table 3: ANOVA comparisons of BrainAGE
Comparison P Value (Cohen’s d)
NC vs sMCI .30 (0.08)
NC vs cMCI .03 (0.50)
NC vs AD ,.01 (0.91)
sMCI vs cMCI ,.01 (0.32)
sMCI vs AD ,.01 (0.63)
cMCI vs AD ,.01 (0.42)

FIG 3. BrainAGE comparison across time after baseline scans for all
cognitive groups.

Table 6: Results summary from the brain age prediction model
Experiment Results Notes

Model validation MAE¼ 2.46 yr Existing work MAE¼ 4–13.5 yr
Cross-sectional ANOVA P, .01 All comparisons except NC/sMCI
Longitudinal ANOVA (slopes) P, .05 All cMCI comparisons except cMCI-AD
Longitudinal ANOVA (intercepts) P, .01 All AD comparisons
1-year interval t tests P, .01 sMCI/cMCI up to 4 years before

conversion
Correlation analysis P, .05 p-tau, ab , APOE-4
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MCI (cMCI) offers more value because appropriate intervention
can prevent AD conversion. Interestingly, the cMCI group had a
greater rate of change of BrainAGE in compared to the AD
group. This further highlights the ability of this metric to identify
high-risk subjects because they are progressing at a faster rate
than subjects with AD.

These results coincide with findings in Bahsoun et al14 that
the MCI cohort shows more rapid changes in some NABM tex-
ture and intensity features with age in compared to subjects
with AD. While previous studies using T1-weighted MR imag-
ing showed subjects with AD progressing at a faster rate than
those with cMCI,26 it is hypothesized that the increased rate of
change of cMCI BrainAGE could be attributed to the unique
biomarkers from FLAIR MR imaging. Using FLAIR NABM fea-
tures in addition to established volume-based biomarkers
uncovered the trend that subjects with cMCI have a greater rate
of change in BrainAGE with time in compared to those with
AD. Contrasted to NCs, sMCI, and cMCI, subjects with AD had
a significantly higher baseline disease (P, .05). The BrainAGE
of the AD group did not show significant slope differences
between NC and sMCI groups, but there were significant differ-
ences when comparing intercepts. This finding indicates that
baseline disease is higher in subjects with AD but that degenera-
tion is at a rate similar to that of NCs and subjects with sMCI.
No significant differences were found in any NC/sMCI compar-
isons, demonstrating that subjects with sMCI have neurodege-
nerative profiles similar to those of NCs. BrainAGE can perform
longitudinal monitoring using a single value that encapsulates
various dimensions of disease (volume, intensity, and texture).
Otherwise, each individual biomarker would have to be moni-
tored individually across time, and disease heterogeneity among
patients would make it difficult to identify high-risk subjects on
the basis of 12 different values.

To determine how far in advance the FLAIR-based BrainAGE
showed differences between subjects with sMCI and cMCI, t tests
were performed at 1-year intervals. There were significant differ-
ences between the sMCI and cMCI groups up to 4 years before
conversion to AD. The earlier high-risk subjects are identified,
the sooner a patient-specific neuroprotective treatment plan can
be implemented. Existing brain age prediction models were able
to predict AD conversion with adequate accuracy within
12months’ follow-up,9 but none reported the ability to distin-
guish between sMCI and cMCI in terms of years before conver-
sion. Given the emergence of new AD therapies such as anti-
amyloid antibodies31 and peptide-based biotherapeutics,32 using
biomarkers to stratify patients into more homogeneous groups
can help determine whom to treat on a preclinical level. On a
clinical level, this stratification could lead to a reduction in the
incidence of AD and an improvement in the quality of life of
individuals with cognitive impairment.

Differences in BrainAGE between subjects with cMCI and
sMCI, both cross-sectionally and longitudinally, demonstrate the
value and potential of BrainAGE as a biomarker. To understand
the relationship of the proposed BrainAGE biomarker to known
pathologic mechanisms of AD, we correlated BrainAGE with p-
tau and Ab CSF biomarkers and the APOE-4 genotype.
BrainAGE showed significant correlation (P, .05) with p-tau,

Ab , and APOE-4. AD is characterized by an accumulation of p-
tau and Ab in various cortical regions of the brain,33 while the
APOE-4 protein helps transport different types of fat throughout
the bloodstream. Recent studies have suggested that problems
related to the ability of brain cells to process lipids may play a key
role in the development of AD.34 The significant correlations of
the BrainAGE metric with all 3 of these criterion standard AD
indicators demonstrate its strength in identifying these high-risk
subjects.

Time normalization of the cMCI group may be considered a
limitation of the longitudinal analysis as it is needed to align and
analyze the progression of high-risk subjects as they approach
AD conversion. Furthermore, the proposed metric should be an-
alyzed with respect to clinical variables such as sex, lifestyle, soci-
oeconomic status, and ethnicity. Although sex variables were
available, the small cMCI sample size for the cMCI group would
make it difficult to analyze sex-specific trends. In the future, we
will consider adding data sets to further investigate these trends.

CONCLUSIONS
The BrainAGE metric demonstrates the ability to distinguish
between subjects with sMCI and cMCI both cross-sectionally and
longitudinally. The training of the brain age prediction model
was performed on a held out NC data set. Doing so allowed the
classifier to successfully identify subtle deviations from normal
aging on diseased test samples and yielded BrainAGE values that
showed significant differences among cognitive groups, most
importantly between subjects with sMCI and cMCI. The brain
age prediction model offers the ability to easily quantify the
extent of the atypical aging into a single-valued metric while pro-
viding another method to distinguish among cognitive groups
cross-sectionally and monitor accelerated aging longitudinally to
identify, up to 4 years before conversion, subjects with MCI who
are at an increased risk of developing AD. It can be concluded
that this single-value metric successfully summarized the neuroa-
natomic state of the subjects, thus offering a maximally explain-
able and interpretable measure for the cognitive state of subjects
both cross-sectionally and longitudinally. The BrainAGE metric
showing significant differences between sMCI and cMCI up to
4 years before AD conversion is a major finding of this work. It
would provide clinicians with the ability to make earlier diagno-
ses, thus giving them more time to intervene and help prevent
further neurodegeneration toward the permanent damage caused
by AD, leading to improving the quality of life for aging individu-
als and a reduction in AD prevalence.

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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Deep Learning–Based Synthetic TOF-MRA Generation Using
Time-Resolved MRA in Fast Stroke Imaging

Sung-Hye You, Yongwon Cho, Byungjun Kim, Kyung-Sook Yang, InSeong Kim, Bo Kyu Kim, Arim Pak, and
Sang Eun Park

ABSTRACT

BACKGROUND AND PURPOSE: Time-resolved MRA enables collateral evaluation in acute ischemic stroke with large-vessel occlu-
sion; however, a low SNR and spatial resolution impede the diagnosis of vascular occlusion. We developed a CycleGAN-based
deep learning model to generate high-resolution synthetic TOF-MRA images using time-resolved MRA and evaluated its image qual-
ity and clinical efficacy.

MATERIALS AND METHODS: This retrospective, single-center study included 397 patients who underwent both TOF- and time-
resolved MRA between April 2021 and January 2022. Patients were divided into 2 groups for model development and image-quality
validation. Image quality was evaluated qualitatively and quantitatively with 3 sequences. A multireader diagnostic optimality evalu-
ation was performed by 16 radiologists. For clinical validation, we evaluated 123 patients who underwent fast stroke MR imaging to
assess acute ischemic stroke. The diagnostic confidence level and decision time for large-vessel occlusion were also evaluated.

RESULTS: Median values of overall image quality, noise, sharpness, venous contamination, and SNR for M1, M2, the basilar artery,
and posterior cerebral artery are better with synthetic TOF than with time-resolved MRA. However, with respect to real TOF, syn-
thetic TOF presents worse median values of overall image quality, sharpness, vascular conspicuity, and SNR for M3, the basilar ar-
tery, and the posterior cerebral artery. During the multireader evaluation, radiologists could not discriminate synthetic TOF images
from TOF images. During clinical validation, both readers demonstrated increases in diagnostic confidence levels and decreases in
decision time.

CONCLUSIONS: A CycleGAN-based deep learning model was developed to generate synthetic TOF from time-resolved MRA.
Synthetic TOF can potentially assist in the detection of large-vessel occlusion in stroke centers using time-resolved MRA.

ABBREVIATIONS: AdaLIN ¼ Adaptive Layer-Instance Normalization; AIS ¼ acute ischemic stroke; BA ¼ basilar artery; EMT ¼ endovascular mechanical
thrombectomy; GAN ¼ generative adversarial network; IQR ¼ interquartile range; LVO ¼ large-vessel occlusion; PCA ¼ posterior cerebral artery; PSNR ¼ peak
SNR; synTOF ¼ synthetic TOF; SSIM ¼ structural similarity index measurement; TR ¼ time-resolved

The primary goal of performing MRA in acute ischemic stroke
(AIS) is to identify the presence of large-vessel occlusion

(LVO), while the secondary objective is to assess the collateral
status. Collateral status is the main factor determining how rap-
idly the penumbral tissue progresses to an irreversible infarct
core.1 Recent studies have revealed the significance of collateral
imaging in selecting eligible patients for endovascular mechanical
thrombectomy (EMT) in the late window, determining the need
for transferring the patient to an EMT-capable hospital, predict-
ing prognosis, and determining stroke etiology.1-6 Therefore, the
American Heart Association/American Stroke Association 2019
guidelines suggest that incorporating collateral flow status into
the clinical decision-making process for eligible candidates may
help determine their eligibility for EMT.7

Time-resolved (TR) MRA enables the noninvasive evaluation
of collateral status. A set of images is sequentially acquired at
multiple time points while the contrast agent passes through the
target vessel (Online Supplemental Data).8-11 Several existing
techniques for TR-MRA, including time-resolved imaging of
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contrast kinetics (TRICKS; GE Healthcare) and time-resolved
imaging with stochastic trajectories (TWIST; Siemens), use cen-
ter-weighted keyhole imaging and peripheral undersampling.12

This method is particularly useful for evaluating the collateral or
retrograde flow that occurs around stenoses. Nevertheless, com-
pared with TOF-MRA, the inherent SNR penalties associated
with undersampling and acceleration techniques further hinder
the attainable spatial resolution of TR-MRA, thereby diminishing
its usefulness in the assessment of LVO.9,13

The cycle-consistent generative adversarial network (GAN)
(CycleGAN; https://github.com/junyanz/CycleGAN), which is a
deep learning algorithm, aims to improve image quality through
learning between high-quality and low-quality images.14-19 The
purpose of this study was to develop a CycleGAN model that
generates high-quality synthetic TOF (synTOF) images from
low-quality TR-MRA peak arterial phase images and to verify
the clinical efficacy of synTOF in diagnosing LVO.

MATERIALS AND METHODS
Patient Selection
This retrospective study was approved by the institutional review
board (Korea University Anam Hospital), and the need for
informed consent was waived due to its retrospective design. Our
study cohort included 1002 patients who underwent TOF-MRA
from April 2021 to January 2022. Among them, 397 patients
(mean age, 66.94 [SD, 13.79] years, 43.6% women [173/397])
underwent both TOF- and TR-MRA to evaluate their collateral

statuses (Fig 1). These 397 patients were divided into a training
data set for model development (50.1%, [199/397]; mean age,
66.36 [SD, 14.02] years; 43.7% women [87/199]) and a validation
data set for image-quality assessment [49.9%, [198/397]; mean
age, 67.58 [SD, 13.56] years; 43.4% women (86/198)]. For clinical
validation, 123 patients (mean age, 72.85 [SD, 11.24] years; 41.5%
women [51/123]) who underwent fast stroke MR imaging
(FLAIR, DWI, perfusion MR imaging, and TR-MRA) to evaluate
AIS during the same period were included in this study. Clinical
information, such as sex, age, reason for fast stroke MR imaging,
location of the AIS, and the LVO site, was collected.

Image Acquisition
MR imaging was performed with two 3T MR imaging scanners
(Magnetom Skyra and Magnetom Prisma; Siemens) using a 64-
channel head and neck coil. The specific imaging parameters for
TOF- and TR-MRA (TWIST) are listed in the Online Supple-
mentary Data. After we obtained a pre-enhancement image, 30
consecutive T1WI 3D data sets were acquired in the coronal
plane after automatic injection of 0.2mL/kg of gadoteridol
(ProHance; Bracco), followed by 30mL of saline. Both sequences
were performed in the same session.

Among the dynamic images, the peak arterial phase images
were selected to evaluate LVO. MIP images (40 images [anteropos-
terior 20, lateral 20]) of TOF- and TR-MRA were automatically
created under the same conditions by Siemens 3D software
(Syngo.via; Siemens Healthineers, Forchheim, Germany).

FIG 1. Study design. GRE indicates gradient recalled-echo.
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Model Development
Training Stage. A schematic diagram of the network architecture
and model details are shown in the Online Supplementary Data.
This model was developed with paired TR-TOF MIP imaging
sets from 199 patients. It includes 2 generators and discrimina-
tors, 4 loss functions, and a gradient-weighted class activation
map (GradCAM; https://medium.com/the-owl/gradcam-in-pytorch-
7b700caa79e5). The basic architecture was based on an unsupervised
generative attention network with Adaptive Layer-Instance
Normalization (AdaLIN) for image-to-image translation and
was customized to improve model performance (https://
github.com/taki0112/UGATIT). The encoder is composed of 2
convolution layers (2D, kernel size: 3) with a stride size of 2 for
downsampling and 4 residual blocks. The decoder consists of 4 re-
sidual blocks and 2 upsampling convolution layers (2D, kernel
size: 3) with a stride size of 1. We used instance normalization for
the encoder and AdaLIN for the decoder. Hyperparameters used
in various training settings are listed in the Online Supplementary
Data. GradCAMwas incorporated into the foundational CycleGAN
model to enable selective attention on specific areas of the image
after testing improvement in terms of the structural similarity
index measurement (SSIM) in 10 patients randomly selected
from the validation data set (Online Supplementary Data). The
same 150 training epochs were applied to all cases.

Validation Stage. The performance of the developed model to
generate synTOF (GTOF) was assessed using the peak SNR
(PSNR) and SSIM as metrics, defined as follows:20

PSNR ðx; yÞ ¼ 20 log10
MAXx

kx� yk2
:

SSIM ðx; yÞ ¼ ð2mxmyþC1Þð2s xy þ C2Þ
ðmx2 þmy2 þ C1Þðs x2 þ s y2 þ C2Þ :

Image Interpretation
Image-Quality Evaluation (Qualitative and Quantitative Analysis).
Two neuroradiologists (S.E.P and S.-H.Y., with 6 and 11 years of
neuroradiologic experience) evaluated the image quality of the
validation data set: 594 imaging sets (198� 3 [TR-MRA, synTOF,
and TOF]) from 198 patients (Online Supplementary Data). Each
image set consisted of 40 anonymized MIP images and was eval-
uated through a PACS. Regarding disagreements in the qualitative
evaluation, the final result was determined through a consensus
meeting with 3 neuroradiologists, including another experienced
neuroradiologist (B.K., with 17 years of experience in neuroradiol-
ogy). The mean value from the 2 readers was used in the quantita-
tive analysis. A 5-point Likert scale was used to evaluate each kind
of image-quality parameter (Online Supplementary Data). For
quantitative analysis, crucial ROIs were manually located at each
vessel, demonstrating the highest signal intensity in the MIP
image anterior-posterior view. The SNRs were calculated in the
M1, M2, M3, posterior cerebral artery (PCA), and basilar arteries
(BAs) (mean signal intensity/SD of the background SI).

Diagnostic Performance for Intracranial Aneurysm and Stenosis
Detection. The same neuroradiologists who performed image-
quality evaluation assessed the presence of aneurysms (largest

lesion) and intracranial arterial stenoses (most stenotic lesion,
exceeding a moderate degree). Another neuroradiologist (B.K.,
with 17 years of experience in neuroradiology) evaluated both
diseases using TOF and VICAST criteria.21

Multireader Image-Optimality Test with 16 Radiologists. Sixteen
radiologists (7 and 9 neuroradiologists with 1–18 years of radio-
logic experience) evaluated imaging sets from 20 randomly cho-
sen patients in the validation data set. Three image sequences of a
patient were randomly arranged and shown simultaneously;
then, we asked the following 3 tasks: 1) imaging optimality: select
all the imaging sequences suitable for interpretation; 2) image
preference: select the best MRA sequence subjectively perceived
as optimal for interpretation; and 3) image discrimination:
choose 1 MRA sequence that is highly likely to be a genuine TOF.

Assessment of Diagnostic Confidence Level and Decision Time
for LVO in Fast Stroke MR Imaging. For the 123 patients who
underwent fast stroke MR imaging, 2 neuroradiologists (B.K.K.
and S.E.P., with 12 and 6 years of experience in neuroradiology,
respectively) independently graded the diagnostic confidence
level for intracranial LVO on the basis of a 5-point Likert scale.
The time for the decision was defined as the difference between
the time when eachMRA image was opened and the time when the
decision for LVO was made by the neuroradiologist. In the first
session, 2 neuroradiologists evaluated the diagnostic confidence
level and decision time using only TR-MRA. After 1month, both
were assessed using TR-MRA and synTOF-MRA simultaneously
by the same neuroradiologist.

Statistical Analysis. The normality of the data distribution was
assessed for each parameter using the Kolmogorov–Smirnov test.
Patient data are reported as percentage (%), mean (SD), or median
(interquartile range, [IQR]). The significance level of P, .05 was
used to consider statistical significance. A Bonferroni correction
was applied for post hoc analysis, in which the adjusted P value
was multiplied by the number of comparisons made. The
Friedman test was used to compare .3 non-normally distributed
continuous variables, including qualitative and quantitative
image-quality analyses and the diagnostic optimality tests. The
McNemar-Bowker test was used to compare the distribution of
confidence levels between the 2 different imaging sets and the
diagnostic performance of 3 imaging sets. The Wilcoxon test was
used to compare the nonparametric equivalents of the paired sam-
ples, specifically the median values of the diagnostic confidence
level and time for decision. Interobserver agreement was assessed
on the basis of the analysis of weighted k values (qualitative analy-
sis) or intraclass correlation coefficients (quantitative analysis).

MedCalc for Windows (Version 20.218; MedCalc Software)
and SPSS Statistics software (Version 22.0; IBM) were used for all
statistical analyses.

RESULTS
Patient Characteristics
Baseline patient characteristics of the model development and
clinical validation data sets are listed in Table 1. In the clinical
validation data set, 56 patients (45.5%, 56/123) showed acute is-
chemic infarction on DWI. Intracranial LVO was present in 25
patients (20.33%).

AJNR Am J Neuroradiol 44:1391–98 Dec 2023 www.ajnr.org 1393

https://medium.com/the-owl/gradcam-in-pytorch-7b700caa79e5
https://medium.com/the-owl/gradcam-in-pytorch-7b700caa79e5
https://github.com/taki0112/UGATIT
https://github.com/taki0112/UGATIT


Model Development
The median values and IQR of SSIM and PSNR between synTOF
and TOF were 0.67 (0.65–0.69) and 15.56 (14.82–16.42) dB,
respectively (Online Supplemental Data).

Qualitative Assessment
Qualitative analysis results are presented in the Online Supplemental
Data. The synTOF showed significantly higher median values on
the 5-point Likert scale compared with TR in all the following pa-
rameters: overall image quality, noise, sharpness, and venous con-
tamination (P, .001). In comparison with real TOF, synTOF has
lower median values in overall image quality, sharpness, and vas-
cular conspicuity (P, .001). The interobserver agreement for all
5 parameters was substantial or excellent (weighted k . 0.700)
(Online Supplemental Data).

Quantitative Assessment
The Online Supplemental Data demonstrate the results of the
quantitative analysis. The SNRs of the synTOF in the MCA (M1
and M2 segments) and BA were significantly higher than those in
the TR (P, .001) in contrast to the M3 segment (P¼ 1.000).
Compared with TOF, the SNRs of synTOF were significantly lower
for the M3, BA, and PCA (P, .001), with no significant differen-
ces for M1 (P¼ 1.000) and M2 (P¼ .358). The interobserver

agreement for all values was excellent
(intraclass correlation coefficient .

0.800) (Online Supplemental Data).

Diagnostic Performance for
Intracranial Aneurysm and
Stenosis Detection
The sensitivity in aneurysm detection
for both 4D and synTOF was 50%
(Online Supplemental Data). The an-
eurysm height for all false-negative
cases was ,2mm. The sensitivity in
stenosis detection for 4D and synTOF
was 75% and 86%, respectively. The
diagnostic performance of both diseases
was significantly lower than that of TOF
(P, .05). No significant differences
existed between 4D and synTOF (P val-
ues; aneurysm ¼ 1.000; stenosis ¼
.063). Representative images are shown
in the Online Supplemental Data.

Multireader Imaging-Optimality
Evaluation
The results for multireader image-opti-
mality assessment for the 3 questions are
presented in the Online Supplemental
Data. For the first question, which per-
tained to imaging optimality for reading,
no statistically significant difference was
observed between the values for synTOF
and real TOF imaging techniques, and
both were significantly higher than those
obtained using TR (TR versus synTOF

versus TOF; median [IQR]; 0.50 [0.00–2.00] versus 20.00 [18.00–
20.00] versus 20.00 [18.50–20.00], P¼ 1.000). With respect to imag-
ing preference, no statistically significant difference was observed
between the values for synTOF (median, 4.50 [IQR, 4.00–9.50])
and TOF (median, 15.50 [IQR, 10.00–16.00]) (P¼ .279). Finally,
for the last question, which aimed to select real TOF images, no
statistically significant difference was observed between the values
for synTOF (median, 10.00 [IQR, 3.50–16.00]) and TOF (median,
9.00 [IQR, 3.00–16.50]) (P¼ 1.000).

Diagnostic Confidence Level and Decision Time for LVO in
Fast Stroke MR Imaging
Table 2 and Fig 2 present the results of the diagnostic confidence
level and decision time for LVO. The diagnostic confidence levels
were significantly higher for readers 1 and 2 when they deter-
mined LVO with both TR and synTOF images than with TR-only
(TR and synTOF versus TR-only; reader 1: median, 5.00 [IQR,
4.00–5.00] versus 4.00 [IQR, 4.00–4.00]; reader 2: median, 5.00
[IQR, 4.00–5.00] versus 4.00 [IQR, 3.00–4.00], P, .001). The me-
dian values of decision time were significantly shorter in the TR
and synTOF reading sessions than in the TR session (TR and
synTOF versus TR-only; reader one: 25.00 [IQR, 20.00–42.75] ver-
sus 33.00 [IQR, 30.00–38.00], P¼ .004; reader two: 25.00 [IQR,
22.00–38.00] versus 39.00 [IQR, 30.00–50.00], P, .001).

Table 1: Clinical characteristics of the patients

Model Development

Training Data Set Validation Data Set Total
No. of patients 199 198 397
Age (mean) (yr) 66.36 (SD, 14.02) 67.58 (SD, 13.56) 66.97 (SD, 13.79)
Female 87 (43.7%) 86 (43.4%) 173 (43.6%)
Clinical validation
No. of patients 123
Age (mean) (yr) 72.85 (SD, 11.24)
No. women 51 (41.5%)

Reason for fast stroke MR
imaging
Mental change 53 (43.1%)
Right-sided weakness 12 (9.8%)
Left-sided weakness 18 (14.6%)
Dysarthria 23 (18.7%)
Dizziness 3 (2.4%)
Facial palsy 4 (3.3%)
Visual disturbance 3 (2.4%)
Seizure 5 (4.1%)
Syncope 2 (1.6%)

Acute ischemic stroke
None 67 (54.5%)
ACA territory 4 (3.3%)
MCA territory 30 (24.4%)
PCA territory 2 (1.6%)
BA/VA territory 12 (9.8%)
Multiterritorial 8 (6.5%)

LVO
None 98 (79.7%)
ICA 9 (7.3%)
ACA 1 (0.8%)
MCA (M1) 6 (4.9%)
MCA (M2) 6 (4.9%)
PCA 1 (0.8%)
BA/VA 2 (1.6%)

No. performing DSA 10 (8.1%)

Note:—ACA indicates anterior cerebral artery; VA, vertebral artery.
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Representative TR-MRA, synTOF, and TOF images are
shown in Fig 3.

DISCUSSION
The major findings of this study are summarized as follows. 1) A
high-resolution synTOF generation model based on CycleGAN
was developed for the diagnosis of LVO in AIS. 2) In comparison
with TR-MRA, synTOF achieves a statistically significant reduc-
tion in noise and improvement in sharpness. 3) The model per-
formance is excellent in terms of SNR improvement for M1, M2,
BA, and PCA. 4) SynTOF does not accomplish equivalent image
quality compared with TOF except for noise, venous contamina-
tion, and SNR of M1/M2. 5) SynTOF features limited the per-
formance in detecting intracranial aneurysms and stenoses. 6)
The combined use of both synTOF and TR-MRA has the poten-
tial to enhance diagnostic confidence and decrease decision time
for the diagnosis of LVO in AIS for distal ICA to M2 occlusion.

CycleGAN: Deep Learning Algorithm
for Intersequence Image Transfer
Our deep learning model improved the
image quality of TR-MRA. This may
have been influenced by 2 factors: the
use of proper target images (TOF-MRA)
and the effectiveness of the CycleGAN
algorithm. TOF-MRA is the most com-
monly used intracranial MRA sequence
with high image quality, and neuroradi-
ologists are familiar with its image con-
trast.22 Therefore, we hypothesized that
paired TOF images serve as a valuable
guide for enhancing the image quality of
TR-MRA. CycleGAN was selected for
training because of its recognized capa-
bility of intersequence transfer. The
GAN was designed to generate new
images through simultaneous training of
the generator and discriminator net-
works.19,23 In our study, CycleGAN, a
modified version of the GANwith 2 gen-
erators and discriminators, was used to
prevent mode collapse. Additionally,
GradCAM was introduced into the
model to drive the focus of the generator
and discriminator toward meaningful
regions of the images. An effective algo-
rithm and an appropriate target image
may have contributed to the favorable
performance of the model.

Clinical Application of synTOF in AIS
The use of MRA has 2 objectives in
AIS: diagnosis of LVO and assessment
of collateral status.7 Considering the
first objective and image quality, TOF-
MRA was deemed the most suitable
method. However, it may not be possi-
ble to perform owing to the long scan

time. Furthermore, TOF-MRA does not provide adequate infor-
mation regarding the aortic and proximal cervical arteries,
which are technically important for EMT. Single-phase con-
trast-enhanced MRA offers the advantage of a large FOV and
short scan time; however, it is also known to underestimate the
collateral status.24,25 TR-MRA is considered the most suitable
option for the secondary objective of AIS evaluation, but chal-
lenges in attaining maximum efficiency for the primary purpose,
owing to limitations in both spatial resolution and SNR, are
unavoidable. Our results indicate that the use of synTOF signifi-
cantly improved the diagnostic confidence level for LVO and
reduced the decision time. Thus, in instances in which real TOF
acquisition is impeded by time constraints, synTOF images
from TR-MRA may serve as valuable additional high-resolution
images for the initial evaluation of AIS. However, the diagnostic
performance of synTOF in aneurysm and stenosis detection is
still limited.

FIG 2. Diagnostic confidence level of TR-MRA-only versus TR-MRA and synTOF.

Table 2: Diagnostic confidence level of TR-alone versus TR and synTOF

TR TR and synTOF P Value
No. of patients 123 123
Reader 1
Confidence level ,.001a

5 (Definite) 21 (17.1%) 69 (56.1%)
4 (Probable) 76 (61.8%) 41 (33.3%)
3 (Possible) 23 (18.7%) 10 (8.1%)
2 (Uncertain) 2 (1.6%) 2 (1.6%)
1 (Ambiguous) 1 (0.8%) 1 (0.8%)
Median (IQR) 4.00 (4.00–4.00) 5.00 (4.00–5.00) ,.001b

Time for decision (median) (IQR) (sec) 33.00 (30.00–38.00) 25.00 (20.00–42.75) .004b

Reader 2
Confidence level ,.001a

5 (Definite) 17 (13.8%) 69 (56.1%)
4 (Probable) 71 (57.7%) 44 (35.8%)
3 (Possible) 25 (20.3%) 7 (5.7%)
2 (Uncertain) 7 (5.7%) 2 (1.6%)
1 (Ambiguous) 3 (2.4%) 1 (0.8%)
Median (IQR) 4.00 (3.00–4.00) 5.00 (4.00–5.00) ,.001b

Time for decision (median) (IQR) (sec) 39.00 (30.00–50.00) 25.00 (22.00–38.00) ,.001b

aMcNemar-Bowker test was performed.
bWilcoxon test was performed.
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CT versus an MR Imaging–Based Protocol for AIS
Two distinct imaging protocols, namely CT and MR imaging, are
used for AIS evaluation. The preference in most stroke centers is
CT for AIS evaluation, driven by its predominant advantages
over MR imaging, such as rapid acquisition, widespread availabil-
ity, and cost-effectiveness. A previous study with 36 tertiary hos-
pitals reported that approximately 70% of stroke centers have
adopted CT-based protocols.26 Additionally, CTA, including the
delayed phase, offers the highest image resolution for evaluating

LVO and collateral status. Nevertheless, some centers have
explored the use of MR imaging owing to its unique strengths:
1) high accuracy for core infarction, 2) estimation of the onset
time in wake-up strokes, 3) effective identification of stroke-
mimic conditions, and 4) lack of radiation. In our center, we
use a 6-minute MR imaging–based protocol for patients with
presumed in-hospital stroke, and the results of our study may
benefit MR imaging–based stroke centers. Considering the dif-
ferent goals of deep learning–based image-quality improvement

FIG 3. Representative images of TR-MRA, synTOF, and TOF.
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in MR imaging and CT, namely scan time reduction and radia-
tion reduction, respectively, the advantage of CT-based proto-
cols will be boosted by further deep learning–based studies to
reduce the radiation and contrast dose while maintaining the
image quality.

Limitations
First, the study was a retrospective single-center one. Second,
multiobserver imaging evaluation was performed on limited
patients, which could have impacted the generalizability of the
results. Third, this study had a limitation in that it focused only
on a single field strength (3T) and a single vendor sequence
(TWIST). Fourth, the number of patients in the clinical valida-
tion group with AIS on DWI and LVO on MRA was relatively
low, because our hospital only uses an MR imaging–based stroke
protocol for inpatient strokes and a CT-based protocol at the
emergency stroke center. Additionally, only 3 cases of LVO were
included for the posterior circulation. Thus, further studies that
include a larger number of patients are needed to determine the
usefulness of synTOF in posterior circulation occlusion. Fifth,
this model was developed using MIP images rather than raw
data. This model is effective for LVO detection. However, raw-
data images are essential for a confirmative diagnosis of stenoses
and aneurysms. Further studies using raw data and another algo-
rithm should be conducted. Sixth, owing to the widespread use of
CT-based protocols in AIS evaluation, the applicability of our
research findings is limited. They could be applied only to stroke
centers that follow an MR imaging–based protocol. Further stud-
ies regarding image-quality improvement through reduction of
the radiation dose in CT-based protocols will be needed. Seventh,
we did not perform quantitative analysis for vascular sharpness.
A reliable quantitative measuring method for sharpness should
be developed because resolution enhancement may, essentially,
affect image-quality improvement. Finally, DSA was performed
on a limited number of patients, precluding a thorough evalua-
tion of the diagnostic accuracy of synTOF- and TR-MRA.

CONCLUSIONS
In this study, we developed a CycleGAN-based deep learning
model aimed at generating a synTOF with improved resolution
and SNR. Despite the good image quality of TOF, it is often not
performed for AIS because of the long scan time. TR-MRA with
additional deep learning–based synTOF has the potential to effec-
tively achieve both goals of initial stroke evaluation: accurate and
rapid diagnosis of LVO and proper evaluation of collateral
circulation.

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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Quantification of Thalamic Atrophy in MS: From the
Multicenter Italian Neuroimaging Network Initiative

Data Set to Clinical Application
Loredana Storelli, Elisabetta Pagani, Patrizia Pantano, Antonio Gallo, Nicola De Stefano, Maria A. Rocca, and

Massimo Filippi,
for the INNI Network

ABSTRACT

BACKGROUND AND PURPOSE: Thalamic atrophy occurs from the earliest phases of MS; however, this measure is not included in
clinical practice. Our purpose was to obtain a reliable segmentation of the thalamus in MS by comparing existing automatic meth-
ods cross-sectionally and longitudinally.

MATERIALS AND METHODS: MR images of 141 patients with relapsing-remitting MS (mean age, 38 years; range, 19–58 years; 95
women) and 69 healthy controls (mean age, 36 years; range, 22–69 years; 47 women) were retrieved from the Italian Neuroimaging
Network Initiative repository: T1WI, T2WI, and DWI at baseline and after 1 year (136 patients, 31 healthy controls). Three segmenta-
tion software programs (FSL-FIRST, FSL-MIST, FreeSurfer) were compared. At baseline, agreement among pipelines, correlations with
age, disease duration, clinical score, and T2-hyperintense lesion volume were evaluated. Effect sizes in differentiating patients and
controls were assessed cross-sectionally and longitudinally. Variability of longitudinal changes in controls and sample sizes were
assessed. False discovery rate–adjusted P, .05 was considered significant.

RESULTS: At baseline, FSL-FIRST and FSL-MIST showed the highest agreement in the results of thalamic volume (R¼ 0.87, P, .001),
with the highest effect size for FSL-MIST (Cohen d ¼ 1.11); correlations with demographic and clinical variables were comparable for
all software. Longitudinally, FSL-MIST showed the lowest variability in estimating thalamic volume changes for healthy controls
(SD¼ 1.07%), the highest effect size (Cohen d ¼ 0.44), and the smallest sample size at 80% power level (15 subjects per group).

CONCLUSIONS: Multimodal segmentation by FSL-MIST increased the robustness of the results with better capability to detect
small variations in thalamic volumes.

ABBREVIATIONS: EDSS ¼ Expanded Disability Status Scale; FA ¼ fractional anisotropy; HC ¼ healthy controls; ICC ¼ intraclass correlation coefficient;
INNI ¼ Italian Neuroimaging Network Initiative; LV ¼ lesion volumes; RR ¼ relapsing-remitting

The thalamus is a highly organized structure of gray matter nuclei
that contains only a modest component of myelinated and

unmyelinated white matter. It has a critical role in linking cortical
and subcortical circuits, which subserve many neurologic functions.1

In patients with MS, a high vulnerability to damage to this
strategic structure has been consistently demonstrated.2 Many
studies have reported a volume reduction of the thalamus not
only in all clinical MS phenotypes but also in the early phases of
the disease. Thalamic atrophy has been found in patients with
clinically isolated syndrome,3 early relapsing-remitting (RR)4 and
primary-progressive MS,5 and also in pediatric patients with MS.6

Thalamic atrophy is related not only to the presence of thalamic
lesions but also to the global burden of brain T2-hyperintense and
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T1-hypointese lesions, supporting its potential to reflect changes
secondary to axonal transection of white matter fibers. Notably,
the quantification of thalamic damage in MS is also informative
for disease evolution, overcoming, for instance, measures of global
gray matter involvement and those that reflect intrinsic lesional
microstructural damage in explaining changes in Expanded
Disability Status Scale (EDSS) after an 8-year follow-up.7,8 For all
these reasons, thalamic atrophy is a candidate biomarker in MS.
Thus, it has been already included as an exploratory end point in
clinical trials.9-13

In the clinical setting, this measure is, however, still not
obtained, mainly because of the time-consuming procedure
required for its manual segmentation. On the other hand, the
existing automatic methods do not provide good enough repro-
ducibility that allows monitoring atrophy changes at a single
patient level. This drawback was shown in a recent article14

using data from the Alzheimer’s Disease Neuroimaging
Initiative data set and in another study15 in which the variation
from repeated measurements ranged from 1% to 3%, depending
on the method used. Although this variability can be considered
sufficient for group comparisons, it is not suitable enough for
individualized assessments.

A major issue for thalamic segmentation is the precise con-
touring of lateral boundaries toward the internal capsule, because
contrast smoothly degrades due to the presence of white matter
fibers terminating in the thalamus. In a previous article,16 we tried
to control for this issue by using the contrast offered by fractional
anisotropy (FA) maps from DWI for improving the segmentation.
Recently, a multimodal approach for subcortical nuclei segmenta-
tion was included in the FSL library.17,18 Although the published
article does not specifically discuss thalamic segmentation, the
results obtained for other subcortical structures, such as the stria-
tum and the globus pallidus, encourage the inclusion of FA for a
better delineation of these structures.18

The Italian Neuroimaging Network Initiative (INNI) sup-
ports the creation of a repository in which MR imaging, clinical,
and neuropsychological data from patients with MS and healthy
controls (HC) are collected from 4 Italian research centers with
internationally recognized expertise in MR imaging applied to
MS.19

Using the large multicenter MR imaging data set from INNI,
we aimed to obtain a reliable, automatic segmentation of the thal-
amus in MS by comparing the results obtained with existing
automatic approaches both cross-sectionally and longitudinally.
Final suggestions are provided for the application of these pipe-
lines in large studies in MS.

MATERIALS AND METHODS
Ethics Committee Approval
Approval was received from the local ethics standards committee
on human experimentation at each Research Center, and written
informed consent was obtained from all subjects.

Subjects
We retrospectively analyzed data from 141 patients (center A: 35,
center B: 34, center C: 36, center D: 36) with RRMS20 and 69 HC
(center A: 20, center B: 14, center C: 20, center D: 15) collected by

INNI from 4 centers identified here as A (where subjects were
scanned with 2 different T1-weighted sequences) and B, C, and D
(MR imaging data were acquired between January 2008 and July
2017) for pipeline comparison (validation set). A cross-sectional
training set was needed for one of the compared pipelines. Thus,
we collected from the INNI repository an additional data set
including 50 patients with MS (center A: 20, center B: 10, center
C: 10, center D: 10) and 50 HC (center A: 20, center B: 10, center
C: 11, center D: 9). Inclusion/exclusion criteria for all patients
and HC were the following: no contraindications to MR imaging,
no history of alcohol or substance abuse, no neurologic diseases
(other than MS), and no psychiatric diseases. All participants
underwent a clinical and MR imaging evaluation at baseline with
rating using the EDSS score and disease duration.

Of the validation set, 136 patients with MS and 31 HC under-
went a follow-up re-evaluation 1 year after the baseline visit. At
follow-up, all patients had been relapse-free and steroid-free for
at least 1 month.

MR Imaging Acquisition
Baseline and follow-up 3D T1-weighted, T2-weighted, and DWI
scans were acquired at each center using a local standardized pro-
tocol and 3T scanners. Pulse sequence parameters are reported in
the Online Supplemental Data and are more extensively described
in a previous publication.21

Image Analyses
All INNI MR imaging data underwent a standardized preprocess-
ing, including a procedure for quality control described in detail
elsewhere.21 Focal T2-hyperintense white matter lesions had al-
ready been manually identified and segmented by each participat-
ing center and made available for the quality control to the
analyzer center (center A).

DWIs were corrected for movement and eddy current–
induced distortions using the FDT tool (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FDT) within the FSL Library.22,23 The Diffusion
Toolbox was estimated by linear regression busing DWI data at
b¼0, 900, or 1000 s/mm2. Subsequently, FA maps were derived.24

The pipelines selected for this study were all freely available
and fully-automatic methods for cross-sectional volumetric seg-
mentation of subcortical brain structures on MR images. None of
these are specifically proposed and optimized for longitudinal
quantification of subcortical tissue volume changes. Thus, 3 soft-
ware programs were compared:

• FSL-FIRST, Version 5.0.10. (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
FIRST/UserGuide)25

• FSL-MIST (b release) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
MIST)26

• FreeSurfer, Version 6.0 (http://surfer.nmr.mgh.harvard.
edu).27,28

The selected approaches were applied on the validation data
set at baseline and follow-up for estimation of longitudinal vol-
ume change.

3D T1-weighted images after applying the lesion-filling tech-
nique29 were given as input to all the toolboxes. FSL-MIST can
also include the FA map coregistered into the T1-weighted space
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as an optional input to the segmentation method to improve the
results of the subcortical masks. Thus, for each subject, FA maps
were registered to the T1-weighted space (FLIRT, FSL) and given
as an additional input for the FSL-MIST pipeline. Moreover,
FSL-MIST is a 2-step approach: one for the training of the model
and the second for the test.

For longitudinal thalamic atrophy quantification, the changes
between baseline and follow-up cross-sectional volumes obtained
by the compared pipelines were assessed as the percentage differ-
ence between the 2 MR imaging acquisitions corrected for the
baseline volume.

Here is a brief description of the methods:

FSL-FIRST. FIRST is a freely available toolbox for subcortical
structure segmentation included within the FSL Library.25 The
method models shapes and appearance of 15 brain structures
starting from 336 manually segmented T1-weighted MR images.
In particular, FIRST uses the active shape and appearance mod-
els30 that associate the intensities around a deformable shape with
the spatial configuration of the shape.

FSL-MIST. MIST is a toolbox included in FSL Library for multi-
modal subcortical structure segmentation, taking advantage of
the different image contrasts.26 Unlike FIRST, it can use addi-
tional information from different MR imaging modalities and is
less dependent on manual segmentation learning in an unsuper-
vised fashion from a set of unlabeled training data.

FreeSurfer. FreeSurfer is a freely available software package for
the analyses of structural MR imaging data and cortical thickness
estimation.27,28 For subcortical structure segmentation, a proba-
bilistic atlas, which is derived from a number of manual segmen-
tations, is still used, but in this case, the procedure is based on
modeling the segmentation as a nonstationary anisotropic
Markov random field.

Statistical Analysis
Statistical analysis was performed using the R software package
(Version 3.1.1; https://www.r-project.org/). Demographic data
and T2 lesion volumes (LV) were compared between groups
using the x 2 Pearson test for categoric variables and the Mann-
Whitney U or t test for continuous variables. We evaluated the
intraclass correlation coefficient (ICC) to assess the strength of
the agreement among the different software packages on the basis
of thalamic volume measures. Between-group differences (cen-
ter-corrected) in thalamic volumes and their longitudinal changes
for the different software packages were expressed as effect size,

calculated according to the Cohen d
definition.31 Pearson correlations of
thalamic volume with age (separately
for MS and HC) and partial correla-
tions (adjusted for age) with clinical
and MR imaging variables (EDSS, dis-
ease duration, T2 LV) for MS at base-
line for each method were estimated.
Finally, the variability of the results of
the longitudinal changes in thalamic
volumes in HC at follow-up for the dif-

ferent pipelines was assessed. The sample size requirements at
80% power level for detecting a significant difference in the rate
of thalamic atrophy between HC and MS at the .05 a level was
estimated for each software package.

False discovery rate (Benjamini-Hochberg procedure) correc-
tion was applied. A P value, .05 was considered statistically
significant.

A visual inspection of the thalamic segmentations for all the
pipelines was also performed.

RESULTS
Demographic and Clinical Features
The Online Supplemental Data summarize the main demo-
graphic and clinical characteristics of the validation set at base-
line. Patients with MS and HC were age- and sex-matched, with a
higher prevalence of women in both groups. As expected, T2-
hyperintense LV were significantly higher in the RRMS group
compared with HC.

At follow-up (mean follow-up interval¼1.00 [SD, 0.25] year
for MS, 1.06 [SD, 0.20] years for HC; P¼ .7), the median EDSS
score was 1.5 (range, 0–4.5; P¼ .2 versus baseline) and 7 patients
with MS had worsened clinically (EDSS score increase of $1.5
when the baseline EDSS was 0, $1.0 when the EDSS at baseline
was,6.0, and$0.5 when EDSS at baseline was$6.0).32

The Table shows the main demographic and clinical charac-
teristics of the training set used for the FSL-MIST toolbox. Again,
patients with MS and HC were age- and sex-matched, with a
higher prevalence of women in both groups and higher T2-
hyperintense LV in RRMS compared with HC. The validation
and training data sets showed the same characteristics.

Baseline Results
At baseline, all software showed a good significant agreement in
the results of thalamic volume, with the highest agreement
between FSL-FIRST and FSL-MIST (ICC¼ 0.87, P, .001) and
the lowest between FSL-MIST and FreeSurfer (ICC¼ 0.80,
P, .001), for bothMS and HC. Online Supplemental Fig 1 shows
an example of thalamic segmentations for each software program
on a healthy volunteer. However, from a visual inspection of the
accuracy of the segmentations, we found that thalamic delinea-
tions obtained by FSL-MIST are always underestimated with
respect to FSL-FIRST and FreeSurfer, also noticeable from the
thalamic volumes at baseline.

All pipelines significantly differentiated patients with MS
from HC (P, .001 for all software, Online Supplemental Fig 2),
with the highest effect size found for FSL-MIST (Cohen d¼ 1.11)

Main demographic and clinical findings in HC and patients with RRMS at baseline for
the training set required by FSL-MIST toolbox

HC (n= 50) RRMS (n= 50) P Value
Female/male 30:20 32:18 .68a

Mean age (range) (yr) 38 (19–56) 36 (19–62) .3b

Median disease duration (range) (yr) – 8 (1–25) –

Median EDSS (range) – 1.5 (0–4.5) –

Median T2 LV (range) (mL) 0.1 (0–0.5) 3.2 (0.3–33.0) ,.001b

Note:—The en dash (–) indicates null values.
a Pearson x 2 test;
bMann-Whitney test.
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and FSL-FIRST (Cohen d¼ 1.07) compared with FreeSurfer
(Cohen d¼ 0.79). When we looked at the data, FSL-MIST
showed the lowest variability with an increased robustness of the
results at baseline (SD for the thalamic volume distribution in
HC¼ 1.36mL, in MS¼ 1.48mL) with respect to the other 2 pipe-
lines (SD for the thalamic volume distribution in HC¼ 1.74mL
and 1.95mL, respectively for FSL-FIRST and FreeSurfer).

At baseline, the Pearson correlations between thalamic vol-
umes and subjects’ ages were similar and significant for all the
compared pipelines, for both MS (r ¼ –0.33 for FSL-MIST, r ¼
�0.32 for FSL-FIRST, r ¼ �0.29 for FreeSurfer, all P, .001) and
HC (r ¼ �0.38 for FSL-MIST, r ¼ �0.40 for FSL-FIRST, r ¼
�0.45 for FreeSurfer, all P, .001).

At baseline in patients with MS, partial correlations (adjusted
for age) between thalamic volumes and EDSS were very low or
not significant for all the compared pipelines (r ¼ �0.16, P¼ .06
for FSL-MIST, r ¼ �0.3, P, .001 for FSL-FIRST, r ¼ �0.17,
P¼ .04 for FreeSurfer). Again, at baseline in patients with MS,
partial correlations (adjusted for age) between thalamic volumes
and disease duration were significant only for FSL-FIRST (r ¼
�0.2, P¼ .02), while these were not significant for FSL-MIST
(r¼ �0.10, P¼ .3) and FreeSurfer (r¼ –0.12, P¼ .1).

Pearson correlations between thalamic volumes at baseline
and T2 LV were all significant and comparable among the differ-
ent software (r ¼ �0.46, P, .05 for FSL-MIST, r ¼ �0.51,
P, .05 for FSL-FIRST, and r¼ �0.46, P, .05 for FreeSurfer).

Longitudinal Results
At follow-up, in HC, FSL-MIST showed the lowest variability of
percentage thalamic volume change (SD¼ 1.07%) in comparison
with the other pipelines (SD¼ 1.53% for FSL-FIRST and 4.96%
for FreeSurfer). Online Supplemental Fig 3 shows the results of
thalamic volume changes in HC and patients with MS for the dif-
ferent pipelines.

At follow-up, for percentage thalamic volume changes, FSL-
MIST showed a small effect size but a better capability to signifi-
cantly differentiate between HC and patients with MS (Cohen
d¼ 0.44) compared with FSL-FIRST (Cohen d¼ 0.09) and
FreeSurfer (Cohen d¼ 0.21).

FSL-MIST and FSL-FIRST showed the smallest sample size
requirement for assessment of longitudinal thalamic atrophy at
an 80% power level: 15 subjects per arm for FSL-MIST and 29
subjects per arm for FSL-FIRST, while the highest sample size
was found for FreeSurfer (105 subjects per group at an 80%
level).

DISCUSSION
In this work, we aimed to compare 3 available fully automatic
methods for thalamic segmentation and volume quantification
on a multicenter data set to obtain a reliable segmentation of the
thalamus for a possible future clinical introduction of this mea-
sure in MS. Using the INNI data set, we found that the inclusion
of FA maps facilitated the automatic identification of thalamic
boundaries, increasing the robustness of the results. In particular,
the multimodal approach (FSL-MIST) showed a better capability
to detect small longitudinal variations of thalamic volumes in
patients with MS.

At baseline, we found a good agreement (ICCs$ 0.8) among
the software for automatic thalamic segmentations analyzed.
However, a slightly higher agreement was found between FSL-
MIST and FSL-FIRST. This could be because both methods are
implemented within the same FSL Library and have some basic
methodologic similarities. In detail, both methods use a proba-
bilistic Bayesian approach to fully exploit the relationship
between intensity and shape/boundaries and use a generative
model for the intensity profiles perpendicular to a deformable
mesh. However, for FSL-FIRST, intensities and possible shape
variations are derived from a set of 336 manually labeled train-
ing segmentations for 15 different subcortical structures based
on a T1-weighted scan only, while FSL-MIST can learn in an
unsupervised fashion from unlabeled training data, being less
dependent on manual segmentations, and can simultaneously
combine complementary information from different MR imag-
ing modalities, which also increases the contrast-to-noise ratio.
On the other hand, FreeSurfer similarly starts from a probabilis-
tic atlas (as in FSL-MIST and FSL-FIRST), which is derived
from a data set of 12 manually labeled segmentations, but it is
used as a prior on a Markov random field model. The prior infor-
mation included both the global spatial information, independent
from other information, and the local spatial relationship between
anatomic classes. These spatial constraints allow the Markov ran-
dom field model to segment the image into a large number of
classes required to segment the subcortical structures. These tech-
nical and implemental differences among the compared software
could have been reflected on the observed discrepancies in terms
of thalamic volume agreement.

All software could significantly differentiate thalamic volumes
of patients with MS from those in HC at baseline, with a slightly
higher effect size found for FSL-MIST in comparison with the
other tools. Thus, all analyzed pipelines are suitable for analyses
at a group level to detect thalamic volume differences between
patients with MS and HC. From the standpoint of moving the
application of these software programs to the single patient level
and personalized medicine, our assessment should also take into
account the variability of the results obtained and the measure-
ment errors. Because there are no ground truth segmentations, we
could not infer anything about measurement errors. However, by
looking at the distributions of thalamic volumes at baseline in HC,
we found the lowest variability of the results for FSL-MIST, sug-
gesting more robustness of the measures.

Longitudinal analyses are extremely important to inspect the
reliability of a measure and to assess the possibility of applying a
tool for measurements on a single-subject level. In this study, af-
ter 1 year of follow-up, we expect very small changes in thalamic
volumes in HC.7-9,33 Given these considerations, our longitudinal
results on the percentage thalamic volume change in HC con-
firmed a higher robustness of the measurement for FSL-MIST
(showing the lowest variability) in comparison with FSL-FIRST
and FreeSurfer. This is also evident at a group level by looking at
the results of the effect sizes among the different pipelines on the
longitudinal measures of thalamic volume changes. Moreover, we
found that thalamic volume changes obtained from FSL-MIST
required the smallest sample size compared with the other 2 soft-
ware programs, making this tool particularly appealing for MS
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studies but also for possible use at the individual level and when
evaluating treatment effects.

From a visual inspection of the accuracy of the segmentations,
we found that thalamic delineations obtained by FSL-MIST are
always underestimated with respect to FSL-FIRST and
FreeSurfer, also noticeable from the thalamic volumes at baseline.
In fact, FSL-MIST segmentation always tends not to include the
thalamic region of pulvinar, probably because this subregion is
well-contrasted in the FA contrast and is important information
used for the FSL-MIST multimodal segmentation. Thus, the tool
delineates the final boundary of the thalamus before this region,
as shown in Online Supplemental Fig 1. This characteristic is cer-
tainly a limitation of the method. However, at a single-patient
level, an essential value for a software is the capability to detect
small thalamic volume changes with time, and the longitudinal
reproducibility demonstrated by FSL-MIST is the most important
result in this sense.

Our findings on the association between demographic and
clinical variables with baseline thalamic volumes did not show
relevant differences among the compared tools. At baseline, cor-
relations of thalamic volumes with age, EDSS, and T2 LV, though
significant, were very low and similar among the pipelines, while
the association between thalamic volumes and disease duration
was slightly significant only for the FSL-FIRST measures. Thus,
considering baseline correlation results, none of the software
seemed to perform better compared with the others.

Therefore, given the difficulty of modeling structures such as
the thalamus, with darker-appearing tissue at the midline and a
gradient of brighter intensities as one moves more laterally, the
use of a multimodal approach could facilitate this automatic task.
From our findings, the inclusion of FA contrast for thalamic seg-
mentation seemed to increase the robustness of the results and
demonstrated a better capability to detect small longitudinal var-
iations of thalamic volumes, as shown by FSL-MIST results.
However, due to the lack of data on the accuracy and precision in
the selection of the appropriate pipeline for automatic thalamic
segmentation, it would be important to take into account even
other practical aspects. Considering the application context, the
lack of FA maps, for example, could prevent the use of multimo-
dal approaches like FSL-MIST in favor of faster approaches (FSL-
FIRST). However, an increased complexity could be tolerable for
a better longitudinal reproducibility of the results (FSL-MIST).

Limitations
As previously stated, one of the main limitations of this compara-
tive study is the lack of ground truth thalamic segmentation for a
fair validation of the software on the accuracy of thalamic vol-
umes. However, manual segmentation of the thalamus is an
extremely time-consuming task, especially on high-resolution 3D
T1-weighted sequences, and its precise delineation is very diffi-
cult to achieve, even for an expert MR imaging reader. Moreover,
test-retest data would be helpful to assess precision and measure-
ment errors for the compared software, and further investigations
are needed. As already stated, FSL-MIST segmentation always
tends not to include the thalamic region of pulvinar, and this
exclusion is certainly a limitation in the accuracy of the segmenta-
tion at a single visit. Finally, a more clinical setting in terms of

variability and lower quality of input MR imaging data could
have allowed us to evaluate the performance and applicability of
the methods, even in a clinical framework. However, the large
multicenter cohort with no standardized MR imaging sequences
and protocols collected for the purpose of this study is a good
starting point to evaluate the available pipelines for automatic
thalamic segmentation.

CONCLUSIONS
Thalamic atrophy is under investigation as a biomarker in MS.
However, its applicability in the clinical setting is still not possi-
ble, mainly because of the lack of an automatic and robust seg-
mentation method. Automatic methods are now available that
could be optimized and tested in a multicenter context. Because
the delimitation of the internal boundary toward the internal cap-
sule is a limiting factor, a multimodal approach that includes FA
maps could improve the overall reproducibility of thalamic seg-
mentation. By comparing cross-sectional and longitudinal tha-
lamic segmentations from 3 available automatic methods in a
multicenter data set from INNI, we found that the inclusion of
FA contrast increased the robustness of the longitudinal results
and had a better capability to detect small variations of thalamic
volumes, as shown by FSL-MIST results.

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
NEURODEGENERATIVE DISORDER IMAGING

Brain Abnormalities in Becker Muscular Dystrophy:
Evaluation by Voxel-Based DTI and Morphometric Analysis

Hiroyuki Maki, Madoka Mori-Yoshimura, Hiroshi Matsuda, Yasumasa Hashimoto, Miho Ota, Yukio Kimura,
Yoko Shigemoto, Naoko Ishihara, Hirohito Kan, Emiko Chiba, Elly Arizono, Sumiko Yoshida, Yuji Takahashi, and

Noriko Sato

ABSTRACT

BACKGROUND AND PURPOSE: Although various neuropsychological problems in Becker muscular dystrophy have attracted atten-
tion, there have been few related neuroimaging studies. We investigated brain abnormalities in patients with Becker muscular dys-
trophy using 3D T1WI and DTI.

MATERIALS AND METHODS:MR images were obtained for 30 male patients and 30 age-matched healthy male controls. We classi-
fied patients into Dp1401 and Dp140� subgroups based on their predicted dystrophin Dp140 isoform expression and performed
voxel-based comparisons of gray and white matter volumes and DTI metrics among the patients, patient subgroups, and controls.
ROI-based DTI analyses were also performed.

RESULTS: Significantly decreased fractional anisotropy was observed in the left planum temporale and right superior parietal lobule
compared between the Becker muscular dystrophy and control groups. In the Dp140� subgroup, decreased fractional anisotropy
was observed in the left planum temporale, but no significant changes were seen in the Dp1401 subgroup. The ROI-based analysis
obtained the same results. No significant differences were evident in the gray or white matter volumes or the DTI metrics other
than fractional anisotropy between the groups.

CONCLUSIONS: A DTI metric analysis is useful to detect white-matter microstructural abnormalities in Becker muscular dystrophy
that may be affected by the Dp140 isoform expression.

ABBREVIATIONS: AD ¼ axial diffusivity; BMD ¼ Becker muscular dystrophy; DARTEL ¼ Diffeomorphic Anatomical Registration Through Exponentiated Lie
Algebra; DMD ¼ Duchenne muscular dystrophy; FA ¼ fractional anisotropy; IQ ¼ intelligence quotient; MD ¼ mean diffusivity; RD ¼ radial diffusivity; VBM ¼
voxel-based morphometry; WAIS ¼ Wechsler Adult Intelligence Scale

Becker muscular dystrophy (BMD) is an X-linked recessive
form of muscular dystrophy caused by mutations in the

dystrophin gene that lead to the production of variable levels of
partially functioning dystrophin.1 Compared with the more severe
allelic disorder Duchenne muscular dystrophy (DMD), individu-
als with BMD have a much longer normal life expectancy.2 In
addition to muscle weakness, mutations in the dystrophin gene
have been linked to cognitive impairment. For example, learning
and behavioral problems are well-revealed in individuals with
DMD.3 Although it has not been established whether similar neu-
ropsychological problems are part of the BMD disease spectrum,
several studies have described attention problems, language/
speech delays, and mental problems such as depression and neu-
rosis in individuals with BMD.4-6

The dystrophin gene is the largest gene, containing 79 exons
and tightly regulated tissue-specific promoters that make a range
of protein isoforms known to reflect their relative sizes. These
include the longest dystrophin isoform, Dp427, and the shorter
products: Dp71, Dp116, Dp140, and Dp260.7 A genotype-pheno-
type relationship between mutations in the dystrophin gene and
cognitive function has been described.8 Intellectual impairment is
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more prominent in patients with DMD with mutations in the dis-
tal part of the dystrophin gene (distal to exon 44) that are associ-
ated with the loss of expression of the Dp140 isoform.8 The role
of Dp140 in BMD has been reported to be important.9

Functional and quantitative neuroimaging studies of DMD
have revealed multiple abnormalities, including gray matter
volume differences, altered white matter microstructural integ-
rity as measured using DTI, and metabolic derangement
shown by PET.10,11 DTI analyses have demonstrated wide-
spread and significant white matter abnormalities in individu-
als with DMD lacking Dp140 expression compared with those
with retained Dp140 expression and healthy controls.10,12

However, the existing neuroimaging studies of BMD are lim-
ited to a visual-assessment study on brain atrophy and a DTI
study using ROI methodology.6,13 No quantitative evaluation
of whole-brain morphology and microstructures in BMD has
been reported.

Voxel-based morphometry (VBM) and DTI are commonly
used methods in studies of neurodegenerative and psychiatric
diseases. VBM visualizes morphologic brain differences, and
DTI estimates microstructural parameters such as fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD),
and radial diffusivity (RD), mainly in the white matter.14,15 In
the present study, we conducted both VBM and DTI analyses
to clarify the morphologic and microstructural features in
patients with BMD and the group-level differences in BMD
subtypes based on Dp140 expression.

MATERIALS AND METHODS
This retrospective study was approved by the Ethics Committee
of Japan’s National Center of Neurology and Psychiatry Hospital
(Tokyo). The requirement for patients’ informed consent was
waived due to the retrospective nature of the study. We enrolled 39
male patients with BMD who visited our hospital and underwent
MR imaging between January 2014 and December 2021. The
diagnosis of BMD was based on typical symptoms (eg, delayed
motor milestones, proximal weakness, hypertrophied calves,
and elevated creatine kinase levels) and deletions of the dystro-
phin gene or reduced dystrophin levels confirmed by a muscle
biopsy.1 All the patients’ diagnoses of BMD were reviewed and
confirmed by an experienced neurologist.

Seven patients were excluded from this study because of a lack
of 3D T1WI or DTI data. We also excluded 2 patients with multi-
ple lacunar infarcts on MR imaging. A final total of 30 men with
BMD was included in the study. We also recruited 30 age-
matched healthy male controls on the basis of the following crite-
ria: no history of neurologic or psychiatric diseases, no contact
with psychiatric services, and no use of medication that affects
the central nervous system. Written informed consent was
obtained from each healthy control participant.

We retrospectively collected information regarding the disease
duration of patients with BMD, ambulatory performance, and
steroid treatment from their medical records. Information regard-
ing intelligence test scores on the Wechsler Adult Intelligence
Scale III (WAIS-III) was also collected. The WAIS-III was used to
measure verbal intelligence quotient (IQ), performance IQ, and
full-scale IQ.

Genetic Diagnoses
Information regarding the patients’ genetic diagnoses was col-
lected from their medical records. We classified the patients with
BMD into 2 subgroups according to mutations that might alter
Dp140 expression. Duplication, deletion, or small mutations in
the genic region between the Dp140 promoter and the N-termi-
nal and frameshift or nonsense mutations involving intron 44 or
downstream were deemed to be Dp140 expression modifiers.
Among these possible modifiers, we considered harmful Dp140
mutations (Dp140�) as deletion mutations, which included the
Dp140 start codon and/or coding region or coding region non-
sense or splice site variants.6

MR Imaging Acquisition
In all participants, MR imaging was performed using a 3T clinical
scanner (Achieva; Philips Healthcare) with a 32-channel head coil.
3D sagittal T1-weighted images were acquired (TR/TE, 7.18/3.46;
flip angle, 10°; effective section thickness, 0.6mm; slab thickness,
180mm; matrix, 384� 384; FOV, 261� 261mm; number of exci-
tations, 1), yielding 300 contiguous slices through the brain.
Single-shot spin-echo echo-planar DWIs were obtained with the
following parameters: TR/TE, 6700/58ms; flip angle, 90°; effective
section thickness, 3.0mm with no gap; slices, 60; matrix, 80� 78;
FOV, 240� 240mm; number of excitations, 2; noncoplanar diffu-
sion directions, 15; b-values, 0 and 1000 s/mm2. This study used a
cross-sectional design, and the MR imaging for each subject was
performed only once.

VBM Analysis
To investigate morphologic differences in gray and white matter
volumes, we segmented and spatially normalized the 3D T1-
weighted images using the Statistical Parametric Mapping 12
software program (SPM12; http://www.fil.ion.ucl.ac.uk/spm/)
running in Matlab (MathWorks) with the Diffeomorphic
Anatomical Registration through Exponentiated Lie Algebra
(DARTEL; part of SPM) technique.16 The segmented gray and
white matter images were normalized to the Montreal
Neurological Institute space using the DARTEL technique and
smoothed with an 8-mm full width at half maximum Gaussian
kernel.

ROI-Based Analysis of Gray and White Matter Volumes
The potential disparities of gray and white matter volumes
between the patients with BMD and controls were also investi-
gated using the FreeSurfer program (Version 6.0; http://surfer.
nmr.mgh.harvard.edu/). The 3D T1-weighted images were proc-
essed using the recon-all processing stream (https://surfer.nmr.
mgh.harvard.edu/fswiki/recon-all), and the gray and white matter
volumes were parcellated into 34 bilateral ROIs as defined by the
Desikan-Killiany atlas.17 The total intracranial volumes were also
measured.

Postprocessing and Analysis of the DTI Data
We performed a voxel-based whole-brain comparison for DTI
analyses that has been validated.18 First, we added the denoising
step and Gibbs-ringing correction using MRtrix3 (https://www.
mrtrix.org/).19,20 After eddy current correction and brain
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extraction using FSL, Version 5.0 (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki), we fitted the diffusion tensor model in each voxel derived
from the data with a b-value of 1000 using the DTIFit function
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT/UserGuide) to estimate
the FA, MD, AD, and RDmaps.15,21

For the investigation of DTI metrics on a voxel-by-voxel
basis, we spatially normalized these images using the DARTEL
registration method. Each 3D T1-weighted image was coregis-
tered and resliced to its b¼0 image. Subsequently, the coregis-
tered 3D T1-weighted images were spatially normalized using
the DARTEL template. Finally, the transformation matrix was
applied to DTI metric maps. Each image was then smoothed
using an 8-mm full width at half maximum Gaussian kernel.
To restrict the analysis to regions of white matter, we masked
the DTI metrics maps with the binary mask image made by the
segmented white matter images derived from each individual
3D T1-weighted image that was coregistered and resliced to its
b¼0 image.

ROI-Based DTI Analysis
In addition to the voxel-based analyses, we performed an ROI-
based analysis. The ROI of each significant cluster in the voxel-
based analysis derived from SPM12 was automatically mapped to
normalized DTI metrics images using MRIcron software (https://
people.cas.sc.edu/rorden/mricron/). We investigated the left-
right asymmetry of the measured DTI metrics values by reflecting
the ROI of each significant cluster to the corresponding
hemisphere— if it included the planum temporale or planum
polare— because these areas are reported to be highly asymmet-
ric.22 Each ROI was flipped to the other hemisphere using
MRIcro software (https://people.cas.sc.edu/rorden/mricro/). The
flipped ROIs were then evaluated with the MRIcron software. To
assess the asymmetry of the DTI metrics values, we evaluated the
ratio of left and right ROIs between the patients with BMD and
controls.

Statistical Analyses
Demographic data are presented as mean (SD), range, or percent-
age, as indicated. The Mann-Whitney U test was used to analyze
continuous data, and the Fisher exact test was used to analyze binary
data. All statistical analyses were performed using Bell-Curve (Social
Survey Research Information) for Excel software (Microsoft), and a
2-tailed P value, .05 was regarded as significant.

To determine the differences among the patients with BMD,
the BMD subgroups classified by the expression of the Dp140 iso-
form, and the control group, we subjected the normalized gray
and white matter volumes and DTI values to a 2-sample t test
analysis using SPM12. The significance of the differences in gray
and white matter volumes was tested with patient age and the
total intracranial volume (calculated by SPM12) as confounding
covariates. The DTI values were statistically analyzed using
patient age as a confounding variable. For all SPM analyses, the
significance level was set at a family-wise error–corrected P, .05
at voxel-level and a cluster size of .100 voxels. A normalized
template provided by SPM12 (single_subj_T1.nii) was used for
visualization. We used Bell-Curve for Excel software to perform a
2-sample t test to examine the difference of each ROI and the

ratio of left and right ROIs between the patients with BMD and
the controls. A 2-tailed P value, .05 was regarded as significant.
We performed an ANCOVA to evaluate differences in the vol-
ume of each ROI between the BMD and control groups, control-
ling for patient age and total intracranial volume. The
significance level of the statistical analysis was set at Bonferroni
corrected P, .05.

RESULTS
Clinical Characteristics
The clinical characteristics of each subject group are summarized
in the Online Supplemental Data. The mean ages of the patients
with BMD and controls were 37.8 (SD, 12.5) and 38.9 (SD,
12.2) years, respectively. No significant differences in age were
observed among the groups (BMD versus controls, P¼ .78;
BMD_Dp140� versus controls, P¼ .81; BMD_Dp1401 versus
controls, P¼ .45; and BMD_Dp140� versus BMD_Dp1401,
P¼ .41). Among the 30 patients with BMD, the genetic diagnoses
identified deletion mutations (n¼ 20, 66.7%), duplication muta-
tions (n¼ 2, 6.7%), small mutations (n¼ 6, 20.0%), and others
(diagnosed by immunohistochemistry; n¼ 2, 6.7%). Eighteen
patients had deleterious Dp140 mutations (BMD_Dp140�), and
10 patients did not have deleterious Dp140 mutations
(BMD_Dp1401). Among the 30 patients with BMD, 21 (70%)
patients were ambulant and 9 (30%) were wheelchair-bound; the
mean age at loss of ambulation was 32.2 (SD, 9.3) years. Four
patients were on steroid treatment, with a mean treatment dura-
tion of 3.6 years (range, 2–9 years). No significant differences
were noted in the duration of steroid treatment between the
Dp140 expression subgroups (P¼ .68).

The WAIS-III data were available for 16 patients, and the
scores are listed in the Online Supplemental Data. The full-scale
IQ of the patients was within the normal range ($70). No signifi-
cant differences were observed in the WAIS-III scores between
the BMD_Dp1401 and BMD_Dp140� subgroups.

Voxel-Based Morphometric and DTI Analyses
The results of the VBM analysis revealed no significant differences
in either gray or white matter between the groups, ie, BMD versus
controls; BMD_Dp140� versus controls; BMD_Dp1401 versus
controls; and BMD_Dp140� versus patients with BMD_Dp1401.
In the voxel-based DTI analysis, the 30 patients with BMD showed
areas with significantly decreased FA in the left planum temporale
and right superior parietal lobule compared with the healthy con-
trols (Table 1 and Fig 1). Eighteen patients with BMD_Dp140�
presented with significant FA reductions in the left planum tempo-
rale compared with controls (Table 1 and Fig 2). In contrast, the
10 patients with BMD_Dp1401 presented with no significant dif-
ferences in FA compared with the BMD_Dp140� group and con-
trols (data not shown). MD, AD, and RD values showed no
significant differences in all group comparisons (data not shown).

ROI-Based Analysis of Gray and White Matter Volumes
No significant difference was observed in the gray or white matter
volumes between the patients with BMD and the controls
(P. .05).
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ROI-Based DTI Analysis
As shown in Table 2, there was a significant difference in FA values
in both the left planum temporale and the right superior parietal
lobule between the BMD and control groups (P, .01 respectively).
Between the 18 patients with BMD_Dp140� and the 30 controls,
significant differences in FA values were observed in the left pla-
num temporale (P, .01) (Table 3). The ratio of the left-right ROIs
of FA values in the planum temporale showed significant differen-
ces between the BMD and control group and between the 18

patients with BMD_Dp140� and the
control group (P, .01 respectively)
(Tables 2 and 3).

DISCUSSION
We investigated VBM and DTI metrics
in patients with BMD and observed sig-
nificant FA reductions in the patients’
left planum temporale and right supe-
rior parietal lobule compared with the
healthy controls. The subgroup analy-
ses revealed that the patients with
BMD_Dp140� (but not the patients
with BMD_Dp1401) had reduced FA
in the left planum temporale. To our
knowledge, this is the first published
investigation of the microstructural dif-
ferences between individuals with
BMD and healthy controls using VBM
and DTI analyses. Our findings suggest
that the Dp140 dystrophin isoform
may play an important role in micro-
structural abnormalities of the left pla-
num temporale in individuals with
BMD.

Neuroimaging studies in large cohorts
of patients with DMD have revealed FA
reductions in both the supratentorial
and infratentorial white matter and indi-
cated that Dp140 expression contributed
to the FA changes in patients with
DMD.10,12 Our present findings demon-
strate impaired white matter integrity in
the BMD group, and the range of abnor-
mality is more limited than that of
patients with DMD. This finding may
indicate that BMD manifests with less
severity compared with DMD.7 Our

comparison of BMD subtypes with the healthy controls revealed
significant FA abnormalities in the Dp140� group but not in the
Dp1401 group. The differences between the BMD_Dp140� sub-
group and controls indicated that the expression of the Dp140 iso-
form could affect microstructural abnormalities in individuals with
BMD and those with DMD. No significant difference was detected
in Dp140 expression based on IQ scores; this may be because the
intelligence test scores of some of the patients with more severe
conditions may not have been available.

Table 1: Results of the voxel-based FA analysis of white matter between the 30 patients with BMD and 30 controls and between
the patients with BMD_Dp1402 (n= 18) and healthy controls (n= 30)a

Analysis df Cluster Size T Value
MNI Coordinates

Regions of Peaksx y z
Controls . BMD 57 222 7.67 �45 �34 15 Left planum temporale

204 7.34 24 �62 42 Right superior parietal lobule
Controls . BMD_Dp140� 45 151 6.63 �46 �34 15 Left planum temporale

Note:—MNI indicates Montreal Neurological Institute.
a All clusters are significant at a voxel level of P, .05 (family-wise error–corrected) and a cluster size of .100 voxels.

FIG 1. Results of the voxel-based FA analysis between the patients with BMD (n¼ 30) and con-
trols (n¼ 30) (P, .05, family-wise error–corrected, voxel level). The FA was significantly
decreased in the left planum temporale (arrows) and right superior parietal lobule (arrowheads)
of the patients with BMD. The background images are single_subj_T1 images, which are regarded
as one of the anatomically standardized images in the SPM12 toolbox. The color scale represents
t values. L indicates left; R, right.

FIG 2. Results of the voxel-based FA analysis between the patients with BMD_Dp140� (n¼ 18)
and controls (n¼ 30) (P, .05, family-wise error–corrected, voxel-level). The FA was significantly
decreased in the left planum temporale (arrows) of the patients with BMD_Dp140�. The color
scale represents t values. L indicates left; R, right.
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Earlier DTI investigations of patients with DMD reported a
significant increase in MD values in the white matter compared
with controls.10,12 Contrary to this result, we observed no signifi-
cant differences in MD between the present BMD and control
groups. MD is a measure that can be affected by the barriers that
restrict the movement of water, such as cell membranes.23 The
loss of the shorter isoforms of dystrophin was reported to be asso-
ciated with reduced levels of aquaporin-4, a protein involved in
membrane permeability.24,25 The difference in MD between indi-
viduals with DMD and those with BMDmay be related to the dif-
ferential cumulative loss of brain-expressed isoforms, affected by
the mutation site along the gene. Axonal degeneration was
described as sensitive to AD, whereas demyelination was deemed
to be sensitive to RD.26 We observed no significant differences in
AD or RD between the present patients with BMD and controls,
similar to our findings regarding MD. This result suggests that
individuals with BMD may exhibit less-severe axonal and myelin
abnormalities.

The present patients with BMD showed reduced FA in the
left planum temporale. The established functional lateralization
of the left cerebral hemisphere for language functions in most
individuals has been confirmed, and the planum temporale has
been presumed to be involved in auditory processing.22 Patients
with BMD have been reported to have poor verbal working
memory despite intact long-term memory and acquired knowl-
edge.5 Verbal working memory is thought to reflect a distrib-
uted brain network consisting of the frontal lobe and
hippocampus.27 Functional MR imaging and electroencepha-
lography studies have indicated an important role of the pri-
mary auditory area in the active maintenance of verbal memory
and the support of verbal working memory.28,29 We thus specu-
late that the temporal areas with decreased FA in our present
patients with BMD may have caused their poor verbal working
memory.

In contrast to the alterations in FA, no significant differences
in gray or white matter volumes were noted between the BMD
and control groups in this study. An investigation of patients
with DMD by a VBM analysis showed local gray matter reduc-
tions compared with healthy controls.10 Both the muscles and

brains of individuals with DMD have been reported to be com-
pletely missing the full-length 427 kDa dystrophin protein
(Dp427), which is normally located in the cerebral cortex.30

Dp427 may be present in small amounts or partially functioning
in the brains and muscles of patients with BMD, thus resulting in
the absence of significant differences in brain volumes between
the present BMD and control groups.

There are some study limitations to consider. A voxel-based
analysis is useful for identifying very subtle anatomic changes
but is sensitive to registration accuracy. To reduce the effect of
misregistration on the statistical analysis, we applied smoothing
to the normalized images. We used the conventionally used
default smoothing kernel (8-mm Gaussian filter). However,
smoothing might aggravate the partial volume problem.15 Our
study was further limited by the small sample size of subgroups
of patients with BMD, and the study should, therefore, be
viewed as a preliminary study and requires confirmation in
larger samples. Because this was a retrospective study, the cog-
nitive profiles of some of the participants were not evaluated by
neuropsychological tests. Prospective studies that include more
detailed neuropsychological examinations are necessary to
investigate the correlation between brain abnormalities and
cognitive impairment in patients with BMD.

CONCLUSIONS
We conducted VBM and DTI analyses in patients with BMD,
and we observed significantly reduced FA in the left planum tem-
porale in all patients with BMD and in the BMD_Dp140� sub-
group compared with the healthy controls, but not in the
BMD_Dp1401 subgroup. These results indicate that the Dp140
dystrophin isoform may contribute to temporal microstructural
abnormalities in BMD.
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ORIGINAL RESEARCH
NEURODEGENERATIVE DISORDER IMAGING

Comparison of Quantitative Hippocampal Volumes and
Structured Scoring Scales in Predicting Alzheimer Disease

Diagnosis
Michael Essien, James Lah, Brent D. Weinberg, Jason W. Allen, and Ranliang Hu

ABSTRACT

BACKGROUND AND PURPOSE: Brain imaging plays an important role in investigating patients with cognitive decline and ruling out
secondary causes of dementia. This study compares the diagnostic value of quantitative hippocampal volumes derived from auto-
mated volumetric software and structured scoring scales in differentiating Alzheimer disease, mild cognitive impairment, and sub-
jective cognitive decline.

MATERIALS AND METHODS: Retrospectively, we reviewed images and medical records of adult patients who underwent MR imag-
ing with a dementia protocol (2018–2021). Patients with postscanning diagnoses of Alzheimer disease, mild cognitive impairment,
and subjective cognitive decline based on the International Statistical Classification of Diseases and Related Health Problems, 10th
revision, were included. Diagnostic performances of automated normalized total hippocampal volume and structured manually
assigned medial temporal atrophy and entorhinal cortical atrophy scores were assessed using multivariate logistic regression and re-
ceiver operating characteristic curve analysis.

RESULTS: We evaluated 328 patients (Alzheimer disease, n¼ 118; mild cognitive impairment, n¼ 172; subjective cognitive decline,
n¼ 38). Patients with Alzheimer disease had lower normalized total hippocampal volume (median, 0.35%), higher medial temporal
atrophy (median, 3), and higher entorhinal cortical atrophy (median, 2) scores than those with subjective cognitive decline (P, .001)
and mild cognitive impairment (P, .001). For discriminating Alzheimer disease from subjective cognitive decline, an entorhinal corti-
cal atrophy cutoff value of 2 had a higher specificity (87%) compared with normalized total hippocampal volume (74%) and medial
temporal atrophy (66%), but a lower sensitivity (69%) than normalized total hippocampal volume (84%) and medial temporal atro-
phy (84%). In discriminating Alzheimer disease from mild cognitive impairment, an entorhinal cortical atrophy cutoff value of 3 had
a specificity (66%), similar to that of normalized total hippocampal volume (67%) but higher than medial temporal atrophy (54%),
and its sensitivity (69%) was also similar to that of normalized total hippocampal volume (71%) but lower than that of medial tem-
poral atrophy (84%).

CONCLUSIONS: Entorhinal cortical atrophy and medial temporal atrophy may be useful adjuncts in discriminating Alzheimer
disease from subjective cognitive decline, with reduced cost and implementation challenges compared with automated volu-
metric software.

ABBREVIATIONS: AD ¼ Alzheimer disease; ERiCA ¼ entorhinal cortical atrophy; ICD-10 ¼ International Statistical Classification of Diseases and Related
Health Problems, 10th revision; IQR ¼ interquartile range; MCI ¼ mild cognitive impairment; MTA ¼ medial temporal lobe atrophy; NTHV ¼ normalized total
hippocampal volume; ROC ¼ receiver-operating characteristic; SCD ¼ subjective cognitive decline

Dementia is characterized by progressive loss of brain structure
and function, resulting in a loss of intellectual abilities and

interference with social or occupational functions.1 It is estimated

that about 50 million people worldwide are affected by dementia,

and this number is expected to triple to 150 million by 2050.2 The

most common cause of dementia is Alzheimer disease (AD).
The diagnosis of AD is often based on clinical history, neuropsy-

chological evaluation, CSF markers, and imaging tests such as PET

and MR imaging. Brain MR imaging is routinely performed in

patients being evaluated for cognitive decline, and it is helpful in rul-

ing out secondary causes of dementia. Subjective cognitive decline

(SCD), mild cognitive impairment (MCI), and AD are not mutually
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exclusive states, and MCI has been described as a transitional phase

between SCD and AD, with overlapping boundaries; some patients

eventually convert to AD, while others remain stable.3

Recently, there has been increased clinical availability of auto-
mated software tools such as NeuroQuant (Version 2.3.0; Cortechs,
San Diego, California) and icobrain (icometrix, Leuven, Belgium)
that measure overall and regional brain volumes and compare them
with those of age-matched healthy controls. These tools provide an
abundance of volumetric data and the potential for longitudinal
tracking, but their diagnostic value in the clinical evaluation of de-
mentia has not been widely adopted in clinical practice due to the
wide variation in their technical and clinical validations for clinical
practice, the lack of access to software algorithms, and the difficulty
in integrating these tools into the clinical reporting workflow.4,5

Attempts have been made to develop validated semiquantita-
tive visual assessment tools that use clear definitions of what con-
stitutes atrophy along with visual examples of each score,
including the medial temporal atrophy (MTA)6 and entorhinal
cortical atrophy (ERiCA) scores.7 These scores can reduce report-
ing variability and facilitate communication between radiologists
and referring clinicians, and they have been shown, in some stud-
ies, to have high diagnostic accuracy.7

The primary purpose of our study was to compare the diag-
nostic value of quantitative regional brain volumes derived from
NeuroQuant and structured scoring scales in the evaluation of
AD.

MATERIALS AND METHODS
Study Design and Patient Selection
This was a Health Insurance Portability and Accountability Act–
compliant retrospective review that was approved by our institu-
tional review board. The need for patient-informed consent was
waived. We reviewed imaging studies and medical records of
adult patients from 2018 to 2021 at 5 centers that fall under the
umbrella of a single health care institution.

The inclusion criteria were adult
patients who had undergone MR
imaging with the dementia protocol
within the search period and who had
postscanning International Statistical
Classification of Diseases and Related
Health Problems, 10th revision (ICD-
10) diagnoses of AD or MCI, including
those having SCD. Exclusion criteria
were patients with missing NeuroQuant
quantitative parameters, patients with
other neurodegenerative ICD-10 diag-
noses (such as Parkinson disease, fron-
totemporal dementia, Pick disease), and
those with incomplete demographic
data (race and/or highest education).
The study participants’ flow chart is
shown in Fig 1.

Clinical Scenarios and Diagnoses
Requests for MR imaging with the de-
mentia protocol were received from

neurologists and primary care physicians within the institution’s
health care network and also from providers outside the net-
work. These included requests from first-line memory clinics,
doctor’s offices, and tertiary referral centers. All patients were
eventually reviewed by board-certified neurologists with addi-
tional subspecialty certification in Behavioral Neurology and
Neuropsychiatry from the United Council for Neurologic
Subspecialties. The final diagnosis was based on a comprehen-
sive neurologic examination, detailed cognitive testing, review
of laboratory tests and brain MR imaging scans, and additional
CSF biomarker testing as appropriate. The diagnostic guidelines
used are consistent with the 2011 National Institute on Aging–
Alzheimer’s Association revised diagnostic criteria for AD.8 In
the selection of patients, we considered only those diagnoses
made postscanning to be valid for our research.

Imaging Acquisition and Analysis
Brain MR imaging was performed on one of several 1.5T or 3T
MR imaging scanners using our institutional dementia MR
imaging protocol. All examinations included a volumetric T1-
weighted sequence with 1-mm isotropic voxels in addition to
standard brain MR imaging sequences. The exact sequence pa-
rameters varied among scanners due to scanner differences, but
a representative MPRAGE sequence was performed with 1-mm
section thickness, 1-mm in-plane resolution, FOV ¼ 256 �
256mm, TR ¼ 2.3 seconds, TE ¼ 3.17 ms, bandwidth¼ 210 Hz.
Images were acquired in the sagittal plane and reformatted to
the axial and coronal planes. Assessment of MTA and ERiCA
scores was performed on coronal images by the interpreting
board-certified and Certificate of Added Qualification–certified
neuroradiologists according to published guides.6,7 To summa-
rize, the MTA score is a quantification of temporal atrophy
using the hippocampal height and width of neighboring CSF
space, with scores ranging from 0 (no atrophy) to 4 (severe atro-
phy).6 The ERiCA score is a quantification of entorhinal cortex

FIG 1. Flow chart of study participants. Only diagnoses made after MR imaging were considered
for this study. PD indicates Parkinson disease; FTD, frontotemporal dementia.
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atrophy assessed at the level of the mammillary bodies, with scores
ranging from 0 (normal) to 3 (severe atrophy).7 Quantitative
assessment was performed using NeuroQuant, which performed
volumetric segmentation on the volumetric T1-weighted series
and output quantitative volumes and ratios to the PACS. All
imaging analyses were performed at the time of clinical interpreta-
tion, and no post hoc analysis was performed, to simulate a realis-
tic clinical environment. Figure 2 shows examples of MR images
obtained from NeuroQuant for patients with AD, MCI, and SCD.

Outcome and Predictor Variables
The outcome variables used were AD, MCI, and SCD.
Normalized total hippocampal volume (NTHV), maximum
MTA scores, and maximum ERiCA scores were used as predictor
variables. NTHV was calculated by assessing the right and left
hippocampal volumes generated separately by NeuroQuant, sum-
ming the 2 values, and expressing the resultant value as a percent-
age of each patient’s intracranial volume [(right hippocampal
volume 1 left hippocampal volume)/ICV]. Values generated by
NeuroQuant are normalized to an age-specific cohort. MTA and
ERiCA scores were assigned to each temporal lobe separately by
the interpreting radiologists at the time of clinical interpretation
using a structured visual scoring routine. Scores were obtained
retrospectively from the radiology report. The higher value of the
right and left MTA or ERiCA scores, which we termed maximum
MTA or maximum ERiCA, was used for analysis.

Covariates
Covariates were sex, race, highest education attained, age at diag-
nosis, a history of arterial hypertension, and a history of diabetes
mellitus.

Statistical Analysis
The x 2 test was used to determine
associations between categoric varia-
bles and the disease outcomes. The
Kruskal-Wallis test was used to deter-
mine associations between continu-
ous variables and disease outcomes
because observations in these varia-
bles assumed a non-normal distribu-
tion based on the Shapiro-Wilk test
for normality. Differences between
comparison groups (AD versus MCI,
AD versus SCD, and MCI versus SCD)
were calculated in a post hoc analysis.
Linear correlational analysis of quanti-
tative and qualitative measures was
assessed using the Spearman correla-
tion. Multivariate logistic regression
analyses were performed with a step-
wise addition of predictors. Diagnostic
performances of predictor variables
were assessed by receiver operating
characteristic (ROC) analyses, and
the cutoff value for each parameter
was calculated using the maximum
Youden index. An a level of .05 was

set as the level of significance. SAS software, Version 9.4 (SAS
Institute, Cary, North Carolina) was used for all analyses.

RESULTS
A total of 328 imaging studies were evaluated (118 patients with
AD: median age, 78 years; interquartile range [IQR], 71–
84 years; 172 patients with MCI: median age, 74 years; IQR, 69–
78 years; and 38 patients with SCD: median age, 67 years; IQR,
54–78 years). The time from the MR imaging dementia protocol
scan to the date of the ICD-10 diagnosis varied among the 3
groups (AD group: median time, 48 days; IQR, 15–98 days; MCI
group: median time, 6 days; IQR, 3–62 days; and SCD group:
median time, 20 days; IQR, 3–171 days).

Descriptive analyses indicated that only age at diagnosis,
NTHV, MTA, and ERiCA scores were significantly different
across the 3 outcome variables (Table 1 and Fig 3). In a post hoc
analysis, patients with AD were older (median age, 78 years), had
lower NTHVs (median, 0.35%), higher MTA score (median, 3),
and higher ERiCA scores (median, 2) than those with SCD
(P, . 001) and MCI (P, . 001).

There was a fairly strong positive linear correlation between
MTA and ERICA (r¼ 0.82), and a moderate negative linear cor-
relation between NTHV and the visual scales (MTA and
ERiCA). The correlation between MTA and NTHV (r ¼ �0.76)
was found to be significantly higher than that between ERiCA
and NTHV (r¼ �0.71) (P¼ .02).

In multivariate logistic regression analyses, when we controlled
for age at diagnosis, sex, race, highest educational level, history of
arterial hypertension, and diabetes mellitus, only ERiCA remained
as a significant predictor (P ¼.02) in discriminating AD from
SCD. Regarding the differentiation of AD from MCI, NTHV was

FIG 2. Coronal T1 noncontrast MR images with automated segmentation overlay obtained from
NeuroQuant showing hippocampal volumes (yellow arrow) for patients with AD (A), mild cogni-
tive impairment (B), and SCD (C). Note the marked hippocampal atrophy for AD compared with
MCI and SCD.
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the only significant predictor (P ¼
,.001) in the adjusted model. In the
discrimination of MCI from SCD, none
of the predictors remained significant
(Online Supplemental Data).

In the ROC analyses, the model con-
taining ERiCA, MTA, NTHV, and age
at diagnosis was used. All 3 predictors
(NTHV, MTA, and ERiCA) were signif-
icantly better than chance in the dis-
crimination of AD from SCD. Area
under the curve values for each were the
following: NTHV (0.83), ERiCA (0.83),
and MTA (0.80) (Fig 4 and Online
Supplemental Data). There was no stat-
istically significant difference between
NTHV versus MTA (P¼ .37), ERiCA
versus MTA (P¼ .28), and NTHV ver-
sus ERiCA (P¼ .90). Regarding the dif-
ferentiation of AD from MCI, all 3
predictors were significantly better than

Table 1: Descriptive statisticsa

Characteristic AD MCI SCD P Value
Sex .93
Male (%) 39.8 41.9 42.1
Female (%) 60.2 58.1 57.9
Race .23
Caucasian or white (%) 58.5 68.0 60.5
Other (%) 41.5 32.0 39.5
Highest education .15
#High school (%) 28.8 20.9 15.8
.High school (%) 71.2 79.1 84.2
Arterial hypertension .45
Yes (%) 71.2 66.9 60.5
No (%) 28.8 33.1 39.5
Diabetes mellitus .14
Yes (%) 18.6 23.3 34.2
No (%) 81.4 76.7 65.8

Age at diagnosis (yr) 78 (71–84) 74 (69–78) 67 (54–78) ,.001b

NTHV (%) 0.35 (0.33–0.37) 0.41 (0.40–0.43) 0.48 (0.42–0.50) ,.00b

Maximum MTA score 3.0 (2.0–3.0) 1.0 (0.0–2.0) 1.0 (0.0–2.0) ,.001b

Maximum ERiCA score 2.0 (1.0–2.0) 1.0 (0.0–2.0) 1.0 (0.0–1.0) ,.001b

a 50% median and interquartile ranges (in parentheses) are shown for age at diagnosis, NTHV, maximum MTA and
maximum ERiCA scores. Maximum MTA and maximum ERiCA refer to the higher scores of the right and left values
of the respective parameters.
b Denotes statistical significance at a ¼ .05.

FIG 3. Boxplot graphs of the variables age at diagnosis (A), NTHV (B), maximumMTA (C), and maximum ERiCA (D) scores against the outcome variables
AD, MCI, and SCD. The maximum and minimum values are represented at either end of the whiskers. The box represents the interquartile range (25th
percentile to the 75th percentile), with the median represented by the line within the box, and the mean shown by the diamond. Outliers are shown
by a circle. MaximumMTA and maximum ERiCA refer to the higher score of the right and left values of the respective parameters.
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chance. Area under the curve values for each were the following:
NTHV (0.75), ERiCA (0.71), and MTA (0.73). There was no statis-
tically significant difference between NTHV versus MTA
(P¼ .47), ERiCA versus MTA (P¼ .25), and NTHV versus ERiCA
(P¼ .12) (Fig 5 and Online Supplemental Data). When MCI was

compared with SCD, the confidence intervals of all 3 predictors
included the value 0.5, implying that all 3 parameters are poor dis-
criminators (Fig 6 and Online Supplemental Data).

In the discrimination of AD from SCD, an ERiCA cutoff value
of 2 had a lower sensitivity (69%) compared with NTHV (84%)
and MTA (84%) but had a higher specificity (87%) than NTHV
(74%) and MTA (66%) (Table 2). When AD was compared with
MCI, an ERiCA cutoff value of 3 had a sensitivity (69%) similar
to that of NTHV (71%) but lower than that of MTA (84%); the
ERiCA value had a specificity (66%) similar to that of NTHV
(67%) but was higher than that of MTA (54%) (Table 3).

DISCUSSION
Our study compared the diagnostic performance of quantitative
measurement (derived from automated volumetric assessment)
and visual inspection scales in the discrimination of AD from
SCD and MCI. The quantitative measure used was NTHV, while
MTA and ERiCA scores were used as visual-inspection parame-
ters. The interrater reliability analyses of the visual inspection pa-
rameters have been previously studied and have been shown to
be good.7,9

As expected, the correlation coefficient between MTA and
NTHV was significantly higher than that between ERiCA and
NTHV. This result is because MTA is a measure of hippocampal
atrophy, whereas ERiCA is a measure of entorhinal cortical atro-
phy and not a direct assessment of hippocampal volume.6,8,10

This finding also explains why the OR of MTA in the prediction
model differentiating AD from MCI loses statistical significance
when NTHV is introduced into the model but is maintained
when only ERiCA as a predictor variable is introduced in addi-
tion to other covariates. Statistically significant higher ORs were
seen for ERiCA (OR, $2.0) in the unadjusted and adjusted AD-

FIG 4. ROC curves for AD versus SCD. The overall model includes
normalized total hippocampal volume, maximum MTA, maximum
ERiCA, and age at diagnosis. Maximum MTA and maximum ERiCA
refer to the higher score of the right and left values of the respective
parameters.

FIG 5. ROC curves for AD versus MCI. The overall model includes
normalized total hippocampal volume, maximum MTA, maximum
ERiCA, and age at diagnosis. Maximum MTA and maximum ERiCA
refer to the higher score of the right and left values of the respective
parameters.

FIG 6. ROC curves for MCI versus SCD. The overall model includes
NTHV, maximum MTA, maximum ERiCA, and age at diagnosis.
Maximum MTA and maximum ERiCA refer to the higher scores of the
right and left values of the respective parameters.

AJNR Am J Neuroradiol 44:1411–17 Dec 2023 www.ajnr.org 1415



versus-SCD prediction models, and a statistically significant OR
(OR, 1.7) was demonstrated for MTA in the unadjusted AD-ver-
sus-MCI prediction model (MTA and ERiCA as predictors).
Even though hippocampal atrophy (either by volume or MTA) is
a hallmark of AD that has been demonstrated in multiple prior
studies7,11-14 and also confirmed in our study, it is not as predic-
tive as it should have been in the AD-versus-SCD group, but
rather discriminative when the difference in atrophy was
expected to be lower (AD versus MCI group). These overlapping
results potentially help to re-emphasize the clinical relevance that
SCD, MCI, and AD are not mutually exclusive states but exist
with overlaps in a cognitive continuum. The entorhinal cortex
has been identified as a distinct early marker of AD pathology
before significant hippocampal atrophy,7,15-17 and this can be
demonstrated in the ERiCA results obtained in the AD-versus-
SCDmodels.

An ERiCA cutoff value of 2 produced a sensitivity of 69%
and a specificity of 87%, which are lower than those reported by
Enkirch et al.7 Our results do, however, show the higher speci-
ficity of ERiCA compared with MTA in discriminating AD and
SCD, supportive of their findings. The lower diagnostic per-
formance of ERiCA in our study reflects what can be expected
in a larger cohort with clinical interpretation from multiple
reporting neuroradiologists in a routine setting instead of dedi-
cated research reviewers. The sensitivity and specificity of MTA
scores in discriminating AD from controls varies across studies,
with sensitivity ranges from 57% to 100% and specificity ranges
from 67% to 100%.6,7,12,18-20 In our study, we calculated the sen-
sitivity and specificity of the MTA cutoff point for all ages
(MTA, 2) in discriminating AD from SCD to be 84% and 66%,
respectively.

In discriminating AD and MCI, our study produced an area
under the curve value of 0.71, which is the same as that calculated
by Traschütz et al,21 and ERiCA also showed higher specificity
but lower sensitivity in the differentiation of AD from MCI as
estimated by Roberge et al.22 Even though the ROC analyses indi-
cate that all 3 diagnostic tests (NTHV, MTA, and ERiCA) are

better than chance in differentiating AD fromMCI, their sensitiv-
ity and specificity values as shown in the results indicate chal-
lenges in using only these parameters in the diagnosis of
dementia.

Our study had limitations, including the retrospective study
design and the small sample size of the SCD group. Also, the
SCD group is not truly a healthy group because these individuals
presented to the clinic with varied cognitive symptoms for
which they underwent the MR imaging dementia protocol scan.
Because our study relied on NeuroQuant, which we use only in
the context of a referral for assessment of some form of cogni-
tive impairment, we did not have NeuroQuant data on true
healthy patients. Nevertheless, the SCD group may serve as a
useful comparison group because it reflects a realistic sampling
of the patient population who undergo the MR imaging demen-
tia protocol. In addition, even though the brain MR imaging
scan result is just one component used in the diagnosis of de-
mentia, its impression could still possibly bias the final definitive
diagnosis. Last, even though the NeuroQuant analyses were con-
ducted at the time of performing the dementia scan protocol,
interpretating neuroradiologists scored MTA and ERiCA on the
basis of standardized criteria and a visual guide, independent of
the NeuroQuant analyses and as per our institutional practice.
However, because the reporting neuroradiologists were not com-
pletely blinded to the NeuroQuant analyses, the reported visual
assessment scores could potentially have been influenced by the
NeuroQuant results.

CONCLUSIONS
The structured scoring scale, ERiCA, had lower sensitivity but
higher specificity compared with NTHV and MTA in the dis-
crimination of AD from SCD. In a multivariable model, only
ERiCA remained as an independent predictor. Our results sup-
port the inclusion of the ERiCA score in the radiologic assess-
ment of MR imaging performed for suspected dementia, in
addition to the more widely used MTA score because these 2
scores when used together may be helpful supplements to the

Table 2: Predictor diagnostic performances—AD versus SCDa

Parameter Cutoff Value Sensitivity Specificity Accuracy
NTHV (%) 0.41 99/118 (84) [76–90] 28/38 (74) [60–88] 127/156 (81) [75–87]
Max MTA score: all ages 2.0 99/118 (84) [77–91] 25/38 (66) [51–81] 124/156 (79) [73–86]
MTA score: ,75 years 2.0 32/44 (73) [60–86] 23/27 (85) [72–99] 55/71 (77) [68–87]
MTA score: $75 years 3.0 50/74 (68) [57–78] 8/11 (73) [46–99] 58/85 (68) [58–78]
Max ERiCA score 2.0 82/118 (69) [61–78] 33/38 (87) [76–98] 115/156 (74) [67–81]

Note:—Max indicates maximum.
a Patient numbers shown in sensitivity, specificity, and accuracy columns with percentage scores (in parentheses) and 95% confidence intervals [in brackets]. Maximum
MTA and maximum ERiCA refer to the higher score of the right and left values of the respective parameters.

Table 3: Predictor diagnostic performances—AD versus MCIa

Parameter Cutoff Value Sensitivity Specificity Accuracy
NTHV (%) 0.38 84/118 (71) [62–79] 115/172 (67) [59–74] 199/290 (69) [63–74]
Max MTA score: all ages 2.0 99/118 (84) [77–91] 93/172 (54) [47–62] 192/290 (66) [61–72]
MTA score: ,75 years 2.0 32/44 (73) [60–86] 63/90 (70) [61–79] 95/134 (71) [63–79]
MTA score: $75 years 3.0 50/74 (68) [57–78] 51/82 (62) [52–73] 101/156 (65) [57–72]
Max ERiCA score 3.0 82/118 (69) [61–78] 113/172 (66) [59–73] 195/290 (67) [62–73]

Note:— Max indicates maximum.
a Patient numbers shown in sensitivity, specificity, and accuracy columns with percentage scores (in parentheses) and 95% confidence intervals [in brackets].
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evaluation of dementia, especially if automated quantitative anal-
ysis is not available.

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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Cervical Osteomyelitis and Diskitis as a Complication of
Neopharyngeal Breakdown: A Multisite Case Series Review

Alok A. Bhatt, Prasanna Vibhute, Xin Cynthia Wu, Edward J. Escott, Charlotte Chung, and Patricia A. Rhyner

ABSTRACT

SUMMARY: Laryngectomy and pharyngectomy are surgical options for advanced laryngeal or pharyngeal squamous cell carcinoma.
Cervical osteomyelitis-diskitis, occurring when there is dehiscence of the posterior neopharyngeal wall, is an uncommon complication
of laryngopharyngectomy. This case series describes imaging findings of pharyngoesophageal wall breakdown with subsequent cervical
spine infection and demonstrates that most of these patients had undergone prior esophageal or neopharyngeal dilations for benign
posttreatment stricture. Neck pain, fever, or serologic evidence of infection should prompt careful evaluation for osteomyelitis-diskitis
and assessment for neopharyngeal breakdown and sinus tract formation, especially in the postdilation setting.

ABBREVIATION: SCCA ¼ squamous cell carcinoma

Treatment of advanced or recurrent head and neck cancer usually
involves multiple modalities, including surgical resection, radia-

tion therapy, and/or chemotherapy. For advanced laryngeal and pha-
ryngeal squamous cell carcinoma (SCCA), the surgical options are
generally laryngectomy or pharyngectomy, which create defects that
are managed by primary closure or flap reconstruction.1 In addition
to defect closure, a neopharynx is constructed to restore swallowing.
A cutaneous fistula between the neopharynx and skin is a complica-
tion that is readily recognized by clinical examination of the treated
neck. Neopharyngeal or pharyngoesophageal ulceration and anasto-
motic breakdown of the posterior wall, with subsequent sinus tract
formation, are, however, uncommon and underrecognized complica-
tions.2 Risk factors for perforation are those resulting in poor soft-
tissue healing, including prior chemo-/radiation therapy, poor nutri-
tional status, and continued tobacco and alcohol use.3,4 Ulceration
and perforation most commonly occur on the posterior neophar-
yngeal wall.5 Such perforations or microperforations establish condi-
tions under which cervical osteomyelitis and diskitis can result.

The purpose of this retrospective, multisite clinical series is to
describe 11 patients who developed osteomyelitis-diskitis follow-
ing laryngopharyngectomy for tumor resection, pharyngeal
reconstruction, and adjuvant radiation.6

Case Series
Institutional review board approval from each institution (Mayo
Clinic Jacksonville, Emory University, University of Kentucky) was
obtained. A total of 11 patients comprised the study population.
Seven of 11 patients were identified at the time of imaging performed
for “neck pain” or possible infection. Additional cases were identified
retrospectively; databases were searched for “laryngectomy,” “pharyn-
gectomy,” “diskitis” or “osteomyelitis.” Electronic medical records
were reviewed to confirm cervical osteomyelitis-diskitis after laryngec-
tomy or pharyngectomy. Imaging was reviewed by group consensus.

There were 9 male and 2 female patients (age range, 60–78years,
with an average age of 65.5 years). All patients had undergone surgi-
cal resection for SCCA of the larynx (10/11) or hypopharynx (1/11).
All were also treated with adjuvant radiation. All patients had flap
reconstruction after laryngopharyngectomy, either as the initial sur-
gery or after recurrent tumor. The average time between initial treat-
ment and the diagnosis of osteomyelitis-diskitis was 7years; range,
3–12years. Patients presented years after the operation with new
pathologic compression fractures, neck pain, or arm pain. All had
serologic evidence (elevated white blood cell count, C-reactive pro-
tein, and/or erythrocyte sedimentation rate) of infection. The time
between symptom onset and diagnosis was not available for all, but
the delay in diagnosis was as long as 18months.

A barium swallow in our series was used when patients had
new or worsening dysphagia to evaluate stenosis or aspiration;
only 1 examination showed a leak. Nine patients had$1 posttreat-
ment esophageal or neopharyngeal stricture dilation for dysphagia,
obstruction, and an inability to take oral nutrition. Two had no his-
tory available regarding dilation. The onset of symptoms after dila-
tion was not immediate and ranged from several weeks to months.
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Cross-sectional imaging was performed for routine surveil-
lance or because of neck pain, dysphagia, or concern for infection.
Both CT and MR imaging were performed in 9 patients; CT only
in 1 patient; and MR imaging only in 1 patient. Both CT and MR
imaging showed edema and phlegmonous changes around the
neopharynx. An incomplete air column from the oropharynx to
the cervical esophagus was present in all cases. Extraluminal air
was frequently misinterpreted as neopharyngeal air. Extraluminal
air was either a relatively large, isolated pocket of air or small bub-
bles around the reconstruction (Fig 1) and was seen in 4 of 11
patients. A defect in the posterior neopharynx with a fluid- and/or
air-filled fistulous tract extending to the cervical spine was visible
in 10 of 11 patients (Figs 2 and 3A). Multiplanar reformations per-
formed at the workstation in oblique planes facilitated recognizing
that air or gas was not in the lumen and the presence of a fistulous
tract.

Characteristic CT and MR imaging findings of osteomyelitis
and diskitis were present in all cases (Fig 3B). Diskitis was at
C5–6 in 4/11, C6–7 in 2/11, and 1 each at C2–3, C3–4, and C4–5.
Two patients had multilevel diskitis from C4 to C7.

DISCUSSION
Dysphagia reportedly occurs in up to 70%–75% of patients in the
posttreatment setting of head and neck cancer with a negative
impact on the quality of life.7 Neopharyngeal or esophagophar-
yngeal strictures are common causes of dysphagia. In this patient
population, strictures may be due to recurrent tumor, but, more
commonly, are benign.8,9 Multimodality treatment—surgery,
radiation, and chemotherapy—increases the risk of pharyngeal
or neopharyngeal benign strictures, reportedly occurring as fre-
quently as 33% of the time.8

After chemoradiation, soft-tissue chronic inflammation causes
collagen deposition and fibrin production, resulting in fibrosis
and stricture. Patients may undergo endoscopy with dilation to
relieve such strictures. Endoscopic dilation of a neopharyngeal or
pharyngoesophageal stricture is a safe and effective treatment for
stricture-related dysphagia. Complications of this procedure
include bleeding and perforation.9 In this setting, infectious
organisms can gain access to the vertebral bodies by either perfo-
ration or microtrauma.5

In patients who have not undergone laryngopharyngectomy,
perforation in the cervical region most commonly occurs at the
triangular area in the posterior wall of the pharynx between the
transverse and oblique bundles of the inferior pharyngeal con-
strictor muscles, termed the Killian triangle.4 This area is adjacent
to the C4–C6 vertebral bodies, separated by only a thin layer of
fascia. In patients undergoing laryngectomy or pharyngectomy,
the Killian triangle does not exist and is replaced by a neophar-
yngeal anastomosis, an anatomic site of weakness but also, com-
monly, the site of stricture.8

All patients in this series had flap reconstruction of the defect,
either as part of the initial treatment or after failure and tumor
recurrence. Flap failure is a serious complication for the patient
with treated head and neck malignancy. MR imaging or CT per-
fusion may help predict free flap failure from vascular compro-
mise.10 Evaluation for stricture and possible leak following dilation
may be diagnosed by fluoroscopic barium swallow examination.11

FIG 1. A 51-year-old man with a history of laryngeal SCCA, treated
with total laryngectomy and myocutaneous flap reconstruction.
Sagittal contrast-enhanced CT demonstrates marked prevertebral
soft-tissue thickening from C4 to T1 and chronic fracture/dislocation
at C6–C7. A bulky myocutaneous flap reconstructs the anterior pha-
ryngeal wall; note how lumen tapers, terminating at C7. A tiny locule
of extraluminal air is present in the prevertebral soft tissues just ante-
rior to the T1 superior endplate (arrow).

FIG 2. A 67-year-old man with a history of laryngeal SCCA, status
post laryngectomy and radiation, and dilation of multiple sites of
neopharyngeal and esophageal stenosis presented with obstruction
and severe neck pain. An axial contrast-enhanced image demon-
strates a fluid-filled sinus tract from the neopharyngeal posterior wall,
extending to thickened prevertebral soft tissues (arrows). MR imaging
of the cervical spine revealed characteristic cervical diskitis/osteomy-
elitis at multiple levels (not shown).
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Our series showed esophageal or neopharyngeal stenosis, and sub-
sequent dilation should prompt attention to the cervical spine,
looking for infection if a patient presents with neck pain. In
the absence of cord compromise or spine instability, surgical
management of diskitis/osteomyelitis with debridement and
spine stabilization and repair of the neopharyngeal defect should
be considered after failure of medical therapy.12

In conclusion, diskitis/osteomyelitis should be a consideration
in a patient previously treated for laryngeal or hypopharyngeal
carcinoma who presents with neck pain or signs of infection,
especially if imaging reveals posterior neopharyngeal breakdown
and sinus tract formation. While CT is often the first imaging
performed in this setting, MR imaging of the cervical spine is
more sensitive for spine infection. In our series, most patients
with neopharyngeal perforation and spinal infection had under-
gone prior esophageal or neopharyngeal dilations for benign
posttreatment stricture.

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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FIG 3. A 74-year-old woman with a history of laryngeal carcinoma, status post total laryngec-
tomy and radiation, and recent esophageal dilation presented with neck pain and fever. A, An
axial postcontrast CT image demonstrates a sinus tract extending to the vertebral body (arrows).
B, Sagittal T1 postcontrast fat-saturated MR image demonstrates thickening of the prevertebral
soft tissue with a focal defect (arrow) and enhancement of the C5 and C6 vertebral bodies
(arrowheads) and loss of disk height with enhancement, consistent with diskitis/osteomyelitis.

1420 Bhatt Dec 2023 www.ajnr.org

https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/December%202023/0707.pdf
http://www.ajnr.org
http://dx.doi.org/10.3390/cancers13194912
https://www.ncbi.nlm.nih.gov/pubmed/34638398
http://dx.doi.org/10.1016/j.jrid.2017.07.002
http://dx.doi.org/10.1177/0003489414522972
https://www.ncbi.nlm.nih.gov/pubmed/24633941
http://dx.doi.org/10.1002/lary.30278
https://www.ncbi.nlm.nih.gov/pubmed/35769042
http://dx.doi.org/10.1016/j.ijid.2019.01.006
https://www.ncbi.nlm.nih.gov/pubmed/30641205
http://dx.doi.org/10.1007/s12070-020-01873-2
https://www.ncbi.nlm.nih.gov/pubmed/34692453
http://dx.doi.org/10.1159/000130870
https://www.ncbi.nlm.nih.gov/pubmed/18467817
http://dx.doi.org/10.1155/2019/8905615
https://www.ncbi.nlm.nih.gov/pubmed/31275367
http://dx.doi.org/10.3174/ajnr.A7458
https://www.ncbi.nlm.nih.gov/pubmed/35361578
http://dx.doi.org/10.1148/rg.2021210051
https://www.ncbi.nlm.nih.gov/pubmed/34597226
http://dx.doi.org/10.1001/jamaoto.2015.3038
https://www.ncbi.nlm.nih.gov/pubmed/27010455


ORIGINAL RESEARCH
HEAD AND NECK IMAGING

CT of the Larynx: Is an Additional High-Resolution
Acquisition Necessary for Diagnostic Accuracy?

Eva Chau, Katie S. Traylor, and Barton F. Branstetter

ABSTRACT

BACKGROUND AND PURPOSE: Diagnostic CT of the larynx is historically performed with a protocol that combines a standard
neck CT with dedicated imaging through the larynx. Multichannel CT scanners, however, allow high-resolution reformatted images
of the larynx to be created directly from the initial neck acquisition data. The purpose of this study was to determine whether
reformatted laryngeal images derived from a standard neck CT acquisition provide information comparable with that of separate
dedicated high-resolution laryngeal images.

MATERIALS AND METHODS: The CT protocol for suspected laryngeal masses at our institution consists of a standard neck acquisi-
tion followed by a second acquisition focused on the larynx. We enrolled 200 patients who had undergone this protocol for a sus-
pected laryngeal mass. Two head and neck radiologists independently reviewed each of the 200 scans twice. In one session, the
entire scan was available, while in the other session, only images derived from the standard neck acquisition were available. The
main outcome variable was the frequency of discrepant tumor staging between the interpretation sessions. No pathologic refer-
ence standard was used.

RESULTS: Radiologist A had discrepant staging in 45 of the 200 scans (23%; 95% CI, 17%–29%). Radiologist B had discrepant staging
in 42 of the 200 scans (21%; 95% CI, 16%–27%). Fifty-three of the 87 discrepancies (61%) reflected improper downstaging of the la-
ryngeal tumor on standard images alone, while the other 34 (39%) had improper upstaging on standard images alone.

CONCLUSIONS: Reformatted images from our institution’s standard neck CT acquisition were less accurate than dedicated images
of the larynx for analysis of laryngeal tumor extension. Focused images of the larynx were needed to optimize interpretation.

ABBREVIATION: AJCC ¼ American Joint Committee on Cancer

D iagnostic CT of the larynx is historically performed using a
protocol that combines a standard neck CT with additional,

dedicated imaging through the larynx. Multidetector CT scanners,
however, allow high-resolution multiplanar reformatted images
of the larynx to be created directly from the initial neck acquisi-
tion. If the additional dedicated larynx acquisition is unnecessary,
there are potential benefits to the patient (reduced radiation and
reduced time in the scanner), the radiologist (fewer images result-
ing in reduced interpretation time), and the institution (improved
scanner throughput and decreased contrast costs).

While there is literature comparing the use of CT versus MR
imaging,1-4 as well as the diagnostic accuracy of CT overall2,5-7 in
the staging of laryngeal carcinoma, there is limited literature

regarding the use of dedicated imaging through the larynx in
conjunction with a standard neck CT. One preliminary study in
2010 found no substantial difference in the comparison of stand-
ard neck CT with dedicated breath-maneuver laryngeal CT in 27
patients.8 With the improvements in CT technology in the past
decade, however, it is possible that standard high-resolution
images are more useful now than before. Therefore, the purpose
of this study was to determine whether reformatted laryngeal
images derived from a standard neck CT acquisition can replace
a separate dedicated high-resolution laryngeal acquisition.

MATERIALS AND METHODS
Patient Selection
Our institutional review board approved this retrospective study.
Patients who had undergone neck CT using the larynx protocol
for the evaluation of a suspected laryngeal mass were eligible. A
power analysis was performed using a clinically significant
threshold for a difference in the discrepancy rate of 5% and an a

threshold of .05. This finding indicated that 200 patients were
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needed for the study, so consecutive patients were enrolled from
2017 to 2021. Inclusion was based on the clinical suspicion of a
laryngeal mass, not the final diagnosis of a laryngeal mass, so
some of the patients had CT examinations with negative findings.
Patients were excluded if the 2 reviewers in consensus deter-
mined that motion artifacts rendered their scan nondiagnostic or
if the larynx protocol was not performed correctly.

Image Acquisition
All imaging was performed on a LightSpeed 64-channel scanner
(GE Healthcare). The neck acquisition was performed using
Isovue 370 (Bracco), 75-mL IV, with an 80-second delay. Helical
acquisition was performed with 120-kV(peak); milliampere auto-
mated; FOV ¼ 25 cm; pitch ¼ 0.97; matrix ¼ 512 � 512. Axial
reconstructions were performed as stacked 2.5-mm-thick slices.
Coronal and sagittal reformats were performed as stacked 1-mm-
thick slices.

The larynx acquisition was performed using an addition
bolus of Isovue 370, 75 mL, again with an 80-second delay. The
helical acquisition was performed with 120 kV(p); milliampere
automated; FOV ¼ 10 cm; pitch ¼ 0.53; matrix ¼ 512 � 512.
Axial reconstructions were performed as stacked 1-mm-thick
slices. Coronal and sagittal reformats were performed as stacked
1-mm-thick slices.

Patients were instructed to maintain shallow breathing and
not swallow during the image acquisition.

Image Interpretation
Two Certificate of Added Qualification–certified neuroradiolo-
gists with head and neck imaging fellowship training with 20 and
3 years of post-training experience (radiologist A and radiologist
B, respectively), working independently, retrospectively reviewed
each of the 200 scans twice, in 2 separate sessions. In one session,
the entire scan was available to the radiologist, while in the other
session, only images derived from the standard neck acquisition
were available. Half of the time, the full laryngeal protocol was
presented in the first session, and half of the time, the limited
scan was presented first. During the second session, the radiolog-
ists were blinded to their interpretations from their first session.
The interpretation sessions were separated by at least 3months to
avoid recall bias, and the scans were presented in random order
in each session. During both review sessions, the radiologists
were blinded to all clinical data, including the results of endos-
copy and the physical examination.

Involvement of laryngeal subsites was tabulated and used to
calculate a radiologic stage based on the American Joint
Committee on Cancer (AJCC) 8th edition schema.9 The subsites
that were evaluated included the epiglottis, epiglottic petiole,
aryepiglottic fold, false vocal cords, true vocal cords, anterior
commissure, paraglottic fat, pre-epiglottic fat, postcricoid hypo-
pharynx, inner table of the thyroid cartilage, outer table of the
thyroid cartilage, cricoid cartilage, and arytenoid cartilage. Some
patients had no radiologic evidence of tumor because the selec-
tion criterion was based on clinical suspicion of a laryngeal mass.
The main outcome variable was the frequency of discrepant stag-
ing between the interpretation of the complete scan and the inter-
pretation of the single-acquisition scan for each radiologist. For a

concordant interpretation, not every subsite had to be identically
interpreted as long as the differences did not affect the overall
staging. The staging was radiologic only. Clinical data such as
vocal cord mobility were not incorporated into the staging.

x2 analysis was used to identify differences in discordance
rates between the 2 radiologists and in their propensity to upstage
or downstage tumor with the addition of the dedicated larynx ac-
quisition. A Cohen k statistic with linear rating for ordinal cate-
goric variables was used to evaluate the interreader variability
between radiologists in the interpretation of the full laryngeal
protocol. No pathologic reference standard was used because this
study was designed to evaluate the consistency of radiologic
interpretations.

RESULTS
Two hundred patients were included in the study. One hundred
thirty-eight (69%) were men, and sixty-two (31%) were women.
The average patient age was 65 years, with a range of 20–100 years.
One hundred thirty-five of the 200 patients (68%) were eventually
diagnosed with squamous cell carcinoma of the larynx.

Radiologist A had discrepant staging in 45 of the 200 scans
(23%; 95% CI, 17%–29%). Radiologist B had discrepant staging
in 42 of the 200 scans (21%; 95% CI, 16%–27%). For radiologist
A, 27 of the 45 discordant scans (60%) were upstaged by the addi-
tional dedicated imaging through the larynx. The remaining 18
of the 45 discordant scans (40%) were downstaged by the addi-
tional images. Similarly, for radiologist B, 28 of the 42 discordant
scans (67%) were upstaged by the additional dedicated imaging
through the larynx. The remaining 14 of the 42 discordant scans
(33%) were downstaged by the additional images.

Overall, 53 of the 87 discrepancies (61%) resulted in upstaging
of the tumor with the dedicated acquisition, while the other 34
(39%) reflected downstaging of the tumor. Most of the discordant
interpretations involved distinguishing between true and false
cord involvement, accounting for 33 of the total 87 discordances,
approximately 38% (Fig 1). Determining thyroid cartilage inva-
sion accounted for 31 of the total 87 discordant reads, approxi-
mately 36% (Fig 2).

Motion artifacts on one of the acquisitions contributed to
some of the discrepant interpretations. Motion artifacts degraded
the quality of standard neck images in 20 of the 200 patients

FIG 1. Axial CT images of a 65-year-old man with squamous cell carci-
noma of the left true vocal cord. Standard 2.5-mm neck image (A)
was interpreted as having normal findings. On a dedicated 1-mm lar-
ynx protocol image (B), the ulcerated enhancing tumor along the true
vocal cord (arrows) was evident.
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(10%) and in 8 of the dedicated laryngeal sequences (4%). The
95% CI for the difference of proportions is 0.01–0.11, indicating
statistical significance.

Abducted vocal cords (closed glottis) on one of the acquisi-
tions also contributed to some of the discrepant interpretations.
Abducted cords degraded the quality of standard neck images in
20 of the 200 patients (10%) and in 17 of the dedicated laryngeal
sequences (9%). This difference was not statistically significant.

x 2 analysis revealed no difference between observers in the
overall concordance rate (P¼ .72) or in the propensity to
upstage versus downstage (P¼ .52). The Cohen k statistic for
interrater variability was 0.67, which is considered “good” agree-
ment between raters.

DISCUSSION
Reformatted images based on standard neck CT are often pre-
sumed to convey adequate diagnostic information for staging of
laryngeal squamous cell carcinoma. In comparing interpretations
made from standard neck CTs with those that included a dedi-
cated laryngeal acquisition, however, this study found a discrep-
ancy in nearly one-quarter of the interpretations. This discrepancy
rate was consistent between head and neck radiologists with vary-
ing experience levels.

Staging errors made with our standard neck CT protocol
alone were a mix of false-positive and false-negative findings. A
slight majority of the errors were downstaging errors, but about
one-third of cases were erroneously upstaged when only the
conventional sequences were used. The errors were made in pre-
dictable locations, such as determining thyroid cartilage inva-
sion or tumor spread across the laryngeal ventricle, but these
determinations are critical in defining the optimal therapeutic
approach. The AJCC staging guidelines outline how the radio-
logic extent of tumor spread may impact tumor staging and,
therefore, treatment choice.9 For example, T3 lesions have
extension into the pre-epiglottic space or the inner cortex of the
thyroid cartilage. These patients can opt for organ-preservation
surgery without compromising overall survival. For selected
patients with extensive T3 or large T4a lesions that erode the
outer cortex of the thyroid cartilage, however, better survival
rates and quality of life are achieved with total laryngectomy.10

Thus, accurate T categorization may directly impact therapeutic
decision-making and prognosis.

Our results differ from those of the preliminary study by
Gilbert et al,8 which found no significant difference in accuracy
between the interpretations of the standard neck CT and the
additional laryngeal CT in 27 patients. Their study appears to be
the only study comparing similar imaging protocols, to our
knowledge, and it may be underpowered to detect substantial dif-
ferences between protocols.

When evaluating the overall literature regarding the propen-
sity for CT imaging to upstage-versus-downstage tumors, our
results are consistent with the audit by Agada et al11 comparing
the accuracy of CT staging of advanced laryngeal tumor evaluated
against the pathologic examination. Of their audit of 38 patients
with laryngeal carcinoma, 11 had discordant staging, with 9
patients erroneously upstaged by CT imaging, while 2 were erro-
neously downstaged.11 In this study, only thick axial slices, 5mm
through the neck and 3mm through the larynx, were used.
Similarly, Contrera et al12 reported that clinical staging, using a
combination of clinical examination, endoscopy, and imaging,
can downstage or upstage a patient with laryngeal cancer nearly
one-third of the time after pathologic confirmation in their
cohort of 265 patients.

Concerns regarding additional radiation and contrast use
with a dedicated larynx protocol require that we determine
whether these images are necessary. As the American College of
Radiology 2007 white paper on radiation dose in medicine rec-
ommends, the additional cases of cancer resulting directly from
the radiation exposure from CT scans can likely be minimized by
optimizing studies that are performed to obtain the best image
quality with the lowest radiation dose.13 Furthermore, given the
adverse effects of contrast media14 and the ongoing iodinated
contrast media shortage,15 minimizing individual doses to reduce
waste continues to be important. Nevertheless, dedicated images
through the larynx may still be of benefit in the imaging for sus-
pected laryngeal carcinoma.

Using a smaller FOV for dedicated laryngeal images has both
potential benefits and potential drawbacks. A larger FOV gives us
better contrast resolution by decreasing noise. As the FOV
decreases, the pixel size decreases, resulting in a higher spatial re-
solution but an increase in noise.16 Given the small size of the lar-
ynx, this higher spatial resolution allows radiologists to better
appreciate smaller structures that are located in close proximity to
each other. While it is not immediately obvious which FOV is
preferable, our results suggest that the increased spatial resolution
is advantageous. Additionally, we found that 1 acquisition often
contained a great deal of motion artifacts. The additional set of
images provided by the dedicated larynx acquisition allowed better
diagnostic interpretation in these situations despite the increase in
noise.

Our study has several limitations. Our larynx protocol
includes a second bolus of contrast for the high-resolution acqui-
sition. It is unclear whether the benefits of the larynx protocol
derive exclusively from the higher spatial resolution and thinner
slices or whether having 2 contrast boluses given at different
times played a role. We did not use dual-energy or perfusion
techniques in our protocol; such advanced imaging might further

FIG 2. Axial images of a 58-year-old man with squamous cell carci-
noma of the right true vocal cord. The thyroid cartilage was inter-
preted as intact on standard 2.5-mm neck imaging (A) because of a
visible inner table (arrow). On a 1-mm larynx protocol image (B), tu-
mor extension into the thyroid cartilage was identified (arrows).
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improve diagnostic accuracy. Furthermore, we did not incorpo-
rate clinical data into staging. Given that not all patients undergo
laryngectomies to allow pathologic staging confirmation, this
study also did not confirm which of the discrepant interpretations
were ultimately concordant with pathologic staging. Future stud-
ies involving biopsy-confirmed subsite involvement and staging of
laryngeal carcinoma will likely shed more light on these issues.

CONCLUSIONS
Radiologic staging of laryngeal tumors may be improved with the
addition of focused images of the larynx produced with a second
contrast bolus and a second acquisition sequence.

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

Diagnostic Value of Multiparameter MRI-Based Radiomics in
Pediatric Myelin Oligodendrocyte Glycoprotein Antibody–

Associated Disorders
Ting Li, Xin Chen, Yang Jing, Haoru Wang, Ting Zhang, Li Zhang, Hao Ding, Mingye Xie, and Ling He

ABSTRACT

BACKGROUND AND PURPOSE: Myelin oligodendrocyte glycoprotein antibody-associated disorders (MOGAD) have a higher preva-
lence among children. For children undergoing the initial manifestation of MOGAD, prompt diagnosis has paramount importance.
This study assessed the performance of multiparameter MRI-based radiomics in distinguishing patients with and without MOGAD
with idiopathic inflammatory demyelinating diseases.

MATERIALS AND METHODS: We enrolled a cohort of 121 patients diagnosed with idiopathic inflammatory demyelinating diseases,
including 68 children with MOGAD and 53 children without MOGAD. Radiomics models (T1WI, T2WI, FLAIR, and compound model)
using features extracted from demyelinating lesions within the brain parenchyma were developed in the training set. The perform-
ance of these models underwent validation within the internal testing set. Additionally, we gathered clinical factors and MRI fea-
tures of brain parenchymal lesions at their initial presentation. Subsequently, these variables were used in the construction of a
clinical prediction model through multivariate logistic regression analysis.

RESULTS: The areas under the curve for the radiomics models (T1WI, T2WI, FLAIR, and the compound model) in the training set
were 0.781 (95% CI, 0.689–0.864), 0.959 (95% CI, 0.924–0.987), 0.939 (95% CI, 0.898–0.979), and 0.989 (95% CI, 0.976–0.999), respec-
tively. The areas under the curve for the radiomics models (T1WI, T2WI, FLAIR, and the compound model) in the testing set were
0.500 (95% CI, 0.304–0.652), 0.833 (95% CI, 0.697–0.944), 0.804 (95% CI, 0.664–0.918), and 0.905 (95% CI, 0.803–0.979), respectively.
The areas under the curve of the clinical prediction model in the training set and testing set were 0.700 and 0.289, respectively.

CONCLUSIONS: Multiparameter MRI-based radiomics helps distinguish MOGAD from non-MOGAD in patients with idiopathic
inflammatory demyelinating diseases.

ABBREVIATIONS: AUC ¼ area under the ROC curve; IIDDs ¼ idiopathic inflammatory demyelinating diseases; LASSO ¼ least absolute shrinkage and selection
operator; MOG ¼ myelin oligodendrocyte glycoprotein; MOGAD ¼ myelin oligodendrocyte glycoprotein antibody associated disorders; NMOSD ¼ neuromyelitis
optica spectrum disorder; ROC ¼ receiver operating characteristic

Myelin oligodendrocyte glycoprotein antibody-associated
disorders (MOGAD) represent a collection of immune-

mediated monophasic or multiphasic demyelinating diseases
affecting the brain, optic nerve, and spinal cord.1 This condition

falls under the umbrella of idiopathic inflammatory demyelinat-

ing diseases (IIDDs), with the distinguishing feature being the

myelin oligodendrocyte glycoprotein (MOG) antibody as a

unique biomarker. MOGAD is more prevalent in children than

in adults. In children, about 13% of the antibodies that cause
autoimmune encephalitis are MOG antibodies.2 In contrast, MS

occurs less frequently in children than in adults. In children

experiencing the initial onset of MOGAD, early diagnosis is of

utmost importance. During the acute phase, treatment primarily

involves the use of glucocorticoids, high-dose IV immunoglobu-

lin, or plasma exchange. Failure to correctly diagnose MOGAD

can result in delayed treatment, progression, and recurrence,

ultimately leading to irreversible damage to the CNS following

multiple relapses.3,4

The early diagnosis of MOGAD in children continues to pose
challenges in both imaging and clinical practice. While the
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detection of MOG antibodies in serum or CSF samples serves as
a crucial diagnostic indicator, it typically takes approximately 2
weeks and can be costly. Moreover, some primary hospitals lack
the capability to perform such tests, leading to delays in a timely
diagnosis.5,6 In MOGAD and other IIDDs, brain parenchymal
lesions appear as high-signal demyelinating lesions on FLAIR
and T2WI sequences. Although previous studies have identified
certain MR imaging features associated with brain lesions in chil-
dren with MOGAD, qualitative MR imaging features are insuffi-
cient for identifying these disorders.7

In recent years, radiomics has emerged as a novel discipline
extensively used in tumor-related diseases. By analyzing the ROI
in images, radiomics involves extracting and calculating first-
order, second-order, and high-order features. This process ena-
bles the discovery of hidden pathology, prognostic indicators,
and other features that may not be discernible to the naked eye.8

However, the application of radiomics in children with IIDDs
has been limited.9 Currently, there are no reports on the use of
MR imaging radiomics to differentiate IIDDs caused by MOG
antibodies and those with other origins. In this study, we aimed
to address this gap by constructing models using 3 conventional
MRI sequences (T1WI, T2WI, and FLAIR) to distinguish
MOGAD from non-MOGAD in patients with IIDDs. The valid-
ity and performance of these models were verified and compared,
ultimately identifying the model with the most optimal perform-
ance. We anticipate that these models will serve as effective tools
for computer-aided identification of patients with MOGAD, fill-
ing a critical need in the field of IIDDs.

MATERIALS AND METHODS
This retrospective, single-center study was approved by the insti-
tutional review board of Children’s Hospital of Chongqing
Medical University with a waiver of written informed consent.

Patients
We conducted a retrospective collection of clinical and MRI data
from children admitted to our neurology department between
February 2017 and December 2021. The study focused on chil-
dren diagnosed with MOGAD and those with other IIDDs dur-
ing their initial attack.

The inclusion criteria were as follows:

1) Acute or subacute onset characterized by single or multiple
symptoms such as optic neuritis, encephalitis, meningoence-
phalitis, brainstem encephalitis, and myelitis.

2) Patients with a positive antibody for MOG (excluding other
positive antibodies like glial fibrillary acidic protein, N-methyl-
D-aspartate, and aquaporin-4). Confirmation of negative anti-
bodies to MOG, glial fibrillary acidic protein, N-methyl-D-
aspartate, and aquaporin-4 was achieved by detecting relevant
neurologically autoimmune antibodies in CSF/serum samples
using the cell-based assay method.

3) Brain MRI examination with clear and complete images
showing demyelinating lesions in the brain parenchyma per-
formed within a window of 15 days before or after the neuro-
logically relevant autoimmune antibody test.

Exclusion criteria were as follows:

1) The presence of other possible diseases such as neurodegener-
ative, metabolic, or cerebrovascular.

2) Poor image quality that would impede further research.

The flow chart is depicted in the Online Supplemental Data.
A total of 121 patients with IIDDs were enrolled in the study,
comprising 68 patients with MOGAD and 53 patients without
MOGAD. We collected clinical features including sex and age at
the time of the initial attack. The study cohort was randomly
sampled at a ratio of 7:3 and divided into a training set and a test-
ing set. In the training set, there were 47 patients with MOGAD
and 37 patients without MOGAD. The testing set included 21
patients with MOGAD and 16 patients without it.

MR Imaging Technique
The children were examined using a 3T MRI machine
(Achieva 3T; Philips Healthcare) or a 1.5T MR imaging
machine (Signa Horizon Lx; GE Healthcare). MR images
mainly included axial sequences, T1WI (TR¼ 700ms, TE¼
30ms), T2WI (TR¼ 3000ms, TE¼ 100ms), and T2-FLAIR
(TR¼ 8000ms, TE¼ 94ms). Scanning parameters were the
following: section number¼ 16, section thickness¼ 5mm,
spacing ¼ 1mm, FOV¼ 18� 18 cm, number of excitations¼
2–4. Patients who were unable to cooperate were sedated
before undergoing MR imaging.

Radiomics Processing
Segmentation of ROIs. The T1WI, T2WI, and FLAIR sequences
of brain MRIs from all patients were obtained in DICOM format
from the PACS system. The ROI segmentation was performed
using ITK-SNAP (Version 3.6.0; www.itksnap.org) software by
radiologist 1 with .5 years of diagnostic experience. Radiologist
1 carefully segmented the ROI along the lesion edges on the
T1WI, T2WI, and FLAIR images. The ROI encompassed demye-
linating lesions in the brain parenchyma and perifocal edema
while excluding CSF. Radiologist 2 with 10 years of diagnostic ex-
perience verified the segmentation. The agreement of the final
selected radiomics features between 2 radiologists was evaluated
using intra-class correlation coefficient. The result is depicted in
the Online Supplemental Data.

Feature Extraction, Selection, and Model Establishment
Features were extracted from the T1WI, T2WI, and FLAIR sequen-
ces of the patient’s brain MRIs. The extracted radiomics features
encompassed first-order features, shape features, texture features, as
well as Laplacian of Gaussian–filtered and wavelet transform fea-
tures. The selection of radiomics features underwent 4 stages using
Python software (PyRadiomics, Version 2.2.0; https://github.com/
AIM-Harvard/pyradiomics/blob/master/docs/index.rst). In the first
stage, features were chosen through variance thresholding, with fea-
tures having a threshold value of.0.8 retained for further analysis.
Subsequently, the features underwent downsampling using the uni-
variate selection method, and features with a P value , .05 were
retained. Next, the features were selected using a least absolute
shrinkage and selection operator (LASSO) regression analysis with
10-fold cross-validation to determine the optimal l value. Finally, a
feature-correlation analysis was performed to select the most rele-
vant features. For each patient, a Radscore was calculated using the
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equation, and Radscore models were developed for individual
sequences as well as a compound of the 3 sequences.

Radscore ¼ Intercept þ
Xn

i¼1

coefficients½i� � Feature½i�

Patient Characteristics and Clinical Model Building
We collected clinical features including sex and age at the time of
the initial attack. Additionally, the MRI presentations of the
patient’s brain lesions were evaluated, and consensus was reached
through discussions by radiologist 1 and radiologist 2. The assess-
ments included the following points: 1) determining the number
of lesions (single or multiple); 2) identifying involvement of the
cerebral cortex, white matter, thalamus, cerebral peduncle, and
cerebellar peduncle; and 3) assessing whether the lesions involved
the bilateral cerebral hemispheres. Univariate logistic analysis
was performed on the collected clinical and imaging features, and
the influencing factors with statistical significance (P, .05) were
analyzed by multivariate logistic regression analysis to establish
the clinical model.

Statistical Analysis
Statistical analysis for this study was conducted using R Studio
software (Version 4.1.2; http://rstudio.org/download/desktop).
Paired-samples t tests or nonparametric tests were used for the
analysis of clinical and imaging data. To evaluate the efficacy of the
models, we used various evaluation metrics, including the receiver
operating characteristic (ROC) curve, area under the ROC curve
(AUC), accuracy, sensitivity, and specificity, which were assessed

in both the training and testing sets. The
DeLong test was applied to compare the
effectiveness of different models within
the training set. Statistical significance
was defined as P, .05.

RESULTS
Patient Characteristics and
Clinical Model Building
Among the patients with MOGAD,
there were 27 males and 41 females,
ranging in age from 1 year 7months to
14 years, with a mean age of 2.6 years.
In the non-MOGAD group, there were
27 males and 26 females, ranging from
1 to 13 years of age, with a mean age of
6.5 years. A comparison of the clinical
features and MR imaging presentations
of the patients is shown in Table 1. The
analysis revealed no statistically signifi-
cant differences in terms of sex, multi-
ple lesions, involvement of lesions in
the bilateral cerebral hemispheres, and
involvement of the white matter and
cerebellar peduncles between the 2
groups (P. .05). However, statistically
significant differences were observed in

terms of age, involvement of the cortex, thalamus, and peduncu-
lus cerebri (P, .05).

Characteristics, including age and involvement of the cortex,
were identified as significant with P, .05 by univariate analysis.
Both of them, age (OR ¼ 1.1896, P¼ .017) and involvement of
cortex (OR¼ 3.9862, P¼ .0207), were selected by multivariate
logistic regression analysis (Table 2). The AUCs of the clinical
prediction model in the training set and testing set were 0.700
and 0.289. The ROC curves depicting the clinical model are pre-
sented in Fig 1.

Feature Extraction and Selection
On the basis of the ROI segmentation performed by 2 radiolog-
ists, a total of 1688 features were extracted from the T1WI,
T2WI, and FLAIR sequence images. Initially, redundant features
were eliminated using the variance threshold method, resulting
in the removal of 168, 128, and 127 features with thresholds of
,0.8. Subsequently, the single-variable selection method was
used, resulting in the selection of 30,233 and 395 features, which
were further selected through LASSO regression analysis (Online
Supplemental Data). The l value was determined using 10-fold
cross-validation. By applying feature-correlation analysis, a total
of 15 features for the T1WI model, 22 features for the T2WI
model, 19 features for the FLAIR model, and 32 features for the
compound model were selected. The 10 most optimal features for
each sequence, used for constructing the radiomics models, are
presented in the Online Supplemental Data. By means of the
equation, the Radscore was calculated for each patient, and radio-
mics models were developed for individual sequences as well as
the combined analysis of all 3 sequences.

Table 1: Clinical and MR imaging features of patients with and without MOGADa

Patient Characteristic MOGAD Group Non-MOGAD Group P Value
Age (mean) (median) (yr) 2.6 [SD, 3.1], 2.6 6.5 [SD, 3.7], 6.5 .045
Sex .217
Male 27 27
Female 41 26

Cortex 22 8 .029
White matter 54 45 .437
Thalamus 41 17 .002
Pedunculus cerebri 23 7 .009
Cerebellar peduncles 13 7 .385
Multifoci 66 48 .129
Involvement of both
cerebral hemispheres

57 46 .649

a Significant difference with P value ,.05.

Table 2: Univariate and multivariate logistic analysis in the cohort
Variable Univariate Analysis (P Value) Multivariate Analysis (P Value)

Age .041a .017a

Sex .753
Cortex .027a .021a

White matter .657
Thalamus .220
Pedunculus cerebri .072
Cerebellar peduncles .172
Multifoci .116
Involvement of both
cerebral hemispheres

.749

aSignificant difference with P value ,.05.
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Efficacy of Radiomics Models to Identify MOGAD
The T1WI sequence model demonstrated an AUC of 0.781 (95%
CI, 0.689–0.864), with accuracy, sensitivity, and specificity values
of 69.0%, 74.5%, and 62.2% in the training set, respectively. In the
testing set, the values were 0.500 (95% CI, 0.304–0.652) for AUC,
45.9% for accuracy, 57.1% for sensitivity, and 31.2% for specificity.

For the T2WI sequence model, the training set yielded an
AUC of 0.959 (95% CI, 0.924–0.987), with accuracy, sensitivity,
and specificity values of 85.7%, 89.4%, and 81.1%, respectively. In
the testing set, the values were 0.833 (95% CI, 0.697–0.944) for
AUC, 78.4% for accuracy, 85.7% for sensitivity, and 68.8% for
specificity.

The FLAIR sequence model achieved an AUC of 0.939 (95%
CI, 0.898–0.979) in the training set, along with accuracy, sensitiv-
ity, and specificity values of 84.5%, 85.1%, and 83.8%, respectively.
In the testing set, the values were 0.804 (95% CI, 0.664–0.918) for
AUC, 73.0% for accuracy, 76.2% for sensitivity, and 68.8% for
specificity.

The compound model combining all 3 sequences had an
AUC of 0.989 (95% CI, 0.976–0.999), with accuracy, sensitivity,
and specificity values of 94.0%, 93.6%, and 94.6% in the training
set, respectively. In the testing set, the values were 0.905 (95% CI,
0.803–0.979) for AUC, 83.8% for accuracy, 90.5% for sensitivity,
and 75.0% for specificity (Table 3). The ROC curves depicting the
models are shown in Fig 2.

The DeLong test indicated that the efficacy of the compound
model, as well as the FLAIR and T2WI sequence models, was

superior to that of the T1WI model, with statistically significant
differences. Additionally, the compound model showed higher ef-
ficacy than the FLAIR sequence model, while the differences
between the compound model and the T2WI sequence model, as
well as between the FLAIR sequence model and the T2WI
sequence model, were not statistically significant (Table 4).

DISCUSSION
Although MOGAD was introduced as a new subtype of IIDD in
2018, our understanding of this condition has improved with time,
revealing that the MOG antibody is the most common autoim-
mune antibody associated with IIDDs in children.10 MR imaging
plays a crucial role in the clinical assessment of patients with
MOGAD. In MOGAD, brain parenchymal lesions appear as high-
signal demyelinating lesions in FLAIR and T2WI sequences.11

These lesions resemble those seen in acute disseminated encepha-
lomyelitis and typically manifest as asymmetrically distributed
multiple lesions with indistinct borders, potentially accompanied
by edema around larger lesions. MR imaging offers high soft-tissue
resolution, multiple parameters, and diverse sequences, enabling
the visualization of demyelinating lesions in IIDDs.12

Although previous studies have identified certain MR imaging
features associated with brain lesions in children with MOGAD
such as a higher involvement of the cortex, thalamus, and cere-
bral peduncle compared with those without MOGAD, these
manifestations lack specificity, and accurate diagnosis cannot rely
solely on imaging features.13 As in the clinical model based on

FIG 1. ROC curves of the clinical prediction model in the training and testing sets.

Table 3: Evaluation indexes of T1WI, T2WI, FLAIR, and compound models in the training and testing sets
Models AUC (95% CI) Accuracy Sensitivity Specificity

T1WI
Training set 0.781 (0.689–0.864) 0.690 0.745 0.622
Testing set 0.500 (0.304–0.652) 0.459 0.571 0.312

T2WI
Training set 0.959 (0.924–0.987) 0.857 0.894 0.811
Testing set 0.833 (0.697–0.944) 0.784 0.857 0.688
FLAIR
Training set 0.939 (0.898–0.979) 0.845 0.851 0.838
Testing set 0.804 (0.664–0.918) 0.730 0.762 0.688
Compound
Training set 0.989 (0.976–0.999) 0.940 0.936 0.946
Testing set 0.905 (0.803–0.979) 0.838 0.905 0.750
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clinical and imaging features in this study, efficacy was low in
both the training and testing groups. The AUCs of the clinical
prediction model in the training set and testing set were 0.700
and 0.289. The emergence of radiomics, a field that uses auto-
mated data-mining algorithms to extract high-throughput, non-
visualized feature parameters from images, has shown great
potential in elucidating the pathology, efficacy, and prognosis of
various lesions.14 While radiomics is predominantly used in tu-
mor-related diseases, its application in IIDDs in children, particu-
larly using MR imaging radiomics, remains unexplored.

To date, only a limited number of studies have investigated
the application of MR imaging radiomics in IIDDs, particularly
in MS. These studies have demonstrated the potential of MR

imaging radiomics in the diagnosis and prediction of MS pro-
gression.9 For instance, research has shown that radiomics
based on T2WI sequences in brain MRIs can effectively differ-
entiate MS from central small-vessel disease.15 Moreover, a
compound MR imaging model using T1WI and T2WI sequen-
ces has been shown to successfully distinguish white matter
lesions between MS and neuromyelitis optica spectrum disorder
(NMOSD).16 Furthermore, MR imaging radiomics has proved
effective in predicting the progression of MS, with certain stud-
ies establishing models based on the T2WI sequence to predict
the progression of unenhanced MS lesions.17 Existing MR imag-
ing radiomics studies in MS have predominantly focused on a
single sequence or compound modeling of 2 sequences, leading
to a biased selection. Due to the absence of standardized criteria
for sequence selection, choosing the most appropriate MRI
sequence for radiomics modeling can effectively enhance diag-
nostic performance.18

This study used the imaging data from our center to extract
features from 3 conventional MR imaging sequences, enabling
the establishment of robust radiomics models for differentiating
MOGAD and non-MOGAD. Most interesting, 2 of the most
crucial features identified in previous MRI-based radiomics
research to differentiate MS from NMOSD were texture

Table 4: DeLong test among T1WI, T2WI, FLAIR, and compound
models in the training set

Models
DeLong Test
(P value)

T1WI training set T2WI training set 0.0018
FLAIR training set 0.0041

T2WI training set FLAIR training set 0.3317
Compound training set 0.0502

FLAIR training set Compound training set 0.0061
Compound training set T1WI training set ,0.0001

FIG 2. ROC curves of the radiomics models. T1WI (A), T2WI (B), FLAIR (C), and the compound model (D) of 3 sequences.
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features.19 In our prediction models, a large portion of the 4
models comprised texture features. Previous reports have indi-
cated that texture heterogeneity is associated with the severity of
histopathologic injury.20 Another MRI-based radiomics dis-
crimination study between MS and NMOSD discovered differ-
ences in Gln values within the gray-level run length matrix
features of patients with MS and NMOSD. It potentially reflect-
ing varying degrees of tissue damage between the 2 conditions.21

Gln measures the similarity of gray level values throughout the
ROI. If the gray level values are similar, the value is small. In
our study, the gray-level run length matrix is included within
the texture features of the models, suggesting the presence of
differences in tissue damage between MOGAD and non-
MOGAD. Additionally, some valuable features extracted in this
study were derived from wavelet transform. Wavelet transform
encompasses intensity and texture information and applies a
linear or radial wave matrix to the image. It can capture the spa-
tial relationship among $3 pixels, potentially uncovering more
nuanced information regarding the pathologic level of the
lesions. However, further research is necessary to confirm these
findings.

Moreover, while most radiomics studies on MS primarily
use T2WI sequences, our study demonstrates that both T2WI
and FLAIR models have excellent performance. The classifica-
tion efficiency of the T2WI and FLAIR sequence models is sig-
nificantly superior to that of the T1WI sequence model. This
heightened classification efficiency in the T2WI and FLAIR
sequence models may stem from the higher ability to distinguish
demyelinating lesions. Additionally, it is possible that the fea-
tures extracted from T2WI and FLAIR sequences more effec-
tively capture the underlying pathology of demyelinating
lesions. Notably, in this study, the compound model that com-
bines features from all 3 sequences demonstrates higher diag-
nostic efficiency compared with the single-sequence models of
T1WI and FLAIR.

However, this study has several limitations. First, it is a retro-
spective study, which may introduce selection bias and limit the
generalizability of the findings. Therefore, further confirmation
of these results is warranted through prospective studies. Second,
the present study used only conventional sequences of brain
MRIs for modeling purposes. In future investigations, incorporat-
ing additional imaging techniques such as quantitative MRI and
fMRI features could potentially enhance the efficiency of our
radiomics model. Previous studies have shown that incorporating
magnetization transfer imaging features from quantitative MRI
can improve the performance of models in identifying MS.22

Third, the original image-layer thickness in this study was 5mm,
and although the spatial resolution was improved to 1mm during
preprocessing, the improvement may have resulted in lower ac-
curacy in delineating boundaries of small lesions. Therefore, the
5-mm image-layer thickness was used in this study, but this
might have an impact on the diagnostic performance of radiomic
features. Last, the sample size in this study is relatively small.
MOGAD is a newly proposed subtype of IIDDs, and previous
cases are limited. Hence, in future studies, a multicenter prospec-
tive design should be established to expand the sample size and
further validate the findings.

CONCLUSIONS
In this study, we have demonstrated that radiomics models based
on T2WI, FLAIR sequences, and a compound model of 3 con-
ventional sequences in brain MR imaging can effectively and
early on distinguish children with unknown causes of IIDDs dur-
ing their initial onset. We have also identified the important role
of textural features in the differential diagnosis. Notably, both the
T2WI and FLAIR models exhibited exceptional performance as
single-sequence models. Moreover, the compound model showed
superior diagnostic capability compared with the T1WI and
FLAIR models individually, thereby addressing the gap in radio-
mics application for IIDDs beyond MS. We believe that radio-
mics holds great potential for extension to other subtypes of
IIDDs in the future and will find widespread use in the diagnosis,
evaluation, and prognosis of demyelinating diseases in 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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Automatic Quantification of Normal Brain Gyrification
Patterns and Changes in Fetuses with Polymicrogyria and

Lissencephaly Based on MRI
Bossmat Yehuda, Aviad Rabinowich, Daphna Link-Sourani, Netanell Avisdris, Ori Ben-Zvi, Bella Specktor-Fadida,

Leo Joskowicz, Liat Ben-Sira, Elka Miller, and Dafna Ben Bashat

ABSTRACT

BACKGROUND AND PURPOSE: The current imaging assessment of fetal brain gyrification is performed qualitatively and subjectively
using sonography and MR imaging. A few previous studies have suggested methods for quantification of fetal gyrification based on
3D reconstructed MR imaging, which requires unique data and is time-consuming. In this study, we aimed to develop an automatic
pipeline for gyrification assessment based on routinely acquired fetal 2D MR imaging data, to quantify normal changes with gesta-
tion, and to measure differences in fetuses with lissencephaly and polymicrogyria compared with controls.

MATERIALS AND METHODS: We included coronal T2-weighted MR imaging data of 162 fetuses retrospectively collected from 2
clinical sites: 134 controls, 12 with lissencephaly, 13 with polymicrogyria, and 3 with suspected lissencephaly based on sonography,
yet with normal MR imaging diagnoses. Following brain segmentation, 5 gyrification parameters were calculated separately for each
hemisphere on the basis of the area and ratio between the contours of the cerebrum and its convex hull. Seven machine learning
classifiers were evaluated to differentiate control fetuses and fetuses with lissencephaly or polymicrogyria.

RESULTS: In control fetuses, all parameters changed significantly with gestational age (P, .05). Compared with controls, fetuses
with lissencephaly showed significant reductions in all gyrification parameters (P # .02). Similarly, significant reductions were
detected for fetuses with polymicrogyria in several parameters (P # .001). The 3 suspected fetuses showed normal gyrification val-
ues, supporting the MR imaging diagnosis. An XGBoost-linear algorithm achieved the best results for classification between fetuses
with lissencephaly and control fetuses (n¼ 32), with an area under the curve of 0.90 and a recall of 0.83. Similarly, a random forest
classifier showed the best performance for classification of fetuses with polymicrogyria and control fetuses (n¼ 33), with an area
under the curve of 0.84 and a recall of 0.62.

CONCLUSIONS: This study presents a pipeline for automatic quantification of fetal brain gyrification and provides normal develop-
mental curves from a large cohort. Our method significantly differentiated fetuses with lissencephaly and polymicrogyria, demon-
strating lower gyrification values. The method can aid radiologic assessment, highlight fetuses at risk, and may improve early
identification of fetuses with cortical malformations.

ABBREVIATIONS: AUC ¼ area under the curve; GA ¼ gestational age; GI ¼ gyrification index; GIA ¼ gyrification index by area; GIC ¼ gyrification index by
contour; LIS ¼ lissencephaly; MCC ¼ Matthews correlation coefficient; max ¼ maximum; MCD ¼ malformation of cortical development; PMG ¼ polymicrogyria;
SI ¼ symmetry index

Fetal cortical development is a complex process that relies
on adequate cell differentiation, proliferation, neuronal

migration, and organization.1 Gyrification starts gradually
from the second trimester and continues during postnatal
life.2 The spatiotemporal pattern of normal fetal gyrification

is correlated with gestational age (GA) and is used to evaluate
brain development.3-6

Disruption of this organized process can cause malformations
of cortical development (MCDs). Two commonMCDs are lissen-
cephaly (LIS) and polymicrogyria (PMG). In LIS, the brain
appears smooth with complete or partial gyral loss,6 while PMG
is characterized by excessive, irregular small gyri that can be focal,Received May 3, 2023; accepted after revision September 23.
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multifocal, unilateral, or bilateral.7 MCDs are associated with a
wide range of clinical outcomes and neurodevelopment disorders
later in life.8

Fetal development is assessed primarily by using sonography,
with MR imaging as a complementary tool to support its findings
or when clinically indicated,9-13 and was shown to have signifi-
cant advantages in diagnosing brain malformations.14-16 Clinical
assessment of fetal brain gyrification using both sonography and
MR imaging is qualitative through visual inspection of the corti-
cal global appearance and specific sulci such as the Sylvian fissure,
and it requires special expertise and experience.7,17,18

The gyrification index (GI) was first introduced in histologic
images of adult brains,17 defined as the ratio between the outer
cortical contour and the cerebral hull contour tightly wrapping
the brain. Additional quantitative parameters such as curvature,
surface area, and the 3D GI have been proposed for the 3D-recon-
structed cortical surface.18-21 Global and local 3D GIs were found
to correlate with age (in children),22 sex,23 and cognitive functions
(in adults).24 Furthermore, parameters from other research fields
have been applied to adults.4,19,25-28 However, these methods are
less applicable to fetal brain MR imaging, due to changes in GA;
high variability in scanning planes, resolutions, and contrasts, as
well as changes in fetal position and motion artifacts.

Some studies proposed methods to quantify fetal gyrification
on the basis of the 3D MR imaging–reconstructed cortical sur-
face.20,28-32 However, these methods require unique data acquisi-
tion, with a few volumes acquired in different spatial planes, and
they are time-consuming and sensitive to fetal motion and require
high computational power. In addition, these methods were devel-
oped in small cohorts (,40, except as in Wright et al20) based on
specific MR imaging sequences with only a few proposed develop-
mental curves for a narrow GA range (except inWright et al20).

Our aims were the following: 1) to develop an automatic pipe-
line for quantitatively assessing fetal cortical folding on the basis of
clinical 2D MR imaging data; 2) to quantify normal gyrification and
symmetry on a large cohort of control fetuses; and 3) to measure
gyrification in fetuses with LIS and PMG and evaluate the machine
learning classification models for control fetuses and fetuses with
LIS or PMG based on quantitative gyrification parameters.

MATERIALS AND METHODS
This retrospective study was approved by the local ethics commit-
tees of 2 institutions, which waived the need for informed consent.

MR Imaging Data and Study Population
The data set included coronal T2-weightedMR imaging, acquired
between 2007 and 2022 from 2 clinical sites, Tel Aviv Sourasky
Medical Center, Tel Aviv, Israel, and the Children’s Hospital of
Eastern Ontario, Ottawa, Ontario, Canada, using 6 MR imaging
scanners from 2 vendors and different sequences and parameters,
as shown in Table 1.

Control fetuses were chosen according to GA for a wide and
well-represented range of weeks with normal MR imaging find-
ings, no chromosomal abnormalities, and no evidence of fetal cy-
tomegalovirus infection or chronic maternal disease. Pregnancies
were dated according to the first-trimester crown-rump length.
Clinical indications for MR imaging in controls included a sus-
pected fetal abnormality on sonography, maternal cytomegalovirus
seroconversion, a family history of genetic disease, and previous
pregnancy with confirmed abnormalities. Fetuses with MCD were
diagnosed by an expert fetal MR imaging neuroradiologist (L.B.-S.
with. 20 years’ experience or E.M. with.15 years).

Poor-quality images, including severe motion or artifacts,
were excluded.

Image Analysis
The image-processing pipeline (Fig 1) includes 4 stages:

A) Brain detection as previously described in Dudovitch et
al33 using an anisotropic 3D U-Net classifier for initial segmenta-
tion and computing a tight bounding box around it.

B) Brain component segmentation,34 using a 2D multiclass
segmentation network, dividing the fetal brain into 6 compo-
nents: left/right hemispheres, left/right lateral ventricles, extra-axial
cerebrum-spinal fluid, and cerebellum (including the brainstem).
Anatomic left and right classifications were based on the inferior-
superior direction (cerebellum) and anterior-posterior direction
(eyes, automatically identified using another deep learning net-
work). Manual segmentation corrections were performed when
needed to ensure accurate GI calculation.

Next, the cerebral contour was defined as the boundary
between the cerebrum and the extra-axial cerebrum-spinal fluid,
and the convex-hull was computed as the smallest convex that con-
tains the contour of the hemisphere. GI parameters were calculated
for each slice, separately for the right and left side as follows:

C) GI by area (GIA) was defined as the ratio of the bounded
area between the cerebral cortex and convex hull contours and
the hemisphere area.

Table 1: MR imaging data included in this study
Vendor/System (Magnetic Field) Sequence No. TE (Milliseconds [SD]) TR (Milliseconds [SD]) Spacing (mm [SD])
GE Healthcare
Discovery MR450 (1.5T) FRFSE 40 121.7 [SD, 2.3] 9946.5 [SD, 1984.5] 3.8 [SD, 0.8]
Signa (1.5T) FIESTA 10 1.7 [SD, 0.09] 3.9 [SD, 0.2] 4.6 [SD, 0.9]

SS-FSE 3 111.7 [SD, 0.6] 2517.4 [SD, 835.9] 3.9 [SD, 0.65
Siemens
Magnetom Aera (1.5T) HASTE 4 94 [SD, 0] 1200 [SD, 0] 3.05 [SD, 0.7]
Magnetom Prisma (3T) HASTE 2 96 [SD, 16.9] 2000 [SD, 0] 3.3 [SD, 1.8]

TRUFI 4 2.5 [SD, 0.01] 4.9 [SD, 0.02] 3.15 [SD, 0.3]
Skyra (3T) HASTE 31 92.4 [SD, 21.7] 1839.1 [SD, 325.1] 3.5 [SD, 0.6]

TRUFI 7 2.5 [SD, 0.04] 4.9 [SD, 0.08] 3.9 [SD, 0.7]
Magnetom Vida (3T) TRUFI 1 2.5 [SD, 0] 4.9 [SD, 0] 3 [SD, 0]

Note:—SS-FSE indicates single-shot, fast spin-echo; TRUFI, true fast imaging with steady-state free precession; FRFSE, fast recovery fast spin echo; HASTE, Half-Fourier ac-
quisition single-shot turbo spin-echo.

AJNR Am J Neuroradiol 44:1432–39 Dec 2023 www.ajnr.org 1433



GIA ¼ Sbounded area
Shemisphere area

:Equation 1

D) GI by contour (GIC) was defined as the ratio of the cere-
bral and convex hull contour lengths.

GIC ¼ lcerebral contour
lconvex hull contour

:Equation 2

We extracted 5 gyrification parameters: 1) mean GIA, the
mean value from all slices excluding outliers. A predefined thresh-
old was used and slices located at the most anterior or posterior
parts with the GI below this threshold were excluded; 2) maximum
(max) GIA, the maximum value from all slices, hypothesized to
represent the Sylvian fissure level; 3) bounded volume, the
bounded volume between the hemisphere and its convex hull, nor-
malized by the hemisphere volume. Similarly, 4) mean GIC and 5)
max GIC were extracted on the basis of the GIC defined above.

In addition, the symmetry index (SI) was calculated for each
parameter, where R and L are the GIs of the right and left hemi-
spheres, respectively:

SIparameter ¼ ParameterR � ParameterL
ParameterR þ ParameterL

:Equation 3

Statistical Analysis
Statistical analysis was performed using R Studio, Version 022.07.2
(http://rstudio.org/download/desktop).

Changes with GA in the control group were assessed by fitting
a second-degree polynomial using a parametrical Generalized
Additive Models for Location, Scale, and Shape (GAMLSS;
https://www.gamlss.com/) with a Box-Cox power exponential

distribution, as recommended by the
World Health Organization.35 All P val-
ues were adjusted for multiple compari-
sons as described by Benjamini and
Yekutieli.36 The 95% nonparametric
confidence intervals37 were adjusted to
a false coverage rate of 0.05.38

MCD Classification
Differences between control fetuses
and MCDs were first assessed using
Wilcoxon rank-sum tests while control-
ling for GA. Next, a machine learning
classifier was developed to differentiate
between fetuses with normal gyrification
and those with MCDs, separately for LIS
and PMG, based on all the gyrification
parameters presented in this study: right
and left GIA max, GIA mean, GIC max,
GIC mean, and bounded volume. The
control group included fetuses older
than 24weeks’ GA (n¼ 86) to match the
MCD group, because MCDs can only be
diagnosed after 24weeks’ GA.39,40 Seven
models were tested, including random
forests41 (n¼ 100), linear and radial basis

function kernel Support Vector Machine (SVM),42 Extreme
Gradient Boosting (XGBoost; https://www.nvidia.com/en-us/
glossary/data-science/xgboost/)43 using 2 different objectives, logis-
tic and linear k-nearest neighbors (k¼ 5), and multilayer percep-
tron. To compensate for the inherent imbalance between control
and pathologic cases, the Synthetic Minority Oversampling
Technique (SMOTE; https://arxiv.org/abs/1106.1813)44 was used
in model training. The training phase was performed using a 3-
fold cross-validation scheme, randomly splitting the data into
training data sets (LIS: n¼ 66, fifty-eight controls and 8 cases of
LIS; PMG: n¼ 66, fifty-eight controls and 8 cases of PMG) and
validation data sets (LIS: n¼ 32, twenty-eight controls and 4 cases
of LIS; PMG: n¼ 33, twenty-eight controls and 5 cases of PMG).
The performance of the models was evaluated using several met-
rics, including accuracy (Equation 4), F1 score (Equation 5),
Matthews correlation coefficient (MCC) (Equation 6),45 area
under the curve (AUC) of the receiver operating characteristic
curve, precision, and recall (Equations 7 and 8):

Accuracy ¼ tp þ tn
tp þ fp þ tn þ fn

;Equation 4

F1� Score ¼ 2

recall�1 þ precision�1
¼ tp

tp þ 1
2 ðfp þ fnÞ;Equation 5

MCC ¼ tp � tn � fp � fnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðtp þ fpÞðtp þ fnÞðtn þ fpÞðtn þ fnÞ
p ;Equation 6

Precision ¼ tp
tp þ fp

;Equation 7

FIG 1. Image-analysis pipeline: A, Brain detection. B, Brain component segmentation. C, GIA calcu-
lation based on the bounded area (yellow) between the cerebral cortex and its convex hull and
the hemisphere area (green, surrounded by the yellow area). D, GIC calculation based on contour
extraction of the cerebral hemisphere (red) and its convex hull (yellow). E, Example of GIC values
in all slices of a single fetus. Outliers are marked in gray and were not included in the mean GIC.
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Recall ¼ tp
tp þ fn

;Equation 8

where tp is true-positive, tn is true-nega-
tive, fp is false-positive, and fn is false-
negative.

RESULTS
A data set of 200 fetuses was collected,
with 9 fetuses excluded due to poor
image quality and 29 for genetic or
abnormal MR imaging findings. Of the
162 fetuses finally included, there were
134 controls (mean GA, 27.9 [SD,
5.3]weeks; range, 18–36 weeks); 12 with
LIS (mean GA, 28.3 [SD, 3.2] weeks;
range, 33–24 weeks); 13 with PMG
(mean GA, 31.5 [SD, 2.7] weeks; range,
27–37 weeks); and 3 fetuses suspected
of having LIS on the basis of sonogra-
phy (mean GA, 31.3 [SD, 1.1] weeks;
range, 30–32.5 weeks), but with normal
MR imaging findings.

Controls
Figure 2 shows 5 control fetuses at dif-
ferent GAs with right hemisphere
contours at the Sylvian fissure level,
demonstrating the advancement in gyr-
ification with gestation. Developmental
curves for GIA and GIC parameters are
presented in Figs 3 and 4, respectively,
separated by the right and left hemi-
spheres. All GI parameters change signif-
icantly throughout gestation (P, .05).

Most parameters increased through-
out gestation, mainly from 23weeks
onward. The max GIA exhibited a U-
shaped parabolic curve, reaching a mini-
mum around the 25th week of GA, possi-
bly due to changes in the Sylvian fissure.

Symmetry indices with GA are
shown in Fig 5, demonstrating homo-
geneous dispersion, indicating no brain
asymmetry.

MCD
Fetuses with MCD exhibited underde-
veloped gyrification compared with
controls. All GI parameters were sig-
nificantly lower in fetuses with LIS
(P, .02) highlighted at late GA, as
seen in Figs 3 and 4, and Table 2.
Representative MR imaging of controls
and fetuses with LIS and PMG of
equivalent ages are demonstrated in
Fig 6.

FIG 2. T2-weighted MR imaging of coronal views for control fetuses demonstrating gyrification devel-
opment of the right hemisphere (red, hemisphere contour) at the Sylvian fissure level with gestation.

FIG 3. Development curves with GA of area-based gyrification parameters. Curve percentile lines
3, 15, 50, 85, and 97 are presented as blue, light blue, purple, green, and yellow, respectively. Note
control fetuses (gray), PMG (green), LIS (red), and suspected LIS (orange).
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Three fetuses suspected of having LIS based on sonography
but diagnosed with normal MR imaging, findings showed normal
GI values, supporting the MR imaging diagnosis.

Fetuses with PMG had significantly lower GICs (P, .001), with
no significant difference in GIAs compared with controls (Table 2).

Brain asymmetry was not significant in fetuses with MCD,
with homogeneous dispersion and no change in GA (Fig 5).
However, 2 fetuses with PMG showed extreme asymmetry,

confirming the radiologic diagnosis. One fetus (34 GA) had PMG
only in the right hemisphere, while the other fetus (36 weeks’
GA) had PMG focused anteriorly, with an abnormal shape of the
right operculum.

MCD Classification
Using machine learning classifiers based on GIC and GIA param-
eters, we evaluated 7 models. The performance of all models is

shown in the Online Supplemental
Data. The best results for classification
of controls and fetuses with LIS were
achieved using XGBoost-logistic, with
the F1 score ¼ 0.60, accuracy ¼ 0.87,
AUC ¼ 0.90, MCC ¼ 0.56, precision ¼
0.48, and recall ¼ 0.83. The best classi-
fier used for PMG was random forest
with an F1 score ¼ 0.59, accuracy ¼
0.89, AUC ¼ 0.84, MCC ¼ 0.53,
precision¼ 0.57 and recall¼ 0.61.

DISCUSSION
In this study, we developed a method
for automatic quantification of fetal gyr-
ification based on clinical heterogeneous
2D MR imaging data, demonstrating
high robustness, and we proposed 5 pa-
rameters. We found significant changes
in gyrification with GA in control
fetuses, with no asymmetry. We also
found significantly reduced gyrification
in fetuses with MCD compared with
controls.

Five quantitative gyrification parame-
ters were extracted for each hemisphere,
including the contour-based parameters
GIC and area-based parameters of GIA.
Previous studies used different methods,
including ridge detection,28 local tensor-
based morphometry,29 and curvature-
based20,30 and sulcal pattern similarities
with fetal brain atlas.31 However, all these
methods require 3D reconstruction, are

FIG 4. Development curves with GA of contour-based gyrification parameters. Curve percentile
lines 3, 15, 50, 85, and 97 are presented as blue, light blue, purple, green, and yellow, respectively.
Note control fetuses (gray), PMG (green), LIS (red), and suspected LIS (orange).

Table 2: Comparisons between LIS or PMG with control fetuses—the adjusted P values and CIs

Parameter
LIS PMG

P Value (CI Lower, CI Upper) P Value (CI Lower, CI Upper)
Mean GIC right .002a (0.001–0.007) ,.001a (0.002–0.008)
Mean GIC left .002a (0.001–0.007) ,.001a (0.002–0.008)
Max GIC right ,.001a (0.004–0.01) ,.001a (0.003–0.008)
Max GIC left ,.001a (0.004–0.009) .001a (0.002–0.007)
Bounded volume right .01 a (0.0003–0.001) .994 (–0.0004–0.0004)
Bounded volume left ,.001a (0.0003–0.009) .366 (–0.0006–0.0002)
Mean GIA right ,.001a (0.0006–0.001) .46 (–0.0002–0.0006)
Mean GIA left ,.001a (0.0006–0.001) .46 (–0.0003–0.0005)
Max GIA right .02a (0.0002–0.002) .88 (–0.001–0.001)
Max GIA left ,.001a (0.0008–0.003) .994 (–0.001–0.001)

a P value, .05.
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time-consuming, and are not easily applicable to clinical data. Our
proposed method presents simple quantifying parameters that can
be used in routine clinical practice and applied to retrospective data
of large cohorts.

Developmental Curves
In this study, growth curves were calculated as recommended by
the World Health Organization.35 Our results indicate that gyrifi-
cation in control fetuses increases in a second-degree polynomial
curve after the 23rd week of gestation. Our findings corroborate
previous studies by Dubois et al46 who described cortical develop-
ment in preterm infants across a similar range, demonstrating an
accelerated gyrification measured by the cortical surface area and
its GI after 28weeks. In addition, Wright et al20 showed nonlinear
increased values in several global curvature–based parameters.
Similarly, Rajagopalan et al28 found that the GI development based
on 3D reconstruction was best described with a second-order poly-
nomial curve. Only 1 study demonstrated a linear gyrification
increase with GA, probably due to the narrow range of GAs.29

Brain Symmetry
Our study did not find evidence of gyrification asymmetry, consist-
ent with previous studies that quantified global gyrification on the

basis of a 3D reconstructed cortical surface.18,20,22,23,25,26,28-30,47

While there is known asymmetry in specific sulci, such as the supe-
rior temporal gyrus,3,46,48 our results suggest that global gyrifica-
tion measurements may not be sensitive enough to detect subtle
regional differences.

MCD
Our results demonstrate significantly reduced gyrification in
fetuses with LIS, with greater deviations at advanced GA.
Notably, our results showed values within the normal range in 3
fetuses suspected of having LIS on the basis of sonography, yet
with a normal MR imaging diagnosis.

Reduced gyrification was also detected in fetuses with
PMG, but only in the GIC parameters. One previous study31

quantified gyrification in PMG and normally developing
fetuses using 3D GI measurements yet did not find differences
between the 2 groups. This was a small-scale study (Ncontrol ¼
17, NPMG ¼ 3). To our knowledge, no additional studies quan-
tified LIS and PMG fetal gyrification patterns with gestation or
developed classifiers on the basis of control fetuses and fetuses
with MCD. The classifiers trained in this study, both for LIS
and for PMG, showed good performance in several metrics;
however, the F1 score was improved when using SMOTE for

FIG 5. Symmetry indices for GI parameters with GA. All are close to zero, with homogeneous dispersion, indicating no brain asymmetry.
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imbalanced data and showed low values. These results are
expected due to the overlap of MCDs and healthy fetuses in
some of our gyrification parameters. Our findings support the
use of quantitative analysis for fetal brain assessment in fetuses
with MCD, to highlight fetuses at risk and to aid radiologic
interpretation and diagnosis.

Limitations
Our study limitations include the potential impact of section ac-
quisition symmetry on 2D gyrification parameters. However,
analyzing each hemisphere separately may address this issue.
This study focused on global parameters and did not analyze spe-
cific sulci. Future studies should develop automatic 2D methods
to assess local parameters in different regions. Additionally, our
gyrification parameters may pseudonormalize the multiple and
shallow gyri in PMGs, leading to values within the normal range.
The outcomes of the MCD fetuses were unavailable, and our cri-
terion standard was the radiologist’s diagnosis based on MR
imaging. Finally, our cohort included 25 fetuses with MCD, rep-
resenting the largest study to date that quantifies gyrification in
MCD, yet the number is relatively small, especially when develop-
ing an automatic classifier. Therefore, due to the small cohort
size, the classifiers developed in this study were only validated
and not tested on a separate test set. Moreover, higher recall is
needed and other parameters should be included in the model
such as brain volume, brain biometrics, and so forth, to develop a
method for clinical use.

CONCLUSIONS
This study presents an automatic quantification of fetal brain
gyrification based on 2D routinely acquired MR imaging data
and suggests the use of 5 parameters. The method success-
fully detected changes in normal gyrification with GA and
showed reduced gyrification in fetuses with MCD compared
with controls. These findings suggest that quantifying gyrifi-
cation can aid in assessing fetal brain maturation and identi-
fying MCDs.
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ORIGINAL RESEARCH
PEDIATRIC NEUROIMAGING

Fetal Brain Growth in the Early Second Trimester
Maria Camila Cortes-Albornoz, Camilo Calixto, M. Alejandra Bedoya, Ryne A. Didier, Judy A. Estroff, and

Camilo Jaimes

ABSTRACT

BACKGROUND AND PURPOSE: Recent advances in fetal MR imaging technology have enabled acquisition of diagnostic images in
the early second trimester. Interpretation of these examinations is limited by a lack of familiarity with the developmental changes
that occur during these early stages of growth. This study aimed to characterize normal fetal brain growth between the 12th and
20th weeks of gestational age.

MATERIALS AND METHODS: This study was conducted as an observational retrospective analysis. Data were obtained from a terti-
ary care center’s PACS database. All fetuses included had late fetal MR imaging (.20weeks) or postnatal MR imaging, which con-
firmed normality. Each MR image was manually segmented, with ROIs placed to calculate the volume of the supratentorial
parenchyma, brainstem, cerebellum, ventricular CSF, and extra-axial CSF. A linear regression analysis was used to evaluate gesta-
tional age as a predictor of the volume of each structure.

RESULTS: Thirty-one subjects with a mean gestational age of 17.23weeks (range, 12–19 weeks) were studied. There was a positive,
significant association between gestational age and intracranial, supratentorial parenchyma; brainstem cerebellum; intraventricular
CSF; and extra-axial CSF volumes (P , .001). Growth was fastest in the supratentorial parenchyma and extra-axial CSF. Fetal sex was
not associated with the volume in any of the ROIs.

CONCLUSIONS: This study demonstrates distinct trajectories for the major compartments of the fetal brain in the early second tri-
mester. The fastest growth rates were observed in the supratentorial brain and extra-axial CSF.

ABBREVIATION: GA ¼ gestational age

Extensive literature has demonstrated the usefulness of fetal
MR imaging in assessing CNS abnormalities during the late

second and third trimesters.1-4 Due to the small size of the fetus

and the high prevalence of motion artifacts, imaging is generally
deferred until after 20weeks’ gestational age (GA).5 However,
advancements in MR imaging technology, including receiving
coils and the use of 3T scanners now allow imaging with suffi-
cient spatial and temporal resolution to acquire diagnostic images
in the early second trimester.6-8 This growing practice has high-
lighted the relative void of information regarding normal brain
development in vivo in these early stages.

Evaluating brain growth and neurologic well-being in the early
second trimester is of great interest to developmental neuro-
science and fetal neurology. This period is characterized by the
formation of the subplate, intense neuronal proliferation in the
germinal centers, extensive neuronal migration, early synaptic
sprouting, and axonal growth.9 In clinical practice, patients with
pregnancies with fetal abdominal wall defects, chromosomal
abnormalities detected on screening tests, major CNS abnormal-
ities, and complications related to multiple pregnancies frequently
seek diagnostic imaging and prognostication at earlier time points.
Information obtained from early second-trimester fetal MR imag-
ing can be tremendously useful in counseling these families.
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The purpose of this study was to characterize normal fetal
brain development in vivo between the 12th and 20th weeks of
gestation by performing a retrospective analysis at a large tertiary
maternal and fetal care center. We hypothesized that while all
structures in the fetal brain will grow during this period, our vol-
umetric analysis will demonstrate distinct trajectories for the
major constituents of the fetal brain at these early GAs.

MATERIALS AND METHODS
The institutional review board (Boston Children's Hospital)
approved this observational retrospective study. All data were
obtained from the PACS database at a tertiary children’s hospital.
Inclusion criteria were as follows: 1) fetal MR imaging performed
between January 1, 2014, and December 30, 2022, in a pregnancy
with,20weeks’ GA, 2) non-neurologic indication for the exami-
nation, and 3) the availability of a high-quality (fully diagnostic),
late fetal (.20weeks’ GA), or postnatal MR imaging confirming
a structurally normal brain. Exclusion criteria included the fol-
lowing: 1) fetal abnormalities that may affect neurodevelopment
(eg, syndromic diseases, congenital infections, multiple gesta-
tions, chromosomal abnormalities), 2) twin pregnancies, and 3)
MR imaging examinations with insufficient quality for manual
segmentations. At least 1 series covering the fetal brain had to be
devoid of motion in every single section to be considered of suffi-
cient quality.

Data Acquisition
All images were acquired on 3T scanners (Magnetom Skyra and
Magnetom Vida; Siemens). Institutional protocols were fol-
lowed for image acquisition, consisting of HASTE or balanced
steady-state free precession images. The parameters of the
HASTE sequences were the following: TR¼ 1400–4000ms,
TE¼ 100–102ms, FOV¼ 230 � 230 or 256 � 256, 1-mm in-
plane resolution, 2- to 2.5-mm section thickness, acquisition
matrix size¼ 208 � 208 or 256 � 256. For the balanced steady-
state free precession sequences parameters were the following:
TR ¼ 4.3–5.2ms, TE¼ 1.8–2.6ms, FOV¼ 230 � 230–300 �
300, 1-mm in-plane resolution, 2- to 2.5-mm section thickness,
acquisition matrix size¼ 256� 320.

Image Processing
DICOM data of fetuses meeting the criteria were converted to the
NIfTI format. Data were visualized and segmented using ITK-

SNAP (Version 4.0.0; www.itksnap.org)
(Fig 1). We performed manual segmen-
tations, placing ROIs in the fetal supra-
tentorial brain parenchyma (the portion
of the brain above the tentorium cere-
belli), brainstem, cerebellum, extra-axial
CSF, and intraventricular CSF using a
high-resolution (1080p) Wacom Cintiq
Tablet (https://www.wacom.com/en-
us/products/pen-displays/wacom-
cintiq). Given that fetal MR imaging at
such an early GA is prone to motion
degradation and that either sequence
provides sufficient tissue contrast to out-

line the desired anatomy, we chose the sequence with the highest
SNR and lowest artifact degradation (shadowing, motion, band-
ing). This choice was determined subjectively by an experienced
neuroradiologist. We performed an intraobserver variability analy-
sis for 4 randomly chosen fetuses; the second set of segmentations
was completed.4months after the original segmentation.

Statistical Analysis
The volume of each label was calculated for all subjects.
Intracranial volume was calculated as the sum of all ROIs. A linear
regression analysis was used to evaluate GA as a predictor of the
volume of each structure. We also controlled for sex on the basis of
previously reported findings on sexual dimorphism by Machado-
Rivas et al.7 The relative volume of each structure was calculated as
the ratio of the absolute volume of the structure to the intracranial
volume. We performed an intraobserver reliability analysis for the
manual segmentations by randomly choosing 4 fetuses, performing
new volumetric segmentations, and estimating the percentage
change of the results relative to the index segmentation. Descriptive
statistics were used to summarize the data from relative volume
estimations. All calculations were performed using R (Version
4.2.1; http://www.r-project.org/) with a significance level of .05.
Plots were designed using the ggplot2 package (Version 3.4.0;
https://www.rdocumentation.org/packages/ggplot2/versions/3.4.4).

RESULTS
Population
We retrieved a total of 270 early second-trimester fetal MRIs. The
examinations of 51 subjects met the criteria for inclusion, and 20
of these were subsequently excluded due to low image quality that
precluded accurate segmentations (Fig 2). The final sample con-
sisted of 31 subjects (13 female) with a mean GA of 17.23weeks
(range, 12–19 weeks). For 26 subjects, the follow-up examination
consisted of a second fetal MR imaging obtained at a mean age of
27.2weeks (range, 21–36weeks), and for 5 subjects, the follow-up
consisted of a postnatal MR imaging obtained 8.2months postde-
livery (range, 1–24months). The average interval between the
index study and the follow-up study was 13.32weeks (range, 3–
57weeks). Table 1 summarizes the indications for fetal MRIs.

Volumetric Analysis
Intracranial Volume and Parenchyma. There were significant
positive associations between GA and intracranial volume,

FIG 1. Representative example of ROIs in the brain of 12-week (A), 15-week (B), and 19-week-old
fetuses (C). The supratentorial brain is labeled in dark blue; the ventricular CSF, in light blue; the
extra-axial CSF, in green; the brainstem, in salmon; and the cerebellum, in yellow.
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supratentorial parenchymal volume, brainstem volume, and cerebel-
lar volume. Fetal sex was not significantly associated with the vol-
ume of any of the ROIs (P ..05). The Online Supplemental Data
summarize the mean volume and weekly change of the individual
structures across the study period. The Online Supplemental Data
present the mean volume of the individual structures per week.

CSF Spaces. We observed significant associations between GA
and intraventricular CSF volume and extra-axial CSF. Fetal sex
was not significantly associated with either ROI (P ..05, both).
The Online Supplemental Data summarize the change in volume
per week and present the mean volume per week.

The result of our intraobserver variability analysis showed
high concordance between segmentations. The average percent-
age difference across all ROIs was 7.71%, and it was highest for
the brainstem and intraventricular CSF ROIs. The highest con-
cordance was found for the extra-axial CSF. The Online
Supplemental Data summarize the data for this analysis.

Relative Volumetry
There was a significant GA-related increase in the relative volume
of the supratentorial brain and extra-axial CSF (P , .02).

Conversely, there was a significant decrease in the relative volume
of the brainstem, cerebellum, and intraventricular CSF (P ,

.001) (Table 2). Figure 3 provides a graphical comparison of the
absolute and relative growth of each structure per GA. Fetal sex
was not significantly associated with relative volume growth (P
..05).

DISCUSSION
Advancements in MR imaging technology have expanded the
clinical applications of fetal MR imaging, enabling the acquisition
of diagnostic images in the early second trimester. This study
aimed to address the scarcity of data on in vivo fetal brain devel-
opment in pregnancies between the 12th and 20th weeks’ GA by
performing a retrospective analysis of brain growth in subjects
whose subsequent neuroradiologic studies confirmed normality.
Our results demonstrate rapid growth of all intracranial struc-
tures with distinct trajectories for individual regions. Awareness
of normative and relative volumetry of structures can inform the
interpretation of fetal MRIs and contribute to understanding the
selective vulnerability and physiopathology of abnormalities that
could arise at these early developmental stages.

Most MR imaging literature pertaining to fetal brain develop-
ment in the early second trimester is based on ex vivo studies.10-14

The absolute volumetric estimates for the cerebellum and total
brain volume from our study align with those reported by Zhan et
al10 and Xu et al.11 The analysis performed by Zhan et al used sub-
millimeter acquisitions at 7T in conjunction with atlasing techni-
ques. In addition to having similar growth trajectories, their
approach enabled them to identify a clear anterior-to-posterior
gradient in these developmental changes.10 Xu et al also used sub-
millimeter acquisitions at 7T to study cerebellar growth, and while
the trends they reported are consistent with our observations,
their work delved deeper into the regional patterns of individual
cerebellar lobules.11 Most important, our study is the only one
that has addressed these challenges using in vivo MR imaging,
demonstrating the feasibility of this approach and facilitating
translation. Furthermore, the use of in vivo data minimizes the
effects of biases related to tissue damage, swelling, and tissue prep-
aration that are inherent in ex vivo analyses.15

The supratentorial brain was the dominant compartment,
and it also displayed the highest growth rate. At 12weeks, it con-
stituted about one-third of the intracranial volume, which
increased to nearly one-half by the 19weeks. Active neuronal
proliferation and migration, the formation of the subplate, and
the rapid expansion of the latter likely drive this exuberant
growth.16 As these processes halt or slow down, growth does the
same, leading to a more modest growth rate reported later in
pregnancy by Machado-Rivas et al.7 Despite moderately high
rates of growth, the brainstem and cerebellum were outpaced by
the supratentorial brain, which resulted in a slight decrease in
their relative percentage of intracranial volume between the
12th and 19th weeks. At later GAs, the rate of growth of the su-
pratentorial brain decreases and the cerebellum becomes the
fastest-growing compartment.7,17

The ventricles constitute a dominant structure in early preg-
nancy, accounting for nearly one-quarter of intracranial volume
at 12weeks. Ventricular growth is slow, a finding previously

FIG 2. Application of inclusion and exclusion criteria in a flow
diagram.

Table 1: Demographics and clinical characteristics
Population Characteristics Median (Range)

Maternal age (yr) 32 (18–41)
Median GA (weeks) 18 (12–19)
Mean fetal growth percentile 44.62 (10.6–96.3)
Sexa

Female 12 (38.70%)
Male 19 (61.29%)
Fetal diagnosis
Congenital diaphragmatic hernia 7 (21.87%)
Normal 7 (21.87%)
Omphalocele 4 (12.5%)
Congenital pulmonary airway malformation 3 (9.37%)
Cleft lip 2 (6.25%)
Congenital heart disease 2 (6.25%)
Patent urachus 2 (6.25%)
Lymphatic malformation 1 (3.12%)
Occipital subcutaneous mass 1 (3.12%)
Hepatic hemangioma 1 (3.12%)
Hepatic pseudocyst 1 (3.12%)
Cardiac rhabdomyoma 1 (3.12%)

a Data from this point down are No. of subjects (%).
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corroborated by sonography and fetal MR imaging studies across
a wide range of GAs.7,18 It is crucial to note that this slow growth
results in a substantial decrease in the proportion of intracranial
volume of the ventricles with advancing GA. The expansion of
the extra-axial CSF emerged as another key finding in our analy-
sis. Its growth rate was second only to that of the supratentorial
parenchyma, reaching almost 40% of intracranial volume by
19weeks’ GA. The role of the extra-axial CSF as a marker of
normal neurologic development is often underestimated. For
instance, an increase in volume has been reported in cases of
congenital heart disease, and a reduced volume is a hallmark
of open neural tube defects.19,20

Fetal neuroimaging in pregnancies of ,20weeks’ GA,
though uncommon, is an area of increasing interest. The desire
to counsel families as early as possible, monitor vulnerable preg-
nancies, and triage patients for a growing number of fetal inter-
ventions has fueled this trend. One relatively common
indication in our cohort was the characterization of abdominal
wall defects. While not the primary malformation, the neuro-
logic well-being of these fetuses is a pivotal point in counseling
because multiorgan system malformations necessitate specialized
counseling, particularly in regard to the potential for genetic or
syndromic etiologies. Monochorionic diamniotic twins represent
another vulnerable population; these fetuses are at risk of unbal-
anced vascular and placental sharing (eg, twin-twin transfusion
syndrome) and resultant complications, have a high risk of cere-
brovascular events, and frequently are eligible for fetoscopic
interventions.16,21 Last, sociopolitical factors, such as the evolving

legal landscape surrounding preg-
nancy termination, could serve as an
incentive to image fetuses at an ear-
lier GA to provide prognostic infor-
mation. The availability of normative
volumetric data can enhance the
interpretation of imaging findings in
these early pregnancies.

The limitations of this study include
its retrospective nature, which may
introduce bias, and the relatively small
sample size of 31 subjects. The exclu-
sion of 20 subjects due to low image
quality underscores the challenges of
acquiring high-quality images during
the early second trimester. The segmen-
tations used for analysis were based on
2D images rather than 3D reconstructed
volumes. Although previous work has

pioneered the use of super-resolved 3D volumes for fetal images,
these tools are not available for the GA range analyzed in this
study. Consequently, the reported volumes of structures in the fe-
tal brain might be underestimated or overestimated compared
with a 3D volume estimation. Future studies with larger sample
sizes, prospective designs, and improved image analysis pipelines
may help refine and expand the normative data generated in this
study.

CONCLUSIONS
This study provides essential normative data on fetal brain devel-
opment in vivo between the 12th and 20th weeks of gestation.
During this period, there is substantial absolute and relative
growth in the brain parenchyma and extra-axial CSF volume rela-
tive to the intraventricular CSF, cerebellum, and brainstem. As
the clinical footprint of fetal MR imaging continues to expand to
the early second trimester, these data can aid in interpreting these
examinations.

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

REFERENCES
1. Hulshof HM, Slot EM, Lequin M, et al; EPISTOP consortium. Fetal

brainmagnetic resonance imaging findings predict neurodevelopment
in children with tuberous sclerosis complex. J Pediatr 2021;233:156–62.
e2 CrossRef Medline

2. Griffiths PD, Bradburn M, Campbell MJ, et al; MERIDIAN collabora-
tive group. Use of MRI in the diagnosis of fetal brain abnormalities

Table 2: Relative volume change per week based on linear regression analysesa

Structure Initial Relative Volume Final Relative Volume
Change in Relative Volume

per Week (95% CI) P Value
Intraventricular CSF 23.52% (20.912%–26.12%) 8.64% (7.45%–9.84%) �2.12 (�2.58 to �1.66) .001
Supratentorial parenchyma 38.06% (34.25%–41.87%) 48.15% (46.39%–49.90%) 1.44 (0.77–2.11) .001
Extra-axial CSF 32.26% (27.65%–36.86%) 39.62% (37.50%–41.74%) 1.05 (0.24–1.87) .02
Brainstem 3.57% (2.97%–4.18%) 1.93% (1.66%–2.21%) �0.23 (�0.34 to �0.13) .001
Cerebellum 2.57% (2.16%–2.98%) 1.63% (1.44%–1.8%2) �0.13 (�0.21 to �0.06) .001

a Relative volume is expressed in terms of percentage. Data in parentheses are 95% CIs. ROIs are sorted in descending order based on the magnitude of the change of rel-
ative volume. The initial relative volume represents an estimate of 12weeks’ GA, and the final relative volume represents an estimate of 19weeks’ GA.

FIG 3. Absolute and relative volume growth per week. For each structure, absolute volume
growth per week of GA (A) and relative volume growth per week (B) demonstrate relatively larger
supratentorial growth during these early GAs.

AJNR Am J Neuroradiol 44:1440–44 Dec 2023 www.ajnr.org 1443

https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/December%202023/0601.pdf
http://www.ajnr.org
http://dx.doi.org/10.1016/j.jpeds.2021.02.060
https://www.ncbi.nlm.nih.gov/pubmed/33640330


in utero (MERIDIAN): a multicentre, prospective cohort study.
Lancet 2017;389:538–46 CrossRef Medline

3. Yinon Y, Katorza E, Nassie DI, et al. Late diagnosis of fetal central
nervous system anomalies following a normal second trimester
anatomy scan: late diagnosis of fetal CNS anomalies. Prenat Diagn
2013;33:929–34 CrossRef Medline

4. Jaimes C, Machado-Rivas F, Chen K, et al. Brain injury in fetuses
with vein of Galen malformation and nongalenic arteriovenous fis-
tulas: static snapshot or a portent of more? AJNR Am J Neuroradiol
2022;43:1036–41 CrossRef Medline

5. The American College of Radiology. ACR-SPR Practice Parameter for
The Safe And Optimal Performance of Fetal Magnetic Resonance
Imaging (MRI). 2020. https://www.acr.org/-/media/ACR/Files/
Practice-Parameters/mr-fetal.pdf. Accessed May 5, 2023

6. Machado-Rivas F, Cortes-Albornoz MC, Afacan O, et al. Fetal MRI
at 3 T: principles to optimize success. Radiographics 2023;43:
e220141 CrossRef Medline

7. Machado-Rivas F, Gandhi J, Choi JJ, et al. Normal growth, sexual
dimorphism, and lateral asymmetries at fetal brain MRI. Radiology
2022;303:162–70 CrossRef Medline

8. Jarvis DA, Finney CR, Griffiths PD. Normative volume measure-
ments of the fetal intra-cranial compartments using 3D volume in
utero MR imaging. Eur Radiol 2019;29:3488–95 CrossRef Medline

9. Ackerman S. The Development and Shaping of the Brain. In:
Ackerman S. Discovering the Brain. Vol 6. National Academies
Press; 1992

10. Zhan J, Dinov ID, Li J, et al. Spatial-temporal atlas of human fetal
brain development during the early second trimester. Neuroimage
2013;82:115–26 CrossRef Medline

11. Xu F, Ge X, Shi Y, et al. Morphometric development of the human
fetal cerebellum during the early second trimester. Neuroimage
2020;207:116372 CrossRef Medline

12. Brisse H, Fallet C, Sebag G, et al. Supratentorial parenchyma in the
developing fetal brain: in vitro MR study with histologic compari-
son. AJNR Am J Neuroradiol 1997;18:1491–97 Medline

13. Kinoshita Y, Okudera T, Tsuru E, et al. Volumetric analysis of the
germinal matrix and lateral ventricles performed using MR images
of postmortem fetuses. AJNR Am J Neuroradiol 2001;22:382–88
Medline

14. Chong BW, Babcook CJ, Salama MS, et al. A magnetic resonance
template for normal neuronal migration in the fetus. Neurosurgery
1996;39:110–16 CrossRef Medline

15. D'Hondt A, Cassart M, De Maubeuge R, et al. Postmortem fetal
magnetic resonance imaging: where do we stand? Insights Imaging
2018;9:591–98 CrossRef Medline

16. Akkermans J, Peeters SH, Klumper FJ, et al. Twenty-five years of feto-
scopic laser coagulation in twin-twin transfusion syndrome: a sys-
tematic review. Fetal Diagn Ther 2015;38:241–53 CrossRef Medline

17. Clouchoux C, Guizard N, Evans AC, et al. Normative fetal brain
growth by quantitative in vivo magnetic resonance imaging. Am J
Obstet Gynecol 2012;206: 173.e1-8 CrossRef Medline

18. Salomon LJ, Bernard JP, Ville Y. Reference ranges for fetal ventricu-
lar width: a non-normal approach. Ultrasound Obstet Gynecol
2007;30:61–66 CrossRef Medline

19. Nagaraj UD, Bierbrauer KS, Stevenson CB, et al. Myelomeningocele
versus myelocele on fetal MR images: are there differences in brain
findings? AJR Am J Roentgenol 2018;211:1376–80 CrossRef Medline

20. Brossard-RacineM, Du Plessis AJ, Vezina G, et al. Prevalence and spec-
trum of in utero structural brain abnormalities in fetuses with com-
plex congenital heart disease. AJNR Am J Neuroradiol 2014;35:1593–
99 CrossRef Medline

21. Kocaoglu M, Kline-Fath BM, Calvo-Garcia MA, et al.Magnetic res-
onance imaging of the fetal brain in monochorionic diamniotic
twin gestation: correlation of cerebral injury with ultrasound
staging and survival outcomes. Pediatr Radiol 2020;50:1131–33
CrossRef Medline

1444 Cortes-Albornoz Dec 2023 www.ajnr.org

http://dx.doi.org/10.1016/S0140-6736(16)31723-8
https://www.ncbi.nlm.nih.gov/pubmed/27988140
http://dx.doi.org/10.1002/pd.4163
https://www.ncbi.nlm.nih.gov/pubmed/23712473
http://dx.doi.org/10.3174/ajnr.A7533
https://www.ncbi.nlm.nih.gov/pubmed/35654491
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/mr-fetal.pdf
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/mr-fetal.pdf
http://dx.doi.org/10.1148/rg.220141
https://www.ncbi.nlm.nih.gov/pubmed/36995947
http://dx.doi.org/10.1148/radiol.211222
https://www.ncbi.nlm.nih.gov/pubmed/34931857
http://dx.doi.org/10.1007/s00330-018-5938-5
https://www.ncbi.nlm.nih.gov/pubmed/30683990
http://dx.doi.org/10.1016/j.neuroimage.2013.05.063
https://www.ncbi.nlm.nih.gov/pubmed/23727529
http://dx.doi.org/10.1016/j.neuroimage.2019.116372
https://www.ncbi.nlm.nih.gov/pubmed/31751665
https://www.ncbi.nlm.nih.gov/pubmed/9296190
https://www.ncbi.nlm.nih.gov/pubmed/11156787
http://dx.doi.org/10.1097/00006123-199607000-00021
https://www.ncbi.nlm.nih.gov/pubmed/8805146
http://dx.doi.org/10.1007/s13244-018-0627-0
https://www.ncbi.nlm.nih.gov/pubmed/29869137
http://dx.doi.org/10.1159/000437053
https://www.ncbi.nlm.nih.gov/pubmed/26278319
http://dx.doi.org/10.1016/j.ajog.2011.10.002
https://www.ncbi.nlm.nih.gov/pubmed/22055336
http://dx.doi.org/10.1002/uog.4026
https://www.ncbi.nlm.nih.gov/pubmed/17506037
http://dx.doi.org/10.2214/AJR.18.20088
https://www.ncbi.nlm.nih.gov/pubmed/30332293
http://dx.doi.org/10.3174/ajnr.A3903
https://www.ncbi.nlm.nih.gov/pubmed/24651820
http://dx.doi.org/10.1007/s00247-020-04661-w
https://www.ncbi.nlm.nih.gov/pubmed/32358676


ORIGINAL RESEARCH
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

Diagnostic Performance of Decubitus Photon-Counting
Detector CT Myelography for the Detection of CSF-Venous

Fistulas
Ajay A. Madhavan, Jeremy K. Cutsforth-Gregory, Waleed Brinjikji, Girish Bathla, John C. Benson, Felix E. Diehn,

Laurence J. Eckel, Ian T. Mark, Pearse P. Morris, Melissa A. Payne, Jared T. Verdoorn, Nikkole M. Weber, Lifeng Yu,
Francis Baffour, Joel G. Fletcher, and Cynthia H. McCollough

ABSTRACT

BACKGROUND AND PURPOSE: CSF-venous fistulas are a common cause of spontaneous intracranial hypotension. Lateral decubitus
digital subtraction myelography and CT myelography are the diagnostic imaging standards to identify these fistulas. Photon-count-
ing CT myelography has technological advantages that might improve CSF-venous fistula detection, though no large studies have
yet assessed its diagnostic performance. We sought to determine the diagnostic yield of photon-counting detector CT myelogra-
phy for detection of CSF-venous fistulas in patients with spontaneous intracranial hypotension.

MATERIALS AND METHODS:We retrospectively searched our database for all decubitus photon-counting detector CT myelograms
performed at our institution since the introduction of the technique in our practice. Per our institutional workflow, all patients had
prior contrast-enhanced brain MR imaging and spine MR imaging showing no extradural CSF. Two neuroradiologists reviewed pre-
procedural brain MRIs, assessing previously described findings of intracranial hypotension (Bern score). Additionally, 2 different neu-
roradiologists assessed each myelogram for a definitive or equivocal CSF-venous fistula. The yield of photon-counting detector CT
myelography was calculated and stratified by the Bern score using low-, intermediate-, and high-probability tiers.

RESULTS: Fifty-seven consecutive photon-counting detector CT myelograms in 57 patients were included. A single CSF-venous fis-
tula was definitively present in 38/57 patients. After we stratified by the Bern score, a definitive fistula was seen in 56.0%, 73.3%,
and 76.5% of patients with low-, intermediate-, and high-probability brain MR imaging, respectively.

CONCLUSIONS: Decubitus photon-counting detector CT myelography has an excellent diagnostic performance for the detection
of CSF-venous fistulas. The yield for patients with intermediate- and high-probability Bern scores is at least as high as previously
reported yields of decubitus digital subtraction myelography and CT myelography using energy-integrating detector scanners. The
yield for patients with low-probability Bern scores appears to be greater compared with other modalities. Due to the retrospective
nature of this study, future prospective work will be needed to compare the sensitivity of photon-counting detector CT myelogra-
phy with other modalities.

ABBREVIATIONS: CTM ¼ CT myelography; CVF ¼ CSF-venous fistula; DSM ¼ digital subtraction myelography; EID ¼ energy-integrating detector; EVVP ¼
external vertebral venous plexus; IVVP ¼ internal vertebral venous plexus; PC ¼ photon-counting detector; SIH ¼ spontaneous intracranial hypotension; SR ¼
standard resolution; T3D ¼ low-energy threshold; UHR ¼ ultra-high resolution; VMI ¼ virtual monoenergetic image

Spontaneous intracranial hypotension (SIH) is a clinical syn-
drome caused by a spinal CSF leak. Although the hallmark

symptom of SIH is an orthostatic headache, patients may present

with myriad symptoms that are frequently debilitating and occa-
sionally life-threatening. Currently recognized are 3 types of
spinal CSF leaks: dural tears (type 1a [ventral tears], type 1b [pos-
terolateral tears]), leaking meningeal diverticula (type 2), and
CSF-venous fistulas [CVFs, type 3]).1,2 Among these, CVFs are
the most recently recognized and most challenging to diagnose.3

Patients with CVFs do not have evidence of extradural CSF on
spine imaging (neither MR imaging nor CT myelography
[CTM]), because leaked CSF and myelographic contrast are rap-
idly washed away by draining veins without accumulating in the
epidural space. Furthermore, characteristic brain MR imaging
abnormalities may be absent in some patients with spinal CSF
leaks.4 A scoring system (Bern Score) assigning points to various
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brain MR imaging findings was previously shown to predict the
probability of finding a spinal CSF leak on myelography, initially
being validated in patients with dural tears and subsequently
used in the assessment of patients with CVFs.5-7

Digital subtraction myelography (DSM) and CTM are cur-
rently the preferred modalities for detecting CVFs at most centers
with experience in the diagnosis of spinal CSF leaks, with the latter
sometimes being performed in a dynamic (multiphase) fashion.8,9

Both modalities have been shown to be effective, especially as
techniques for DSM and dynamic CTM have been refined in
recent years. In particular, it is now known that performing my-
elography with the patient in the lateral decubitus position and
imaging immediately after intrathecal contrast injection increase
the likelihood of detecting CVFs.9 Despite many advances, how-
ever, neither technique is perfectly sensitive, with some CVFs being
missed in patients with clear clinical symptoms of SIH and/or
brain MR imaging abnormalities consistent with that diagnosis.6,7

Thus, there is a need for continued improvement in imaging tech-
niques to detect CVFs.

In collaboration with another institution, Madhavan et al10

recently reported a small series of 6 patients in whom CVFs were
detected using photon-counting detector CT myelography (PC-
CTM). Three of those patients had negative findings on DSM,
and 2 had negative findings on dynamic CTM using a conven-
tional energy-integrating detector (EID) CT scanner before the
positive findings on PC-CTM. We thus hypothesized that PC-
CTM may be an effective technique with a high diagnostic yield
for the detection of CVFs. Here, we describe the first large series
of patients with SIH studied by PC-CTM, focusing on the diag-
nostic yield of this examination in patients without extradural
CSF on initial spine imaging.

MATERIALS AND METHODS
Patient Selection
This Health Insurance Portability and Accountability Act–com-
pliant retrospective study was approved by our institutional
review board. We retrospectively identified all patients who
underwent PC-CTM at our institution between February 1, 2023,
and June 30, 2023. Clinical information, including indications for
the PC-CTM, patient age and sex at the time of the examination,
the presence of prior brain and spine MR imaging, and the pres-
ence of any prior myelographic studies, were obtained from the
medical record. Inclusion criteria were the following: 1) patient
meeting the International Classification of Headache Disorders
(ICHD-3) criteria for SIH, 2) the presence of at least 1 contrast-
enhanced brain MR imaging before PC-CTM, and 3) the absence
of spinal extradural fluid on spine MR imaging or conventional
CT myelography before PC-CTM. Exclusion criteria were a tech-
nically unsuccessful or incomplete PC-CTM or lack of docu-
mented consent to use medical information for retrospective
research.

Imaging Technique
All PC-CTMs at our institution were performed using the same
technique. The patient was placed on the PC-CT scanner
(NAEOTOM Alpha; Siemens) in the right lateral decubitus
Trendelenburg position. A 20-ga Quincke spinal needle was

advanced into the subarachnoid space at L2–L3 or a lower spinal
level under CT guidance. Five milliliters of Omnipaque 300 (GE
Healthcare) were injected intrathecally. Low-dose monitoring
scans at C7–T1 were performed every 5 seconds to dynamically
monitor contrast flow. A series of 3–6 scans of the entire spine
was initiated manually when intrathecal contrast reached C7–T1,
with the number of scans varying depending on the radiologist’s
preference and patient-specific factors. All scans were performed
during slow inspiration with a 5-second interval between scans.
The needle was removed, the patient was rotated to the left lateral
decubitus position, and the process was repeated after placing a
new spinal needle. Note that a same-day bilateral technique keep-
ing the initial spinal needle in place has been reported, which is
likely a viable option for many patients but was not done in this
study.11

Among the 3–6 scans in each position, the first 2–4 scans
were performed with standard resolution (SR) mode (144 �
0.4mm detector collimation), and the last 1–2 scans, with ultra-
high-resolution (UHR) mode (120 � 0.2mm detector collima-
tion). The order of SR and UHR scans occasionally varied. All
scans had a rotation time of 0.5 seconds and a CARE keV IQ level
of 200. Automatic exposure control was used, with a manual tube
potential of 140 kV. All scans were reconstructed separately as
virtual monoenergetic images (VMIs) at 40 keV and a low-energy
threshold (referred to as T3D by the manufacturer and including
photon energies from 25 to 140 keV to exclude electronic noise),
all with a Br40 kernel (quantum iterative reconstruction strength
setting of 3). SR scans were reconstructed at 0.4mm, and UHR
scans were reconstructed at 0.2mm. Pitch was 1.2 (SR) or 1.0
(UHR), and the approximate time per scan was 5.0 seconds (SR)
and 12.0 seconds (UHR).

Imaging Review
For each patient, the most recent pre-PC-CTM brain MR
imaging was reviewed by 2 blinded neuroradiologists and
assigned a Bern score, which is calculated on the basis of the
presence of pachymeningeal enhancement (2 points), venous
sinus engorgement (2 points), effacement of the suprasellar
cistern of,4mm (2 points), the presence of subdural fluid col-
lections (1 point), effacement of the prepontine cistern of
,5mm (1 point), and reduction of the mamillopontine
distance of,6.5mm (1 point). Venous sinus engorgement was
assessed specifically in the dominant transverse sinus at a para-
midline sagittal section on postgadolinium MPRAGE images.
Any discrepancy between the 2 reviewers (either in total Bern
score or individual components of the score) was resolved by a
third adjudicating neuroradiologist.

PC-CTM images were reviewed by 2 neuroradiologists in
consensus, both different from the brain MR imaging reviewers.
Reviewers specifically assessed the following: 1) the presence or
absence of a CVF, 2) whether the CVF was definitive or equivo-
cal, 3) the maximal attenuation of the draining vein, and 4) the
scan number on which the finding was first visible. Reviewers
were blinded to imaging reports and patient history. Each case
was reviewed on a standard PACS workstation capable of gener-
ating multiplanar reformats from source axial images. Venous
attenuation was determined by placing a circular ROI over the
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most visually attenuated draining vein on an axial image and
reporting the highest value in the ROI. Definitive CVFs had a
maximal venous attenuation of.200 HU on T3D images, while
equivocal CVFs had a maximal venous attenuation of 100–199
HU on T3D images. These cutoffs were chosen to be at least as
stringent as previously proposed Hounsfield unit cutoffs for
CVFs, with 1 prior study suggesting a cutoff of 70 HU.12

The side and spinal level of the CVF were recorded.
Additionally, the most proximal draining vein of each CVF was
identified and recorded, specifically noting whether drainage
was to the internal vertebral venous plexus (IVVP, medial to the
midpoint of the pedicle, Figs 1–3) or the external vertebral ve-
nous plexus (EVVP, lateral to the midpoint of the pedicle, Fig 1
and Online Supplemental Data). If no CVF was present, the 2
reviewers also determined whether there was evidence of a type
1 or type 2 leak (dural tear or leaking meningeal diverticulum).
Finally, the same 2 neuroradiologists who reviewed the PC-
CTMs also reviewed, in consensus, any decubitus DSM or decu-
bitus dynamic EID CTM performed before the PC-CTM, again
assessing the presence or absence of a CVF and whether the
CVF was definite or equivocal (EID CTMs) or simply whether a
definitive CVF was present (DSMs). Only DSMs and EID CTMs
that included decubitus positioning and imaging in that same
position within 2 minutes of intrathecal contrast injection were
included in this review.

The radiation dose of each examination was obtained from
the medical record by a single neuroradiologist. Finally, any sub-
sequent treatment based on PC-CTM findings was documented
by a single neuroradiologist.13

Data Analysis
Mean patient ages and sex distribution were calculated. The mean
Bern score of all patients was calculated. The positivity rate (diag-
nostic yield) of definitive and equivocal CVFs on PC-CTMwas cal-
culated and stratified by the Bern score (using previously described
low, medium, and high pretest probability tiers). The diagnostic
yield of PC-CTM was also stratified by the presence or absence of
a previously negative decubitus DSM or decubitus EID CTM.

RESULTS
Patient Characteristics
A total of 63 patients underwent 63 PC-CTMs during the study
period. One patient was excluded because she was unable to com-
plete the myelogram secondary to nausea. Five patients were
excluded due to lack of documented consent to use medical infor-
mation for research purposes. Thus, 57 patients having under-
gone 57 PC-CTMs were included in the final cohort (Online
Supplemental Data). Of these, 42 patients were women and 15
were men. The mean age of all patients was 51.2 years (Online
Supplemental Data).

Brain MR Imaging Findings
Among the 57 reviewed brainMRIs, there were discrepant findings
between the 2 initial reviewers in 2 cases. In the first case, one
reviewer noted pachymeningeal enhancement and the other did
not. The third adjudicating reviewer deemed pachymeningeal
enhancement to be present. In the second case, one reviewer noted
venous sinus engorgement and the other did not. The third adjudi-
cating reviewer deemed venous sinus engorgement to be present.
There were no other discrepancies among the reported Bern scores
(total score or individual components) among the 2 reviewers.

The mean Bern score in the 57 patients was 3.53, with a range
of 0–8. Twenty-five of 57 (43.9%) patients had a low-probability
Bern score of 0–2, 15/57 (26.3%) patients had an intermediate-
probability Bern score of 3–4, and 17/57 (29.8%) patients had a
high-probability Bern score of 5–8. No patients had a Bern score
of 9.

PC-CTM Findings
A single CVF was identified definitively in 38/57 (66.7%) patients
and equivocally in 11/57 (19.3%) patients. No CVF was identified
in the remaining 8/57 (14.0%) patients, and none of these 8
patients had a type 1 or 2 leak identified on their PC-CTM. No
patients had more than a single CVF. Stratification by Bern score
revealed the following:

1) In patients with low-probability brain MRIs (Bern score of 0–
2, n ¼ 25), a single CVF was identified definitively in 14/25
(56.0%) patients and equivocally in 8/25 (32.0%) patients.

2) In patients with intermediate-probability brain MRIs (Bern
score of 3-4, n¼ 15), a single CVF was identified definitively in
11/15 (73.3%) patients and equivocally in 1/15 (6.7%) patients.

3) In patients with a high-probability brain MRI (Bern score of
5–8, n¼ 17), a single CVF was identified definitively in 13/17
(76.5%) patients and equivocally in 2/17 (11.8%) patients.

Definitive CVFs occurred on the right in 25/38 (65.8%)
patients and on the left in 13/38 (34.2%) patients, with the most

FIG 1. Definitive CVF on PC-CTM involving both the IVVP and EVVP
in a patient meeting the ICHD-3 criteria for SIH. Axial MIP images
derived from 0.4-mm 40-keV slices demonstrate a left T6 CVF involv-
ing the paraspinal segmental vein (A and B, solid arrows) and extend-
ing into the hemiazygos system (B, dashed arrows). Sagittal and
coronal 40-keV images (C and D) obtained at a different time point
show additional involvement of the IVVP, with contrast extending
down to the level of T7 (C and D, arrows).
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frequent spinal level being T10 (n¼ 7, Online Supplemental Data).
Equivocal CVFs occurred on the right in 5/11 (46.0%) patients and
on the left in 6/11 (54.0%) patients. Regarding venous drainage in
the 49 patients with definitive or equivocal CVFs, 17/49 (34.7%)
CVFs involved the IVVP only, 28/49 (57.1%) CVFs involved the
EVVP only, and 4/49 (8.2%) involved both the IVVP and EVVP.
Among the 38 definitive CVFs, 13/38 (34.2%) CVFs involved the
IVVP only, 21/38 (55.3%) CVFs involved the EVVP only, and 4/38
(10.5%) involved both the IVVP and EVVP. Among the 38 defini-
tive CVFs, the imaging finding was initially on first scan in 20/38
(52.6%) patients, on the second scan in 5/38 (13.2%) patients, on
the fourth scan in 5/38 (13.2%) patients, on the fifth scan in 6/38
(15.8%) patients, and on the sixth scan in 2/38 (5.3%) patients.
Among the 11 equivocal CVFs, the imaging finding was seen ini-
tially on the first scan in 8/11 (72.7%) patients and on the fifth scan
in 3/11 (27.3%) patients. The mean radiation dose (dose-length
product) per scan for all included PC-CTMs was 340 mGy-cm.
The mean number of scans performed (accounting for both the
left and right sides) was 10.

With regard to myelographic studies before PC-CTM, 39/57
(68.4%) patients had a previous DSM. In all cases, this DSM was
deemed negative for CVF by both reviewers. On PC-CTM in these
patients, a single CVF was identified in 33/39 (84.6%) patients with
a negative DSM (Fig 3 and Online Supplemental Data). The CVF
was definitive in 22/39 (56.4%) patients and equivocal in 11/39
(28.2%) patients. The mean time interval between DSM and PC-
CTM was 57days, with 15 patients having undergone a nontar-
geted blood patch between the DSM and PC-CTM.

Eight of 57 (14.0%) patients had undergone a prior decubitus
dynamic EID CTM. In all cases, this EID CTM was deemed

negative for CVF by both reviewers. On
PC-CTM, a single definitive CVF was
identified in 8/8 (100%) patients (Figs 2
and 3 and Online Supplemental Data).
The mean time interval between EID
CTM and PC-CTM was 30 days, with 4
patients having undergone a nontar-
geted blood patch between the EID
CTM and PC-CTM.

Treatment
All 38 patients with definitive CVFs
localized on PC-CTM underwent trans-
venous Onyx (Medtronic) embolization
of the fistula. Among the 11 patients
with equivocal CVFs, 6 underwent
transvenous Onyx embolization and 5
underwent a targeted transforaminal
epidural blood patch. Review of post-
treatment images confirmed treatment
of the correct spinal level and side.

DISCUSSION
We describe the largest cohort to date
of patients with SIH having undergone
dynamic decubitus PC-CTM, allowing

several meaningful conclusions. PC-CTM identified a definitive
CVF in 66.7% of consecutive patients presenting with SIH in the
absence of an extradural CSF. When stratified by the pretest prob-
ability of finding a CSF leak on the basis of brain MR imaging
Bern score, PC-CTM identified a definitive CVF in 56.0%, 73.3%,
and 76.5% of patients with low, intermediate, and high probabil-
ities, respectively. PC-CTM was effective in detecting CVFs drain-
ing to the IVVP, EVVP, or a combination of both.

The high diagnostic yield of PC-CTM for detecting CVFs in
patients with intermediate and high pretest probability Bern
scores is consistent with that in previous studies on decubitus
DSM and CTM.6,8,9 The yield of PC-CTM in patients with low-
probability Bern scores is greater than that reported for other
modalities. For example, a prior study on decubitus DSM found
that no CVFs were detected in 9 patients with low-probability
Bern scores.6 Other studies have reported a yield of typically
under 20% in patients with low-probability Bern scores when
using DSM or EID CTM, though large studies on the yield of
EID CTM are lacking.4,14 Importantly, we do continue to con-
sider DSM and EID CTM to be excellent modalities for CVF
detection. While our findings are interesting, particularly regard-
ing the high yield in patients with low-probability Bern scores,
this is a retrospective study with some selection bias, and it does
not prove that PC-CTM is more sensitive than DSM or EID
CTM. Also, patients with transvenous Onyx embolization may,
in particular, be best served with DSM due to extensive streak
artifacts caused by Onyx on CT. Many complex factors must be
considered because different institutions determine the modal-
ities of choice for CVF detection. Still, our study does provide evi-
dence that PC-CTM has a high yield in patients with SIH and

FIG 2. Definitive left T10 CVF involving the ventral IVVP and basivertebral vein in a patient with
previously negative findings on decubitus dynamic EID CTM. Axial 40-keV 0.4-mm (A) and T3D
0.2-mm (B) images from PC-CTM, both at the same window/level setting, demonstrate contrast
opacification of the T10 basivertebral vein (A and B, arrows), which is most conspicuous on the
40-keV image but defined with better resolution on the T3D image. Axial 40-keV 0.4-mm (C) and
T3D 0.2-mm (D) images at the same window/level setting from an adjacent slice at an earlier time
point show additional involvement of the ventral IVVP (C and D, arrows). This subtle finding is
best seen on the 40-keV image. Neither finding was seen on retrospective review of the patient’s
dynamic EID CTM (E and F).
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low Bern scores, which is promising and worthy of further
investigation.

PC-CT has many advantages that make it beneficial for the
detection of CVFs.10,15 First, PC-CT has excellent temporal reso-
lution. In our protocol including 3–6 scans of the spine in each
decubitus position, the approximate duration of each scan is 3–
5 seconds for SR scans and 10–12 seconds for UHR scans
(depending on patient body habitus). The interval between scans
is approximately 5 seconds. This permits rapid sampling of multi-
ple time points while maintaining a scan speed that is conducive
to minimizing respiratory and other motion artifacts. Second,
PC-CT has higher spatial resolution compared with EID CT. The
minimum section thickness achieved with PC-CT varies between
0.2mm with the UHR mode and 0.4mm with the SR mode.
Thin-section imaging is invaluable for detecting contrast within
tiny veins, or even a thin column of contrast within a larger vein
(Online Supplemental Data). High spatial resolution also helps to
distinguish small internal epidural veins from the adjacent thecal

sac or veins adjacent to diverticula (Online Supplemental Data).
Our protocol included up to 2 UHR scans and 4 SR scans.
Although it would be optimal to perform all 6 scans in the UHR
mode, in our experience, this practice resulted in too much
reduction in temporal resolution.

Finally, PC-CT has inherent spectral imaging capabilities that
allow VMIs to be reconstructed without the need for dual-
energy/dual-source techniques. VMIs with a kiloelectron volt
closer to the K-edge of iodine have the benefit of increasing the
iodine signal, which has been shown to increase the conspicuity
of subtle CSF leaks, with the main trade-off being an impaired
SNR.16,17 We found that VMIs as low as 40 keV retained a visu-
ally acceptable SNR while maximizing the iodine signal.10

Although EID-based techniques such as dual-energy CT can also
produce low kiloelectron volt VMIs, dual energy scan modes usu-
ally require slower scan speeds compared with PC-CT. In our ex-
perience, it is the combination of high spatial resolution, high
temporal resolution, and VMIs that allows the detection of the
most subtle CVFs (Online Supplemental Data).

Radiation dose is an important concern for all types of my-
elography. In general, PC-CT has a lower radiation dose com-
pared with EID CT with similar or improved image quality.18 In
our study, the mean dose-length product per scan was 340 mGy-
cm, with the mean number of scans being 10. Thus, the dose is
certainly not trivial. However, we also found that at least 5 scans
were needed to identify the imaging finding in 7 cases of defini-
tive CVF and 3 cases of equivocal CVF, suggesting some added
value in multiple scans. In our practice, some proceduralists have
recently opted to split the contrast injection over multiple scans
and review images between scans so that the examination can be
stopped if a definitive CVF is identified. This procedure may be
an effective means to limit the radiation dose in the future.
Alternatively, if a patient has had a previously negative CTM per-
formed with an early scan (immediately after contrast injection),
subsequent CT examinations could, instead, start with a slightly
delayed scan of several minutes.

Our study has limitations. First and most important, it was
not possible to directly compare PC-CTM with other imaging
modalities. Although many patients in our study had previously
negative DSMs or EID CTMs and subsequently positive PC-
CTMs, there is selection bias in the retrospective study design.
Future prospective studies directly comparing PC-CTM, DSM,
and EID CTM with consistent examination techniques and close
timing between the examinations will be needed. Second, our
PC-CTMs were reviewed in consensus rather than independ-
ently, due to the complexity of the examinations and subtlety of
findings in some cases. Reviewers were also aware that they were
viewing a PC-CTM, which could introduce bias. Independent
review should be considered in future studies when possible.

Finally, our study did not assess treatment response. The
scope of this study was to evaluate the diagnostic performance of
PC-CTM for detecting CVFs, and future studies focusing on clin-
ical outcomes after treatment will be needed. This limitation is
particularly applicable to the equivocal CVFs in our study, in
which treatment response would be helpful to determine whether
the radiographic findings were clinically relevant. The efficacy of
Onyx embolization and other techniques for CVF treatment has

FIG 3. Definitive CVFs involving the IVVP in 2 separate patients, illus-
trating the complementary benefits of high-spatial-resolution and
low kiloelectron volt VMIs. Both patients had a Bern score of 1. The
first patient had no prior decubitus myelographic studies, while the
second patient initially underwent negative decubitus DSM and nega-
tive decubitus EID CTM (not shown). In the first patient (A and B), an
axial 0.2-mm T3D image (A) from PC-CTM demonstrates a left T6 CVF
involving the IVVP (A, solid arrow). The draining vein is clearly sepa-
rate from the thecal sac (A, dashed arrow), distinguishing it from a
direct epidural leak. Concurrent axial 40-keV VMI reconstructed at
the minimum allowed slice thickness of 0.4 mm with identical win-
dow/level settings demonstrates higher attenuation of the same
finding (B, arrow), but the lower spatial resolution less clearly distin-
guishes the vein from the thecal sac (B, dashed arrow). In the second
patient (C and D), axial (C) and coronal (D) 40-keV 0.4-mm VMIs from
PC-CTM demonstrate a left T10 CVF of the IVVP (C and D, arrows). In
this case, the 0.4-mm slice thickness was sufficient to distinguish the
vein from the thecal sac. In both patients, the venous contrast
washed away on subsequently obtained images (not shown).
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been demonstrated previously, and response to treatment could
help confirm radiographically indeterminate findings.19-21 As
more patients with indeterminate findings are found, future stud-
ies discussing treatment response in this patient population, as
well as defining better radiographic criteria for definitive versus
equivocal CVFs, will be helpful.

Despite its limitations, this is the first study to assess the diag-
nostic performance of PC-CTM for the detection of CVFs. PC-
CTM has a high diagnostic yield for CVF detection. Its potential
advantage over DSM and EID CTM warrants further investiga-
tion as PC-CT becomes more widely available.

CONCLUSIONS
We describe the first large cohort of consecutive patients with
SIH having undergone PC-CTM, showing that it has a high diag-
nostic yield for detection of CVFs. This study suggests that the
yield of PC-CTM compared with decubitus DSM and EID CTM
is at least as high for patients with intermediate and high Bern
scores and the yield may be higher in those with low Bern scores.

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
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

T1-Weighted, Dynamic Contrast-Enhanced MR Perfusion
Imaging Can Differentiate between Treatment Success and
Failure in Spine Metastases Undergoing Radiation Therapy

Mark Behar, Kyung K. Peck, Onur Yildirim, Jamie Tisnado, Atin Saha, Julio Arevalo-Perez, Eric Lis,
Yoshiya Yamada, Andrei I. Holodny, and Sasan Karimi

ABSTRACT

BACKGROUND AND PURPOSE: Current imaging techniques have difficulty differentiating treatment success and failure in spinal
metastases undergoing radiation therapy. This study investigated the correlation between changes in dynamic contrast-enhanced
MR imaging perfusion parameters and clinical outcomes following radiation therapy for spinal metastases. We hypothesized that
perfusion parameters will outperform traditional size measurements in discriminating treatment success and failure.

MATERIALS AND METHODS: This retrospective study included 49 patients (mean age, 63 [SD, 13] years; 29 men) with metastatic
lesions treated with radiation therapy who underwent dynamic contrast-enhanced MR imaging. The median time between radiation
therapy and follow-up dynamic contrast-enhanced MR imaging was 62 days. We divided patients into 2 groups: clinical success
(n¼ 38) and failure (n¼ 11). Failure was defined as PET recurrence (n¼ 5), biopsy-proved (n¼ 1) recurrence, or an increase in tumor size
(n¼ 7), while their absence defined clinical success. A Mann-Whitney U test was performed to assess differences between groups.

RESULTS: The reduction in plasma volume was greater in the success group than in the failure group (�57.3% versus 188.2%,
respectively; P, .001). When we assessed the success of treatment, the sensitivity of plasma volume was 91% (10 of 11; 95% CI,
82%–97%) and the specificity was 87% (33 of 38; 95% CI, 73%–94%). The sensitivity of size measurements was 82% (9 of 11; 95% CI,
67%–90%) and the specificity was 47% (18 of 38; 95% CI, 37%–67%).

CONCLUSIONS: The specificity of plasma volume was higher than that of conventional size measurements, suggesting that
dynamic contrast-enhanced MR imaging is a powerful tool to discriminate between treatment success and failure.

ABBREVIATIONS: DCE ¼ dynamic contrast-enhanced; DVp ¼ change in plasma volume; Ktrans ¼ vessel permeability; ROC ¼ receiver operating characteristic;
RT ¼ radiation therapy; Vp ¼ plasma volume

The skeletal system is the third most common location for met-
astatic lesions, following the lungs and liver. Within the skele-

ton, the spine is the most prevalent site of metastasis. Up to 10% of
all patients with cancer will develop spinal osseous metastases,
leading to increased morbidity and mortality.1 Vertebral body me-
tastases can effectively be detected using conventional MR imaging,
including T1-weighted and STIR sequences. However, routine MR

imaging techniques are rather limited in assessing treatment
response versus disease progression following radiation therapy
(RT).2,3 Currently, progression is suggested by an increase in lesion
size on conventional MR imaging, while lesion stability suggests
treatment success.4 However, lesion size often fluctuates after both
successful and unsuccessful treatment, limiting the utility of con-
ventional MR imaging in evaluating the response to therapy. This
limitation can lead to delayed detection of tumor recurrence, which,
in turn, may adversely impact patient outcomes.

Dynamic contrast-enhanced (DCE) MR imaging is an advanced
imaging technique that can noninvasively analyze vascular micro-
environment and hemodynamics, which is not possible with con-
ventional MR imaging.5 DCE-MR imaging involves rapid IV
injection of a contrast agent, which is subsequently measured by a
dynamic T1-weighted imaging sequence. The extended Tofts dual-
compartment pharmacokinetic model is then applied to calculate
the reduction of intravascular volume, reduction in plasma volume
(Vp), and the rate of contrast leakage from the intravascular to in-
terstitial space (Ktrans).6 Vp is an indicator of tumor vascularity,
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while Ktrans reflects vessel permeability. In essence, a voxelwise
tracer kinetic analysis of the ROI offers insight into the pathophysi-
ologic status of the tumor microenvironment.7

Previous work has demonstrated the superiority of DCE-MR
imaging in assessing tumor vascularity compared with conventional
techniques.8 The results of DCE-MR imaging can then be applied to
evaluate treatment response in patients with spinal metastases treated
with high-dose RT.9 Other work has shown that changes in perfusion
parameters, most notably Vp, reflect tumor response to RT in spinal
osseous metastases and serve as a predictor of tumor recurrence in
lumbar metastases.2,10 DCE-MR imaging parameters additionally
have been demonstrated to change quickly after other treatment
modalities, including stereotactic radiosurgery.11 DCE-MR imaging
is emerging as a powerful tool for estimating tissue permeability and
enables the assessment of tumor angiogenesis, which is not possible
with conventionalMR imaging and traditional dynamic susceptibility
contrast perfusion methods. However, DCE-MR imaging output pa-
rameters can be influenced by numerous factors including age, sex,
and lesion location.12 Relative CBVmeasured by traditional dynamic
susceptibility contrast can be influenced by the presence of suscepti-
bility artifacts and contrast leakage from tumor vessels.

We hypothesized that a reduction in Vp would correlate with
treatment success and, therefore, improve clinical outcomes and
that DCE-MR imaging could predict tumor recurrence more suc-
cessfully than traditional size measurements on conventional MR
imaging. Therefore, the objective of this retrospective study was to
evaluate the validity of using perfusion parameters to predict treat-
ment success or failure regarding spinal osseous metastases.
Additionally, the study aimed to show that analysis using perfusion
parameters was concordant and, in some cases, surpassed lesion-size
measurements in the determination of treatment success or failure.

MATERIALS AND METHODS
This retrospective study was conducted under a waiver of author-
ization from the Insitutional Review Board at Memorial Sloan
Kettering Cancer Center.

Study Patients
We collected patients who underwent DCE-MR imaging before
and after receiving RT between March of 2013 and December of
2020. Exclusion criteria included technically limited and therefore
nondiagnostic DCE perfusion studies and DCE perfusion MR
imaging obtained .1 year post-RT, resulting in the inclusion of
49 patients. Of the remaining patients, the median time between
RT and the first available DCE-MR imaging was 62days (Online
Supplemental Data). We then separated the patients into 2 dis-
tinct groups reflecting their clinical outcomes: clinical response
(n¼ 38) and persistent disease (n¼ 11). Patients were assessed
within 18months after the second DCE-MR imaging, with persis-
tent disease defined as PET recurrence at the same spine level
(n¼ 5), size increase recorded by a radiologist (n¼ 7), or biopsy-
proved recurrence (n¼ 1). Some patients met multiple condi-
tions. The patients in this study had limited spinal disease, and
some had oligometastases to the spine with well-controlled pri-
maries or without evidence of local disease at the primary site.
The goal of radiation therapy in this patient population was a ces-
sation of disease progression. The patients were treated with a

single dose or a hypofractionated regimen as follows: 24Gy in 1
fraction, 27Gy in 3 fractions, or 30Gy in 3 fractions, depending
on location, histology, age, and the patient’s ability and availabil-
ity to return and complete his or her treatment.

MR Imaging Acquisition
We performed MR imaging of the spine with a 1.5T scanner
(Discovery 450W; GE Healthcare), using an 8-channel cervical-
thoracic-lumbar surface coil. All patients underwent routine MR
imaging sequences, including sagittal T1 (FOV, 32–36 cm; section
thickness, 3mm; TR, 400–650 ms; and flip angle, 90°), sagittal T2
(FOV, 32–36 cm; section thickness, 3mm; TR, 3500–4000 ms;
and flip angle, 90°), and sagittal STIR images (FOV, 32–36 cm;
section thickness, 3mm; TR, 3500–6000 ms; and flip angle, 90°).

DCE-MR imaging of the spine was then performed. Gadobutrol
(Gadavist; Bayer) was administered at 0.1mmol/kg of body weight
and a rate of 2–3mL/s. Kinetic enhancement of the tissue during
and after injection of gadopentetate dimeglumine was obtained via
a 3D T1-weighted fast spoiled gradient-echo sequence (TR, 4–5 ms;
TE, 1–2 ms; section thickness, 5mm; flip angle, 25°; FOV, 32 cm;
and temporal resolution, 5�6 seconds) and consisted of 10–12
images in the sagittal plane. The 3D fast-spoiled gradient echo
sequences generated phase images in addition to standard magni-
tude images. The duration of the DCE sequence was 300 seconds.
Sagittal and axial T1-weighted MR images with gadopentetate
dimeglumine were acquired after DCE perfusion.

Data Analysis
Data were processed and analyzed by a single trained researcher
(M.B.) using US FDA-approved commercial software (NordicICE,
Version 2.3; NordicNeuroLab). Preprocessing steps included back-
ground noise removal, spatial and temporal smoothing, and auto-
matic detection of the arterial input function from the aorta. The
aorta was selected on the basis of prior literature. The arterial input
function was individually computed and visually verified in every sec-
tion, and arterial input function curves with a rapid increase in signal
enhancement and a sharp peak followed by minimal temporal noise
were selected for further DCE analysis. Arterial input function curves
were shiftedmanually to account for delayed blood flow to the spine.

We applied the extended Tofts dual-compartment pharmacoki-
netic model, which assumes that the contrast agent is either in the in-
terstitial space or in the intravascular compartment, to calculate the
DCE perfusion MR imaging parameter, Vp.

6 ROIs were manually
defined around the spinal lesions with careful consideration, to
exclude venous structures, hemangiomas, disk spaces, cortical bone,
and spondylotic changes on each T1-weighted DCE perfusion MR
imaging section. Structures of interest included vertebral bodies, lam-
ina, spinous processes, and paraspinal soft tissues. ROIs were then
superimposed onto corresponding perfusion maps to guide calcula-
tions.When the lesions appeared to extend beyond the osseous struc-
ture into paraspinal soft tissues, we included both the bony and soft
structures in our ROI analysis. A fellowship-trained neuroradiologist
(O.Y.) used conventional MR imaging, including T1- and T2-
weighted images, to measure the size of the lesion. Correlation was
determined between these sequences to ensure the accuracy of the
lesionmargin. The largest bidimensional size of the lesions wasmeas-
ured on the axial plane. The measurement was performed in the pre-
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and posttreatment scans closest to the time of RT, with careful
consideration to avoid adjacent treatment-related changes and
normal bone marrow. The axial and sagittal images were

chosen for the assessment and measurement of the extraoss-
eous tumor extension. The tridimensional measurement of the
extraosseous component of the tumor is calculated by meas-
uring the extraosseous spread from the adjacent normal bony
cortex, which is defined as the line connecting the tumor and
normal bony cortex at the unilateral margins. Measurement
from an estimated normal bony cortex surface line may also be
useful in high-volume tumoral lesions. The contralateral mar-
gins of the bony cortex are used to draw this line.

Measurements of all lesions were performed by a neuroradiolo-
gist (O.Y.). Two senior neuroradiologists (A.I.H., with 25years of ex-
perience, and S.K., with 20years of experience) were consulted for
size measurements in specific cases. To account for background var-
iations among different DCE perfusionMR imaging studies, we nor-
malized fractional plasma volume by obtaining the ratio between the
lesion ROI and an adjacent healthy vertebra (ie, Vp normalization).
The normalizedVp values were then used for statistical analyses.

Statistical Analysis
We performedMann-WhitneyU tests, in which P values# .05 indi-
cated statistical significance, on Vp, K

trans, and signal intensity to eval-
uate differences between clinical response and clinical failure. We
performed receiver operating characteristic (ROC) analysis using

software (Johns Hopkins online ROC
curve calculator; http://www.rad.jhmi.
edu/jeng/javarad/roc/JROCFITi.html)
to determine the optimal cutoff with the
highest Youden index.

RESULTS
Study Patients
After exclusion criteria were applied, 49

patients remained, 29 men and 20 women

with similar age distributions (Table). The

mean age for all patients was 63 (SD, 13)

years. All patients had metastatic disease,

with the most prevalent primary cancers

being lung, kidney, breast, prostate, and

thyroid. Metastatic lesions were present at

all spinal levels, with thoracic (32.7%; 27

of 49) and lumbar (55.1%; 16 of 49)

lesions comprising most. Of all included

patients, 11 demonstrated persistent dis-

ease, while the remaining 38 demon-

strated clinical response.

Tumor Perfusion Analysis
Qualitatively, metastatic spinal lesions
appeared hypointense on T1-weighted
images. Perfusion maps of malignant
spinal lesions demonstrate marked sig-
nal intensity changes that are easily dis-
tinguishable from healthy spinal tissue.
This signal intensity change is most
pronounced in lesions with increased
vasculature and metabolic activity.

FIG 1. Example of a 64-year-old male patient with metastatic pancreatic neuroendocrine cancer
demonstrating a successful treatment response at L3. The left column shows sagittal T1-weighted
MR imaging of the lower spine. The hypointense area corresponds to vertebral lesions. The mid-
dle column shows plasma volume (Vp) maps of the lesions. The normalized Vp of the lesion was
9.26 before RT, and 1.13 after RT, a reduction of 87.8%. The right column is a T1-weighted MR
imaging merged with the perfusion Vp map. The arrows indicate the lesions of interest.

Patient demographics and cancer type

Total
Clinical
Response

Persistent
Disease

Patients and age (y)
No. of patients 49 38 11
Age (mean) (yr) 63 (SD, 13) 61 (SD, 13) 68 (SD, 7)

Sex
No. of men 29 24 5
No. of women 20 14 6

Lesion location
Cervical 2 2 0
Thoracic 27 20 7
Lumbar 16 13 3
Sacral 4 3 1

Metastatic source
Lung 12 9 3
RCC 9 8 1
Breast 5 3 2
Prostate 4 4 0
Thyroid 4 4 0
Melanoma 3 3 0
Other 12 7 5

Note:—RCC indicates renal cell carcinoma.
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Overlaying Vp maps on T1-weighted images reveals active lesion
locations (Fig 1).

As seen in Fig 1, normalized Vp was 9.26 before RT and
1.13 after RT. This 87.8% reduction represents a decrease in
tumor vascularity. Overwhelmingly, this decrease in Vp corre-
lated with treatment success and clinical response. However,
not all patients demonstrated this extent of reduction in Vp fol-
lowing RT (Fig 2).

As seen in Fig 2, the normalized Vp was 5.48 before RT and
9.03 after RT, an increase of 64.8%. This increase in Vp corre-
lated with disease progression, particularly in the epidural
component of the tumor. The patient in Fig 2 required addi-
tional radiation at the same spinal levels 14months after the
secondary imaging study. Additional observation shows a
decrease in lesion size of �19.4%. Despite this decrease in size,
disease progression occurred. Figure 2 exemplifies the ways in
which DCE perfusion MR imaging can detect progression,
while conventional MR imaging cannot.

Overall, there was a statistically significant difference in
the change of Vp (DVp) before and after RT (Fig 3) between

the clinical response and persistent
disease groups (P¼ .0002). The me-
dian percentage DVp following RT
for clinical response was �81.1%.
Correspondingly, the median DVp

was 11.43% for the persistent dis-
ease group. A statistically significant
difference existed for the change in
Ktrans (P¼ .037), as well.

Lesion contrast uptake curves also
revealed a difference between clinical
groups (Fig 4). Within the clinical
response group, there was a reduction
in signal intensity following RT
(P¼ .0021). In contrast, there was an
increase in signal intensity following
RT in the persistent disease group
(P¼ .0317).

Finally, we conducted an ROC
analysis to determine the validity of
using perfusion parameters to predict
clinical outcomes (Fig 5) and com-
pared predictions with traditional size
measurements obtained by a neurora-
diologist. The optimal DVp cutoff was
�40%, which yielded a sensitivity of
91% (10 of 11; 95% CI, 82%–97%)
and a specificity of 87% (33 of 38;
95% CI, 73%–94%) (DVp; area under
the ROC curve, 0.86; 95% CI, 0.717–
1). The optimal Darea cutoff was
�10%, which yielded a sensitivity of
82% (9 of 11; 95% CI, 67%–90%) and
a specificity of 47% (18 of 38; 95% CI,
37%–67%) (Darea; area under the
ROC curve, 0.68; 95% CI, 0.505–
0.846). By means of the cutoff values

above, 20 false-positives of persistent disease were identified in
the 49 patients in this study via conventional size measure-
ments. Conversely, only 5 false-positives were identified via
perfusion.

DISCUSSION
Prior studies in the literature have characterized the use of DCE
perfusion MR imaging in metastatic spinal disease. However,
much of this work had limitations, such as small sample sizes and
niche patient populations, therefore limiting the utility of results
and their application across broad patient populations. Despite
these limitations, it has been demonstrated that DCE perfusion
MR imaging parameters; namely, plasma volume (Vp), can aid in the
detection of viable spinal neoplasms. The earliest work applying
DCE-MR imaging to the spine demonstrated the ability to assess
metastatic bone marrow from prostate and hematologic malignan-
cies.13,14 Recent work by Guan et al15 demonstrated that DCE-MR
imaging perfusion can differentiate benign and malignant spinal
lesions, specifically using the Vp parameter. Other groups showed
that infectious etiologies of spinal disease can also be

FIG 2. Example of a 63-year-old female patient with metastatic thymoma demonstrating an
unsuccessful treatment response at T9 and the associated epidural area. The left column shows
sagittal T1-weighted MR imaging of the cervical and thoracic spine. The hypointense area corre-
sponds to vertebral lesions. The middle column shows plasma volume (Vp) maps of the lesions.
Although tumor size decreased 19.4%, the normalized Vp of the lesion was 5.48 before RT and
9.03 after RT, an increase of 64.8%. The patient experienced progression of disease, particularly in
the epidural-associated portion of the tumor. Additional RT therapy was required from T8–T10
14months after the secondary imaging study. The right column is a T1-weighted MR imaging
merged with the perfusion Vp map. The arrows indicate the lesions of interest.
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distinguished from malignancy using perfusion parameters.16,17

Lang et al18 provided further insight into malignant disease.
Their work demonstrated that DCE-MR imaging could poten-
tially distinguish metastatic disease and local malignancy, includ-
ing myelomas. Additionally, Kumar et al9 determined that
perfusion parameters following radiosurgery could predict tumor
recurrence for metastatic lesions in the lower spine.9 The goals
of this study were to expand on the work of Kumar et al, to dem-
onstrate that perfusion parameters can indeed detect viable
tumor throughout all spinal levels, and to show that perfusion
data are a better predictor of clinical outcomes than traditio-

nal radiologist-conducted anatomic size
measurements performed on conven-
tional MR imaging.

Our results showed significant differ-
ences in DVp following RT between the
clinical response and persistent disease
groups, with medians of �81% and
11.43%, respectively. With an optimal
DVp of�40%, perfusion parameters can
predict persistent disease with a sensitiv-
ity of 91% and a specificity of 87% (area
under the curve¼ 0.86).

This study expands on previous works
that have established the ability of DCE
perfusionMR imaging to characterize spi-
nal lesions accurately. For example, Chu
et al2 and Lis et al10 demonstrated that Vp

could be used to determine a successful
response of spinal lesions to RT., Other
groups demonstrated the ability to accu-
rately assess the treatment of native spinal
tumors, improve surveillance of meta-
static spinal lesions,19 as well as to differ-
entiate benign and malignant spinal
fractures, hypovascular and hypervascular
metastases, and hemangiomas andmetas-
tases.20-22 Our study is rooted in the idea
that malignant lesions lead to new vascu-
lature formation.23,24 New vessel net-
works allow the contrast agent to accu-
mulate, leading to a measurable increase
in Vp. As a corollary, this vasculature will
regress if RT is successful, leading to a
decrease in Vp. Conversely, if RT is
unsuccessful,Vp would remain elevated.

Despite these promising data, our
study had several limitations. One such
limitation is the potential existence of
methodologic circularity. We used size
measurements to assign patients to clini-
cal groups, which were then compared
using the results of DCE-MR imaging.
Subsequently, we compared DCE-MR
imaging with conventional radiologist-
completed size measurements in assess-
ing clinical failure. This approach is not

ideal. However, the size assessments were conducted differ-
ently. Radiologists’ impressions were assessed in the 18-month
interval following the post-RT DCE-MR imaging to assign
groups, while quantitative measurements before and after RT
were used for the comparison with traditional radiologist-
completed size measurements. As discussed in the materials
and methods, these measurements were taken using the closest
imaging to the date of RT. Although we foresaw this limitation,
the decision to use the conventional size measurement as a crite-
rion was based on its established relevance and widespread use in
similar studies within our field. We believe future studies that

FIG 3. Box-and-whisker plot of the DVp and the change in mean vessel permeability (DKtrans) by
group. The mean DVp is�57.3% in the clinical response group and188.2% in the persistent disease
group. The mean DKtrans is �11.7% in the clinical response group and 151.4% in the persistent dis-
ease group. There is a statistically significant difference in DVp between the persistent disease and
clinical response groups as evidenced by a Mann-Whitney U test (P, . 001). DK12 indicates DK

trans.

FIG 4. Graphs of the averaged MR signal intensity separated by the clinical outcome group. There
is a reduction in averaged signal intensity following RT within the clinical response group. However,
averaged signal intensity remains elevated within the persistent disease group.
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explore alternative criteria or methodologies would complement
our findings.

Additional limitations exist. First, perfusion parameters can
be influenced by factors other than malignancy. Local injuries
and benign fractures can lead to angiogenesis and corresponding
increases in Vp.

25 Additionally, defining clinical response and
persistent disease is somewhat problematic. Our categoric assign-
ment would ideally be replaced with solely biopsy-proved recur-
rence, though even biopsies can be falsely negative. Currently, an
increase in standardized uptake values in FDG-PET is part of per-
sistent disease criteria. Increased FDG uptake on PET can be sug-
gestive of tumor recurrence, but false-positives are also seen
using this technique.26 Nevertheless, DCE perfusion may be
more sensitive and specific than the imperfect criteria of the pres-
ent study. Further studies are therefore needed to elucidate this
point. Finally, our study included some technical limitations. The
DCE processing and arterial input function selection and shift
were performed manually. Although this process was standar-
dized, automation would be ideal for consistency.

Significant work remains in the field of spine imaging, and
this study should be further expanded to validate the dynamic
contrast-enhanced perfusion MR imaging model of assessing the
response of metastatic spinal lesions to RT.

CONCLUSIONS
Our study results provide strong evidence in favor of incorporating
DCE-MR perfusion imaging into routine clinical practice when
assessing metastatic spinal lesions. Perfusion imaging allows more
accurate differentiation between treatment success and persistent
disease. Conventional imaging techniques rely on lesion size and
signal characteristics, which can commonly be indeterminate or
inaccurate in evaluating tumor recurrence. The use of perfusion
parameters offers greater specificity and should be considered
when determining whether to pursue a new course of treatment.

Further studies applying DCE-MR imaging to spinal metastases
are warranted to validate and explore this line of reasoning.
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ORIGINAL RESEARCH
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

Accuracy of Noncontrast T2 SPACE in Active MS Cord Lesion
Detection

Anousheh Sayah, Elias Khayat, Earn-Chun C. Lee, and Erini V. Makariou

ABSTRACT

BACKGROUND AND PURPOSE: The diagnosis of active MS lesions is often based on postgadolinium T1-weighted MR imaging.
Recent studies suggest a risk of IV gadolinium to patients, predominantly based on gadolinium deposition in tissue. Noncontrast
sequences have shown promise in MS diagnosis, but none differentiate acute from chronic MS lesions. We hypothesized that 3D
T2 sampling perfection with application-optimized contrasts by using different flip angle evolution (SPACE) MR imaging can help
detect and differentiate active-versus-chronic MS lesions without the need for IV contrast.

MATERIALS AND METHODS: In this single-center retrospective study, 340 spinal MR imaging cases of MS were collected in a 24-
month period. Two senior neuroradiologists blindly and independently reviewed postcontrast T1-weighted sagittal and T2-SPACE
sagittal images for the presence of MS lesions, associated cord expansion/atrophy on T2-SPACE, and enhancement on postcontrast
T1WI. Discrepancies were resolved by consensus between the readers. Sensitivity, specificity, and accuracy of T2-SPACE compared
with postcontrast T1WI were computed, and interobserver agreement was calculated.

RESULTS: The sensitivity of lesion detection on T2-SPACE was 85.71%, 95% CI, 63.66%–96.95%; with a specificity of 93.52%, 95% CI,
90.06%–96.05%; and an accuracy of 92.99%, 95% CI, 89.58%–95.56. Additionally, 16/21 (84.2%) acute enhancing cord lesions showed
cord expansion on T2-SPACE. The interobserver agreement was 92%.

CONCLUSIONS: Our study shows that T2-SPACE facilitates noncontrast detection of acute MS lesions with high accuracy com-
pared with postcontrast T1WI and with high interobserver agreement. The lack of gadolinium use provides an advantage, bypassing
any potential adverse effects of repetitive contrast administration.

ABBREVIATIONS: AP ¼ anterior-posterior; MOGAD ¼ MOG antibody-associated disease; NPV ¼ negative predictive value; PPV ¼ positive predictive value;
SPACE ¼ sampling perfection with application-optimized contrasts by using different flip angle evolution

MS is a neurologic autoimmune disorder marked by the de-
myelination of neurons in the brain and spinal cord.1,2 MS

diagnosis is based on the McDonald criteria, which require the
detection of at least 1 lesion by neuroimaging, often via MR imag-
ing T2-weighted sequences and postcontrast T1-weighted sequen-
ces.3-6 The use of gadolinium-based contrast agents for MS
diagnosis is ubiquitous but adds extra cost, time, and potential
contrast reactions to the imaging studies. Additionally, studies
have shown tissue accumulation of gadolinium despite renal func-
tion after multiple doses of gadolinium-based contrast agents,
notably with linear contrast agents, though the clinical significance

of this is not fully understood.7-13 For patients with MS, this constel-
lation of concerns regarding gadolinium is relevant because .70%
will receive at least 25 doses of IV gadolinium in their lifetimes, mak-
ing the search for noncontrast imaging modalities crucial in MS
lesion evaluation.14

Many gadolinium-free MR imaging sequences have shown
promise in the diagnosis of MS, such as 3D phase-sensitive
inversion recovery, double-inversion recovery, and FLAIR.4-6

Yet, none of these techniques have been capable of discerning
the different types of MS lesions without the use of a gadolin-
ium-based contrast, a critical step needed to define the disease
and its progression.3 Generally, MS lesions are divided into 2
categories: acute and chronic. Acute MS lesions are character-
ized by inflammation, demyelination, and vasogenic edema.
With time, as the acute active lesion resolves, it becomes
chronic, inactive, or nonenhancing, and the associated inflam-
mation and edema resolve.1

In this study, we examine the role of the 3D T2 sampling per-
fection with application-optimized contrasts by using different
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flip angle evolution (SPACE sequence; Siemens) in MS spinal cord
lesion detection and differentiation. Generally, the T2-SPACE
sequence is good for evaluation of the anatomy/pathology of the spi-
nal cord and nearby structures due to its excellent spatial resolu-
tion.15 Although this sequence tends to have relatively low
sensitivity for detecting intramedullary cord lesions, it can demon-
strate intramedullary lesions with high water content.16 This latter
property of T2-SPACE is of interest to us in evaluating MS lesions.
Acute MS lesions are characterized by vasogenic edema with a high
water-diffusion coefficient, whereas chronic lesions have significant
regression of this edema with a low diffusion coefficient.17-19 As a
result, we hypothesized that the T2-SPACE sequence can differenti-
ate active, edematous MS lesions from chronic lesions without the
need for IV gadolinium administration.

MATERIALS AND METHODS
Patient Selection
This retrospective study was approved by the Medstar
Georgetown University Hospital institutional review board via an
expedited review process. We searched the institutional PACS
database for studies performed between January 2017 to
December 2018, with the following as inclusion criteria: 1) older
than 18 years of age; 2) having undergone cervical and/or thoracic
MR spine imaging; and 3) had a diagnosis of MS. From this
group of studies, any noncontrast studies were excluded, as were
any studies with significant motion artifacts or those not includ-
ing a sagittal T2-SPACE sequence.

Image Acquisition
All MR imaging examinations were performed on either 1.5T or
3T magnets (Siemens, Erlangen, Germany; Aera & Verio). All stud-
ies consisted of the following set of sequences: T1 sagittal 3 mm, T2
sagittal 3mm, STIR sagittal 3mm, T2-SPACE sagittal 1 mm, axial
T2 3mm, and postcontrast T1 sagittal and axial 3 mm. For this
study, only postcontrast T1 sagittal (3-mm matrix ¼ 256/0/0/230;
TR ¼ 701ms; TE ¼ 11ms), and T2-SPACE sagittal (1-mm matrix
¼ 256/0/0/261; TR¼ 1200ms; TE¼132ms) stacks were examined.
T2-SPACE images were acquired before the administration of gado-
linium contrast in all cases. No reconstructions were reviewed for
this study.

Lesion Detection
The entirety of the spinal cord imaged on T1 postcontrast sagittal
and T2-SPACE sagittal sequences from each study was evaluated
separately and in a blinded fashion by 2 attending neuroradiolo-
gists, one with 23 years of experience (E.V.M.) and the second
with 11 years of experience (E.-C.C.L.) in the field postfellowship.
T1 postcontrast images were evaluated for contrast-enhancing
lesions in the spinal cord. Later, T2-SPACE sequences were
reviewed for hyperintense cord lesions as well as cord dimensions
at the level of the lesions. To determine focal cord dimensions,
we evaluated the anterior-posterior (AP) length of the cord and
each lesion. If the AP dimension was larger than that of the nor-
mal-appearing cord on the same study, the lesion was recorded
with increased cord volume. If there was no difference in the AP
dimension between the abnormal lesion and the normal cord, the
lesion was recorded with no change in volume. Accordingly, if

the lesion demonstrated an AP dimension lower than that of the
normal cord, it was recorded as low volume. Results were col-
lected via an Excel (Microsoft) spreadsheet by each of the investi-
gators. Data values from the 2 readers were merged if
nondiscrepant; any discrepancies in lesion enhancement, T2
hyperintensity, or cord volume between the readers were resolved
by consensus between the 2 readers.

Statistical Analysis
Interreader reliability between the 2 neuroradiologists was com-
puted as the percentage agreement between the raters. Using con-
trast enhancement on T1-weighted sequences as the criterion
standard for active MS lesions, we computed the sensitivity, spec-
ificity, negative predictive value (NPV), positive predictive value
(PPV), and accuracy for signal hyperintensity on T2-SPACE
sequences. Each of these measures is reported with a 95% CI. We
computed the same measures for hyperintense lesions on T2-
SPACE with increased focal cord parenchymal volume, again
using enhancement as the criterion standard. Statistical analyses
were performed using MedCalc for Windows, Version 20
(MedCalc Software).

RESULTS
Of the 338 cases identified for this study, 314 met the inclusion
criteria. Of the 24 studies excluded, 19 had no IV contrast admin-
istration, 2 did not include T2-SPACE imaging, 2 were dismissed
due to motion artifacts, and one had imaging findings related to
compressive myelopathy. The remaining 314 cases were from
unique patients. The prevalence of acute MS lesions in this study
was 6.69% (95% CI, 4.19%–10.04%). The percentage agreement
between the raters for this study was 92%.

The first test evaluated the efficacy of T2-SPACE hyperinten-
sity to detect acute MS lesions on the basis of postcontrast T1 as
the criterion standard. Of the 314 total cases, 18 lesions from 18
separate studies showed both contrast enhancement on T1-
weighted imaging and hyperintensity on T2-SPACE imaging.
Nineteen lesions from 19 studies were hyperintense on T2-
SPACE and had no enhancement on postcontrast T1 imaging; 3
lesions from 3 studies showed contrast enhancement without T2
hyperintensity; and 274 cases showed neither contrast enhance-
ment nor T2 hyperintensity (the latter is depicted in Fig 1).
When the presence of lesion hyperintensity on T2-SPACE was
used as a diagnostic tool to detect acute MS lesions, the sensitivity
was 85.71% (95% CI, 63.66%–96.95%); specificity, 93.52% (95%
CI, 90.06%–96.05%); PPV, 48.65% (95% CI, 37.22%–60.22%);
NPV, 98.92% (95% CI, 96.97%–99.62%); and accuracy, 92.99%
(95% CI, 89.58%–95.56%).

To further evaluate findings from the T2-SPACE sequence, we
next tested the presence of signal hyperintensity within lesions
combined with an increased AP dimension of the cord against
enhancement. Among all lesions that were T2-hyperintense, 16
lesions had an increased focal cord AP dimension, all of which had
corresponding enhancement on postcontrast T1 sequences (Figs 2
and 3). Combining both T2 hyperintensity and increased lesional
volume on T2-SPACE imaging yielded a sensitivity of 88.89%
(95% CI, 65.29%–98.62%), a specificity of 100.00% (95% CI,
82.35%–100.00%), a PPV of 100.00% (95% CI, 80.64%–100%), an
NPV of 99.21% (95% CI, 97.14%–99.78%), and an accuracy of

AJNR Am J Neuroradiol 44:1458–63 Dec 2023 www.ajnr.org 1459



99.26% (95% CI, 89.12%–100.00%). Furthermore, of 21 lesions
with T2 hyperintensity and normal or atrophied focal cord paren-
chymal volume, 19 of them showed no lesional enhancement on
postcontrast T1 (Fig 4).

DISCUSSION
Our findings suggest that hyperintensity
of an MS lesion on T2-SPACE, best
used in addition to increased lesional
cord volume, is a strong indicator of the
presence of an active MS spinal cord
lesion without the need for IV gadolin-
ium. These findings are compatible
with the known pathophysiology of
active MS lesions. In the early stages of
an acute MS attack, an abundant
amount of T-cells disrupt the BBB20

and break down myelin.21 They release
chemotactic factors and inflammatory
mediators and recruit cytokines, plasma
cells, macrophages, and destructive pro-
teins further breaking down the BBB.21

This process results in leakage of extrac-
ellular fluid into the lesion and focal
vasogenic edema and cord swelling.22

Furthermore, biophysical studies have
demonstrated that active MS lesions
have a higher water ADC compared
with chronic lesions and normal-
appearing white matter.17-19

Comparison of hyperintensity on
T2-SPACE and enhancement on post-
contrast T1 in MS lesions suggests that
the former finding provides precise
detection of active MS lesions with high
sensitivity (85.71%), high specificity
(93.52%), and high accuracy (92.99%).
Furthermore, when combining the pres-
ence of increased cord volume of the

lesion with T2 hyperintensity, the specificity, sensitivity, and accu-
racy increase to 100%, 88.89%, and 99.26%, respectively. The sensi-
tivity of 89% for this evaluation still leads to about 11% of active
lesions being incorrectly labeled as chronic and is a limitation in the
use of a noncontrast-only evaluation of MS lesions (Fig 5). On fur-
ther review of these instances, we found that the lesions were rela-
tively small in comparison with others in the subset. We postulate
that lesion size may affect the sensitivity of noncontrast evaluations
and could be examined in future studies.

Further ad hoc investigation into the prior and subsequent
images of patients in our study with acute MS plaques did show a
progression of imaging findings with time. We observed that
lesions with enhancement on postcontrast T1 and hyperintensity
and cord expansion on T2-SPACE later progressed across months
to years into lesions that were nonenhancing and isointense on
T2-SPACE with normal-to-decreased cord volume (Fig 6). This
observation supports the findings in our current study but cer-
tainly needs further investigation for validity.

Additionally, not all acute MS lesions may have gadolinium
enhancement and have been described as “chronic active” or
“smoldering” lesions with ongoing disease activity in the absence
of enhancement.23 Thus, lesions in our study that were T2-posi-
tive but negative on postgadolinium sequences (n¼ 19) could still

FIG 1. MR imaging of 2 patients with MS. A 62-year-old woman in the top row (A–C) and a 52-
year-old woman in the bottom row (D–F). The first panel (A and D) shows a sagittal STIR image of
an MS lesion (arrow) in the cervical spine in both patients, which is not conspicuous on sagittal
T2-SPACE (B and E) or sagittal postcontrast T1WI (C and F).

FIG 2. MR imaging of a 38-year-old woman with MS. Sagittal T2-SPACE
(left) shows focal T1–T3 hyperintensity (arrow) with focally increased volume
corresponding to an active cord lesion on sagittal T1 postcontrast (right).
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represent active lesions. In this case, if this scenario is suspected,
serial noncontrast T2-SPACE imaging could be performed to
show reduction in the size of such lesions as a sign of decreased
disease activity in clinical practice.

The high NPV of 98.92% for T2-SPACE hyperintensity in
determining an active plaque presents imaging centers with the
opportunity to screen patients with MS via noncontrast proto-
cols, in that this offers the option to subsequently add IV contrast
in patients with T2-SPACE hyperintense lesions either in real-
time or on return imaging. This option could significantly reduce
the amount of IV gadolinium to which patients with MS are
exposed and mitigate the risk of potential adverse effects, includ-
ing entities such as nephrogenic systemic fibrosis in patients with
impaired kidney function.24,25 Additionally, our findings of high
interreader reliability suggest that this sequence could provide

consistent results among readers for this purpose in clinical
practice.

Our study has several limitations. Although many examina-
tions were entered into this study, the percentage of acute lesions
identified was low. A larger sample size with increased power
would provide stronger statistical significance to our results. This
study was retrospective, and all cases were from a single center,
leading to inherent bias in the group/patient population and,
therefore, in the data analyzed. The studies were performed on
1.5T or 3T magnet strengths, which could contribute to inconsis-
tency in lesion characterization, though studies have shown that
1.5T and 3T yield comparable results.26 Of note, every study
included T2-SPACE and T1 postcontrast sequences acquired
from the same MR imaging machine; no one sequence should
have a Tesla strength advantage within the same case. Lesions
were not pathologically correlated—an impractical expectation in
this clinical evaluation but introduces a confounding variable
because lesions could have an etiology other than MS. All studies
were from patients with documented clinical diagnoses of MS.
Finally, the neuroradiologists in this study could not be blinded
to the sequence type they were assessing (T2-SPACE versus T1
postcontrast), possibly having added inherent bias in the reads.

Future directions in the use of this noncontrast protocol
include differentiating various demyelinating diseases from one
another. For example, a higher proportion of active lesions may
suggest myelin oligodendrocyte glycoprotein antibody-associated
disease (MOGAD) over MS, because MOGAD often only mani-
fests with acute lesions, with older lesions resolving with time.27

Additionally, using noncontrast imaging to understand the active
disease burden in MS may impact future treatment decisions,
including the use of more aggressive therapies earlier in the dis-
ease. Prospectively, in case the determination of active lesions
becomes incorporated into the diagnostic MS criteria, having a
noncontrast method to evaluate these lesions will be crucial.
Other promising directions in the use of noncontrast imaging

FIG 5. MR imaging of a 51-year-old woman with MS. Sagittal T1 post-
contrast imaging shows an enhancing lesion (arrow) in the C3-C4
cord (left) without associated hyperintensity on T2-SPACE (right).

FIG 4. MR imaging of a 32-year-old woman with relapsing-remitting
MS. Sagittal T2-SPACE (left) shows focal T2 hyperintensity (arrow)
with normal/decreased cord volume. No active lesion/enhancement
is seen on the sagittal T1 postcontrast image (right).

FIG 3. MR imaging of a 25-year-old man with relapsing-remitting MS.
Sagittal T2-SPACE (left) shows focal C2–C3 hyperintensity (arrow),
with focal increased cord volume corresponding to an enhancing,
active lesion on sagittal T1 postcontrast (right) image.
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for the detection of active MS plaques include application of DWI
and quantitative susceptibility mapping protocols currently stud-
ied in the brain.28,29

CONCLUSIONS
The purpose of this study was to evaluate the use of T2-SPACE
MR imaging for the detection of active MS plaques without IV
gadolinium. We found high sensitivity, specificity, and accuracy
for the presence of hyperintensity on T2-SPACE in diagnosing
active plaques, which improved further when combined with
focal cord expansion at the level of the lesions. These findings
suggest that sagittal T2-SPACE imaging could play a role in rou-
tine follow-up spine MR imaging of patients with MS without
the need for the routine use of IV gadolinium, with high correla-
tion among interpreting readers.

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
SPINE IMAGING AND SPINE IMAGE-GUIDED INTERVENTIONS

Automated Determination of the H3 K27-Altered Status in
Spinal Cord Diffuse Midline Glioma by Radiomics Based on

T2-Weighted MR Images
Junjie Li, YongZhi Wang, Jinyuan Weng, Liying Qu, Minghao Wu, Min Guo, Jun Sun, Geli Hu, Xiaodong Gong,

Xing Liu, Yunyun Duan, Zhizheng Zhuo, Wenqing Jia, and Yaou Liu

ABSTRACT

BACKGROUND AND PURPOSE: Conventional MR imaging is not sufficient to discern the H3 K27-altered status of spinal cord dif-
fuse midline glioma. This study aimed to develop a radiomics-based model based on preoperative T2WI to determine the H3 K27-
altered status of spinal cord diffuse midline glioma.

MATERIALS AND METHODS: Ninety-seven patients with confirmed spinal cord diffuse midline gliomas were retrospectively recruited
and randomly assigned to the training (n¼ 67) and test (n¼ 30) sets. One hundred seven radiomics features were initially extracted
from automatically-segmented tumors on T2WI, then 11 features selected by the Pearson correlation coefficient and the Kruskal-Wallis
test were used to train and test a logistic regression model for predicting the H3 K27-altered status. Sensitivity analysis was performed
using additional random splits of the training and test sets, as well as applying other classifiers for comparison. The performance of the
model was evaluated through its accuracy, sensitivity, specificity, and area under the curve. Finally, a prospective set including 28
patients with spinal cord diffuse midline gliomas was used to validate the logistic regression model independently.

RESULTS: The logistic regression model accurately predicted the H3 K27-altered status with accuracies of 0.833 and 0.786, sensitiv-
ities of 0.813 and 0.750, specificities of 0.857 and 0.833, and areas under the curve of 0.839 and 0.818 in the test and prospective
sets, respectively. Sensitivity analysis confirmed the robustness of the model, with predictive accuracies of 0.767–0.833.

CONCLUSIONS: Radiomics signatures based on preoperative T2WI could accurately predict the H3 K27-altered status of spinal
cord diffuse midline glioma, providing potential benefits for clinical management.

ABBREVIATIONS: AUC ¼ area under the curve; CE ¼ contrast-enhanced; DMG ¼ diffuse midline glioma; HR ¼ hazard ratio; LR ¼ logistic regression; NPV ¼
negative predictive value; OS ¼ overall survival; PPV ¼ positive predictive value; SC-DMG ¼ spinal cord diffuse midline glioma; WHO ¼ World Health Organization

D iffuse midline glioma (DMG), which occurs in both children
and young adults, is a rare type of glioma first recognized as a

new entity in the 2016 World Health Organization (WHO)
Classification of CNS Tumors as DMGH3 K27M-mutant. Recently,

it has been renamed DMGH3 K27-altered status in the 2021 WHO
Classification.1-4 Previous evidence demonstrated that H3 K27-
altered was a poor prognostic biomarker for DMG, while a recent
clinical trial showed that GD2-directed chimeric antigen receptor T-
cell therapy had a promising value in reducing tumor volume of
DMGH3 K27-altered tumors.3,5-11

Currently, the criterion standard techniques to accurately
determine the H3 K27-altered status rely on gene sequencing or
immunohistochemistry through invasive biopsy or surgical resec-
tion.12 Tissue sampling bias due to intertumoral heterogeneity
may reduce the sensitivity and accuracy of H3 K27-altered status
determination. Therefore, a noninvasive method using whole-tu-
mor information is warranted to accurately predict the H3 K27-
altered status preoperatively.

MR imaging can provide various morphologic and physio-
logic features to comprehensively characterize glioma heteroge-
neity.13 Recently, radiomics based on medical images has become
a promising tool for noninvasively assessing the molecular geno-
types of gliomas in several studies, providing potential benefits
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for personalized and effective treatment plans.14,15 Several studies
have efficiently predicted the H3 K27-altered status by using
radiomics in diffuse midline gliomas in the brainstem.16,17

However, few studies have focused on spinal cord diffuse midline
glioma (SC-DMG) due to its rarity. Conventional features such
as hemorrhage and syringohydromyelia appear to have limited
predictive value for SC-DMG H3 K27-altered status.18,19

Developing an accurate, accessible, robust, and noninvasive
radiomics approach for detecting the H3 K27-altered status in
SC-DMG remains clinically feasible. This study aimed to predict
the H3 K27-altered status of SC-DMG by using radiomics from
retrospective and prospective cohorts based on T2WI.

MATERIALS AND METHODS
Study Design and Patients
This study was approved by the institutional review board of Beijing
Tiantan Hospital, Capital Medical University, and written informed
consent was obtained from all patients or their legal guardians.

A total of 128 patients with histopathologic diagnosis of dif-
fuse glioma in the spinal cord from December 2013 to October
2019 were retrospectively enrolled. A total of 97 patients was
finally included on the basis of the following inclusion criteria: 1)
preoperative sagittal T2WI scans with adequate image quality; 2)
available H3 K27-altered status. Exclusion criteria were the fol-
lowing: 1) a history of biopsy or an operation before MR imaging;
2) poor image quality (eg, obvious motion artifacts, distortion,
and signal loss); 3) unknown H3 K27-altered status (Fig 1). From
November 2019 to June 2022, thirty-nine patients with suspected
SC-DMG were prospectively recruited for independent valida-
tion. Inclusion criteria were the following: 1) SC-DMG pathologi-
cally confirmed by biopsy or surgical resection; 2) no treatment
history before MR imaging; 3) available H3 K27-altered status.
Exclusion criteria were the following: 1) pathologic confirmation
of other diseases; 2) poor image quality; 3) unknown H3 K27-
altered status (Fig 1). MR images, including sagittal T2WI, T1WI,
and contrast-enhanced (CE) CE-T1WI, as well as clinical varia-
bles, including patient demographics, treatment information, sur-
vival status, and detailed pathologic data, were obtained.

After applying the inclusion and exclusion criteria, the final
study cohort consisted of 97 patients in the retrospective cohort
who were divided into a training set (n¼ 67, including 31 H3
K27-altered and 36 non-H3 K27-altered cases) and a test set
(n¼ 30, including 14 H3 K27-altered and 16 non-H3 K27-altered
cases) to build a H3 K27-altered predictive model. Then, an inde-
pendent prospective cohort of 28 patients, including 16 H3 K27-
altered and 12 non-H3 K27-altered cases, was enrolled to validate
the predictive model. Further survival analysis was performed to
confirm the clinical prognostic prediction value of the H3 K27-
altered status of SC-DMG.

Neuropathology Analysis
All tumor histopathologic grading was evaluated following the
2016 WHO Classification using formalin-fixed/paraffin-embedded
samples with H&E staining. The H3 K27-altered (H3 K27Mmuta-
tion) status was assessed through immunohistochemistry using the
corresponding specific antibody (ABE419; MilliporeSigma;1:800).

MR Imaging Acquisition
Spinal cord MR images were acquired using 6 MR imaging scan-
ners: SIGNA HDe and Discovery 750 (GE Healthcare), Ingenia CX
(Philips Healthcare), and Verio, Magnetom Trio, and Magnetom
Prisma (Siemens). MR imaging protocols (T2WI, T1WI, and CE-
T1WI) for intramedullary spinal cord lesions and parameters are
found in the Online Supplemental Table 1.

MR Image Preprocessing
For all patients whose images were used with tumor segmentation,
T2WI was first corrected for N4 bias using the SimpleITK python
package (https://pypi.org/project/SimpleITK/). The image signal
intensities were normalized by subtracting the mean value and
dividing by the SD of the signal intensity.

Assessment of MR Imaging Characteristics
Conventional MR imaging features, including tumor location,
length, edema, cystic/necrosis, contrast-enhancement status, and
syringohydromyelia, were assessed by a senior neuroradiologist
(Y.D., with .13 years of experience in neuroradiology) and a

FIG 1. Flowchart of the included patients in this study.
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junior neuroradiologist (M.G., with.4 years of experience in neu-
roradiology) who were blinded to clinicopathologic data. Because
there were high interrater agreements (K-values ranged from 0.71
to 1) on the MR imaging assessments, we presented the MR imag-
ing assessments by the senior neuroradiologist in the main text
and provided those by the junior neuroradiologist in the Online
Supplemental Table 2. Tumor location was classified as cervical,
cervicothoracic, thoracic, thoracolumbar, or lumbar vertebral, on
the basis of the area involving the main component of the tumor.
Tumor length was defined as the number of tumor-involved verte-
brae. Edema was reflected by greater signal intensity than in the tu-
mor noncontrast portion, lower signal intensity than in the CSF,
and unclear boundaries on the T2WI.20 The presentation of cystic
or necrosis was well-defined as high-T2WI and low-T1WI signals
essentially matching the CSF signals and nonenhanced wall.
Compared with T1WI, the tumor CE pattern was classified as no
enhancement (including mild enhancement) and obvious enhance-
ment on CE-T1WI. Syringohydromyelia was defined as cystic dila-
tion of the central portion of the spinal cord on T2WI without wall
enhancement.20,21

Radiomics Feature Extraction
Tumor segmentation on T2WI was automatically performed by a
deep learning model developed by our research team (the mean
Dice score of tumor segmentation was 0.852) and visually checked
by a senior neuroradiologist (Y.D.) (8 of 97 patients in the retro-
spective cohort required additional manual review and correc-
tion).22,23 Radiomics features of tumors were then extracted using
Feature Analysis Explorer (FAE, Version 0.5.2; https://github.
com/salan668/FAE) software. One hundred seven original radio-
mics features, including 14 shape-based features, 18 first-order
features, 24 gray-level co-occurrence matrix features, 14 gray-level
dependence matrix features, 16 gray-level run length matrix fea-
tures, 16 gray-level size zone matrix features, and 5 neighboring
gray tone difference matrix features, from T2WI were extracted.

Feature Processing and Selection
Using FAE, we adopted an up-sampling strategy to balance the
H3 K27-altered and non-H3 K27-altered cases in the training set.
Z score transformation was used for feature normalization. The
Pearson correlation coefficient assessment was performed for fea-
ture-dimension reduction by randomly removing one of the
paired features with high similarity (Pearson correlation coeffi-
cient . 0.99), followed by the Kruskal-Wallis method for selec-
tion of the optimal features.

Model Development
Logistic regression (LR) was used to determine the H3 K27-
altered status by using the selected radiomics features. Five-fold
cross-validation was performed for model parameter optimiza-
tion in the training set. Then, we evaluated the performance of
the model in the test set, by determining the classification accu-
racy, sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), and area under the curve (AUC).

Sensitivity Analysis
Sensitivity analysis was performed to support the main findings
using the LR radiomics model in the test set: 1) We compared the

other 2 conventional MR imaging radiomic features, T1WI and CE-
T1WI, to assess whether this additional information could improve
the performance of the model. 2) To exclude potential bias in sepa-
rating the training and test sets, we repeated the pipeline with 4 addi-
tional random splits of the training and test sets. 3) We included 4
classifiers, including support vector machine, least absolute shrink-
age, and selection operator regression; linear discriminant analysis;
and the Gaussian process for comparison to support the perform-
ance of the LR model. 4) We evaluated the predictive performance
of combined original radiomics features and their variant features in
comparison with the original radiomic features.

Survival Analysis
The overall survival (OS) of a subset of 79 patients was finally
available, including 33 H3 K27-altered and 46 non-H3 K27-
altered cases. The therapeutic regimen (eg, extent of tumor resec-
tion and postoperative treatment) was obtained from the medical
records and follow-up visits. The extent of tumor resection was
classified as total, subtotal, partial resection, or biopsy on the basis
of medical records. Postoperative treatment included chemother-
apy and radiation therapy.

Statistical Analysis
Statistical analysis was performed with SPSS (SPSS for Windows,
Version 26.0; IBM) and the R statistical and computing software
(Version 4.2.1; http://www.r-project.org/). Categoric variables
were expressed as frequency and compared using the x 2 test or
Fisher exact test. Continuous variables were expressed as mean
(SD) and compared using the Student t test or Mann-Whitney U
test. P, .05 was considered statistically significant. Classification
accuracy, sensitivity, specificity, PPV, NPV, and AUC were calcu-
lated to evaluate the performance of the model. OS was estimated
by Kaplan-Meier survival curve analysis and the logrank test
using the survminer package in R (https://cran.r-project.org/web/
packages/survminer/index.html). Using the coxph package (https://
www.rdocumentation.org/packages/survival/versions/3.5-7/topics/
coxph), the univariate and multivariate Cox proportional hazards
models were used to evaluate the model’s performance with the
WHO grade that integrating the H3 K27-altered status and histo-
logic grade, and other clinical variables in predicting OS. P, .05
was considered statistically significant.

RESULTS
Demographic and MR Imaging Characteristics
Detailed demographic and MR imaging characteristics are shown
in Online Supplemental Data. In the retrospective cohort, no differ-
ences were observed between the H3 K27-altered and non-H3 K27-
altered groups in age, sex, tumor location, tumor length, and tumor
enhancement. As for MR imaging characteristics, non-H3 K27-
altered SC-DMG cases exhibited higher rates of edema, cystic/ne-
crosis, and syringohydromyelia compared with the H3 K27-altered
group (P, .05). There were no significant differences in terms of
demographic andMR imaging features in the prospective set.

Prediction of H3 K27-Altered Status by Radiomics. Figure 2 shows
6 representative cases (4 correctly predicted cases and 2 wrongly
predicted cases) and their corresponding predicted probability
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calculated by the cutoff value of the LR model. The LR predic-
tive model based on 11 radiomics features achieved an accuracy
of 0.833, a sensitivity of 0.813, a specificity of 0.857, a PPV of
0.867, a NPV of 0.800, and an AUC of 0.839 in the test set (Fig 3A
and Online Supplemental Data). In the independent prospective
set, the predictive model achieved an accuracy of 0.786, a sensitiv-
ity of 0.750, a specificity of 0.833, a PPV of 0.857, a NPV of 0.714,
and an AUC of 0.818 (Fig 3B and Online Supplemental Data). The
11 important radiomics features are shown in Fig 3C and the
Online Supplemental Table 3.

Sensitivity Analysis
The predictive performance of other conventional models (T1WI
and CE-T1WI) was lower than that of the LR model (accuracy
range of 0.553–0.700) (Online Supplemental Data and Online
Supplemental Table 4). Another 4 random splits of the training and
test sets demonstrated comparable predictive abilities (accuracy

range of 0.767–0.833) (Online Supplemental Data). Other classi-
fiers had comparable performance to predict SC-DMG H3 K27-
altered status with accuracies ranging from 0.767 to 0.800 (Online
Supplemental Data). Different age and field strength subgroups
had comparable performance, with accuracies ranging from 0.750
to 0.818 (Online Supplemental Table 5). The combined original
radiomics features and their variant features had comparable
performance with an accuracy of 0.821 in the test set (Online
Supplemental Table 6).

Survival Analysis
Kaplan-Meier curve analysis revealed that patients with SC-DMG
H3 K27-altered status had worse OS than those with non-H3
K27-altered tumors (logrank test, P, .001) (Fig 4), with a median
OS in non-H3 K27-altered cases of 40.7 (SD, 26.4)months versus
24.3 (SD, 17.6) months in H3 K27-altered cases (Online
Supplemental Table 7). Univariate Cox regression analysis showed

FIG 2. Six representative patients with SC-DMG in the test and validation sets, including 4 correctly predicted cases and 2 wrongly predicted
cases. Immunohistochemistry (IHC) showed the H3 K27-altered status of each patient. The predicted probability and predicted molecular status
were calculated by using the LR model. Red overlay indicates the tumor segmentation.

FIG 3. A and B, Receiver operating characteristic curve analysis of the LR model for predicting the H3 K27-altered status in the retrospective
cohort (A) and in the independent prospective cohort (B). C, The 11 selected radiomics features with the highest average importance.
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that sex, age, syringohydromyelia, extent of resection, and WHO
grades were risk factors for OS, with hazard ratios (HRs) of 0.44
(95% CI, 0.23–0.86; P¼ .016), 1.02 (95% CI, 1.00–1.05; P¼ .010),
0.14 (95% CI, 0.03–0.592; P¼ .007), 1.93 (95% CI, 1.21–3.09;
P¼ .006), and 3.19 (95% CI, 1.97–5.16; P¼ .001), respectively.
Multivariate Cox regression analysis showed the WHO grade as
an independent risk factor for OS (HR¼4.48, 95% CI, 1.90–10.59;
P¼ .001). We also analyzed the H3 K27-altered status and histo-
logic grade factors by Cox analysis (Online Supplemental Tables 8
and 9).

DISCUSSION
In the current study, we constructed an LR predictive model on
the basis of T2WI-based radiomics features in SC-DMG for pre-
operatively and accurately predicting the H3 K27-altered status.
This model using only T2WI showed a robust performance in
predicting the H3 K27-altered status, with an accuracy of 0.833 in
the test set and 0.767 in the independent prospective cohort.

Age and sex showed no differences between H3 K27-altered
and non-H3 K27-altered SC-DMG, which corroborated previous
reports.9,18,19,24 The conventional MR imaging presentations of
H3 K27-altered or non-H3 K27-altered SC-DMG are still unclear
due to limited sample sizes (n, 25) in most previous stud-
ies.3,10,25-29 Compared with non-H3 K27-altered SC-DMG, only
a few studies reporting H3 K27-altered SC-DMG showed more
hemorrhage and less syringohydromyelia.18,19 In this study, con-
ventional MR imaging presentations, including edema, cyst/ne-
crosis, and syringohydromyelia, showed differences between H3
K27-altered SC-DMG and non-H3 K27-altered SC-DMG in the
retrospective cohort, but they had an insufficient predictive abil-
ity with a low accuracy of 53.5%. In addition, no difference in

these features was observed in the pro-
spective validation cohort. These find-
ings indicated that the conventional
MR imaging features may have limited
value for the determination of the H3
K27-altered SC-DMG. Further studies
with large samples are warranted to
confirm the current findings and iden-
tify specific MR imaging features of H3
K27-altered SC-DMG.

Previous studies have focused on pre-
dicting the H3 K27-altered status in
brain gliomas by MR imaging.16,17,25,30,31

Our study predicted the H3 K27-altered
status of SC-DMG using MR imaging–
based radiomics, which demonstrated
superior performance compared with
conventional features. The predictive
model had an accuracy of 0.833 and an
AUC of 0.839 in the test set. This finding
was further supported by an accuracy
of 0.786 and an AUC of 0.818 in an in-
dependent prospective set. The high
diagnostic performance based on 11
radiomics features extracted from T2WI

associated with the distribution of pixel intensity, the relative posi-
tion of the various gray levels, and the description of patterns or
the spatial distribution of voxel intensities may help determine SC-
DMG H3 K27-altered status. These findings showed that T2WI
may be the most helpful imaging technique, because it could clearly
depict high-signal lesions, swelling, cavities, and edema features,
while, presumably, enhancement characteristics may play little role,
as indicated by the lower value of CE-T1WI in the determination of
H3K27-altered SC-DMG.

Sensitivity analysis demonstrated the robustness of the LR
predictive model. The primary results (accuracy of 0.833 in the
test set) were better than those in other models using conven-
tional MR imaging features and radiomics features from T1WI
and CE-T1WI (accuracies ranging from 0.533 to 0.700 in the test
set). Comparable predictive performance (accuracies ranging
from 0.767 to 0.833) using random splits of the training and test
sets indicated the absence of sample bias for the training and test
splits in the primary findings. The predictive performance of
other classifiers (accuracies ranging from 0.767 to 0.800) was
comparable with that of our LR radiomics model, which indi-
cated little model selection bias and the robustness of the MR
imaging features for predicting H3 K27-altered status. Subgroup
analyses in children and adults (accuracies ranging from 0.750 to
0.773) and the analysis of field strength (accuracies ranging from
0.737 to 0.818) demonstrated its generalizability for clinical prac-
tice. The combined original radiomics features and their variant
features achieved a predictive accuracy of 0.821 in the test set,
with performance comparable with that of the main results.

H3 K27-altered status in SC-DMG initiates tumorigenesis by
affecting epigenetic regulation, transcriptional changes, and onco-
genic activation.32 In the current study, a relatively large sample
size of 79 SC-DMG cases with grades 2–4 was included, and SC-

FIG 4. Kaplan-Meier survival curves for H3 K27-altered and non-H3 K27-altered SC-DMG.
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DMG H3 K27-altered status was identified as a poor prognostic
factor, consistent with several previous studies confirming the dele-
terious role of H3 K27-altered status in SC-DMG.10,19 However,
some studies have shown that patients with SC-DMG with H3
K27-altered status have a better prognosis.7,9 This discrepancy may
be explained by potential sample selection bias in their smaller
samples (n, 30) and the effects of other unreported genetic altera-
tions in addition to the H3 K27-altered status.24

The present study had several limitations. First, all patients
were from a single center in this study. More extensive studies
and external validations are required in prospective and multi-
institutional settings. Second, the main variants of histone H3,
the H3.1 (HIST1H3B/C) and H3.3 (H3F3A) mutations, which
represent distinct subgroups with different prognostic and phe-
notypic patterns in glioma, were not analyzed.33 Only H3 K27M
mutation and wild-type status were assessed in the current study,
and the H3 K27-altered status of some patients before 2016 was
analyzed according to the 2016 WHO Classification, which may
have introduced a potential selection bias. Third, the pathophysi-
ologic processes underlying T2WI-based radiomics features and
their mechanisms need to be determined for reasonable interpre-
tation. Last, the reproducibility of the radiomics method and the
heterogeneity across various MR imaging devices and sequences,
such as spectral presaturation with inversion recovery (SPIR),
STIR, and Dixon, should be considered.

CONCLUSIONS
The radiomics signatures based on T2WI could noninvasively
predict H3 K27-altered status of SC-DMG. These could serve as a
noninvasive tool providing reliable molecular information to aid
in the clinical treatment of SC-DMG.
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ANNUAL MEETING

“Best of” ASNR 2023 (Chicago)
and “Sneak Peek” of ASNR 2024
(Las Vegas)

The ASNR held its 61st Annual Meeting from April 29 to May
3, 2023, in the organization’s hometown of Chicago, Illinois.

As underscored by the ASNR 2023 Program Chair and President-
Elect, Yvonne Lui, the 2023 meeting theme, “Transforming the
Future of Neuroradiology,” reflected the rapidly evolving landscape
of the field and the ongoing advancements that are shaping its tra-
jectory. Attendees, both in-person and virtually, had the opportu-
nity to learn about cutting-edge research, practice innovations, and
technological advancements through educational sessions, subspe-
cialty society symposia, study groups, scientific presentations, edu-
cation exhibits, and social events.

ASNR 2023 showcased the breadth and depth of diagnostic
and therapeutic neuroimaging with diverse topics spanning the
gamut of its subspecialty societies. The content not only covered
functional and advanced (American Society of Functional
Neuroradiology [ASFNR]), head and neck (American Society of
Head and Neck Radiology [ASHNR]), pediatric (American
Society of Pediatric Neuroradiology [ASPNR]), spine (American
Society of Spine Radiology [ASSR]), and neurointerventional
imaging (Society of NeuroInterventional Surgery [SNIS]) but also
included sessions on diversity and inclusion, education, profes-
sional development, artificial intelligence (AI), clinical workflow
advances, multidisciplinary collaboration, and more.

Although ASNR 2023 only recently concluded, exciting plans
are already in motion for the 62nd Annual Meeting in Las Vegas,
Nevada, occurring May 18–22, 2024. The theme for ASNR 2024

is “Celebrating Neuroradiologists,” and the event will showcase
and celebrate the accomplishments of neuroradiologists in all
aspects of practice. In addition to the top-notch invited lectures,
oral and electronic research presentations, exhibits, and social
activities to which ASNR attendees are accustomed, the ASNR
2024 Program Chair and President-Elect, Max Wintermark, also
plans to include “how-to” sessions and expert discussions of clini-
cal vignettes among other innovative content.

The purpose of this article is to provide a day-by-day, image-rich
summary of just some of the highlights of ASNR 2023, based on the
clinical interests and subjective biases of our small group of coauthors,
each representing a different neuroimaging subspecialty, as well as a
sneak peek of what to look forward to in Las Vegas for ASNR 2024.

Day 1: Saturday April 29, 2023 (Weekend Symposium)
The meeting “kicked off” with welcome remarks and announce-
ments from the Program Chair Yvonne Lui, who emphasized the
process of transformation and the importance of community. A
remarkable “Virtual and Augmented Reality Symposium” session
followed, which explored the disruptive potential of these technolo-
gies through various clinical and educational applications. For exam-
ple, the use of patient-specific 3D models for surgical planning has
been associated with increased technical success rates and decreased
complication rates in a variety of settings,1 and holographic naviga-
tion for placement of external ventricular drains has been associated
with improved targeting compared with freehand insertion.2 In the
context of education, “digital twinning” of human anatomy allows
realistic holograms that can be used to effectively teach anatomy
more efficiently compared with cadaveric dissection.3,4

Following an excellent session discussing innovations in neu-
roradiology education, day 1 also highlighted “Advances in
Multidisciplinary Head and Neck Imaging” through a simulated

head and neck cancer tumor board (Fig
1). With each speaker focusing on a
specific site of primary head and neck
cancer (ie, oropharynx, David Zander;
larynx, Alok Bhatt; paranasal sinuses,
Tabby Kennedy), this session emphasized
the importance of understanding clinical
context. The speakers showed that by
maintaining an awareness of the relevant
management paradigm, radiologists are
better equipped to report the specific
imaging features most pertinent to the
patient’s care. Attendees left feeling
inspired to fully participate as valued
members of the multidisciplinary team.

Day 2: Sunday April 30, 2023
(Weekend Symposium)
On the second day of the weekend sym-
posium, 2 compelling innovation-focused
sessions were well-received by partici-
pants. The first, entitled “Pushing the
Boundaries of AI Innovations,” included

FIG 1. David Zander conducts a simulated head and neck tumor board while lecturing on the
oropharynx in Saturday’s Advances in Multidisciplinary Head and Neck Imaging session.
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compelling talks on worklist prioritization (David Kim), health
equity (Noushin Yahyavi), research trends (Evan Calebrese), and
FDA regulations regarding AI monitoring (Gabriela Rodal). In the
second session, entitled “Innovations in Image-Guided Therapeutics,”
attendees learned about innovations across a broad range of
topics, including theranostics (Michael Veronesi) and multiple
applications of focused ultrasound (neuro-oncology, Kazim
Narsinh; movement disorders, Timothy Kaufmann; and back
pain, Lubdha Shah).

Sunday also featured the “Neurorad Password Game Show,”
an entertaining and educational session hosted by Rick Wiggins
and Yvonne Lui that challenged participants’ radiologic knowl-
edge through a game show format (Fig 2). Four pairs of

contestants (Risto Filippi/Kim Seifert,
Pat Rhyner/Sachin Gujar, Misla Yuhasz/
Doug Phillips, and Tanya Rath/Sohil
Patel) faced off against one another with
impressive displays of teamwork and ra-
diology acumen.

Immediately following the Neurorad
Password Game Show, the Opening
Reception and Reunion Night was held
in the exhibit hall among the vendor
booths. The turnout was great, and the
exhibit hall location allowed attendees
to not only socialize with friends and
colleagues, both old and new, but also
to learn about many of the latest and
greatest products offered by the meeting
exhibitors (Fig 3). Finally, a new addition
to the exhibit hall for ASNR 2023 was
an assortment of lawn games, including
Cornhole and Lifesize Connect 4.

Day 3: Monday May 1, 2023
Monday morning’s plenary session,
“Unpacking the Stars: Luminaries Share
Their Cases and Analyses,” featured
eminent neuroradiologists discussing
their diagnostic approaches to some of
their favorite cases. The case mix
spanned the spectrum from bread and
butter to dramatic and exceedingly
rare, with each presented case including
multiple practical teaching points.
Speakers included Pam Schaefer (brain,
Fig 4A), David Hackney (spine), Laurie
Loevner (head and neck), and Ellen
Grant (pediatric neuroradiology, Fig
4B). This packed session was a favorite
of many attendees.

Following the weekend symposium
and the Monday morning plenary ses-
sion, day 3 of ASNR 2023 transitioned to
the first day of parallel sessions. Two
noteworthy, standing-room-only parallel

sessions were “DECT in Neuroradiology: Where We Are and What
Lies Ahead” and “Imaging and the Glymphatic System.”

In the dual-energy CT (DECT) session, Aaron Sodickson
summarized the basic principles and underlying physics, Shobhit
Mathur discussed specific applications (201) in neuroradiology,
and Nicolas Murray summarized implementation challenges and
potential solutions. With the advent of photon-counting CT,
which will be highlighted at ASNR 2024, interest in and applica-
tions of multienergy CT are expected to increase.

The glymphatic system session featured Maiken Nedergaard,
one of the scientists who first described this system,5 who
explained the basic functions of the system. Subsequently, Risto
Filippi summarized imaging of glymphatic flow, Giuseppe

FIG 3. Attendees socialize with friends and colleagues in the exhibit hall while also having the op-
portunity to visit with meeting exhibitors during the Opening Reception and Reunion Night.

FIG 2. Kim Seifert and Risto Filippi participate in the Neurorad Password Game Show.
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Barisano discussed approaches to perivascular space quantification
and the associated clinical relevance, and Meng Law outlined the
various disease states for which the perivascular spaces and glym-
phatics have implications (eg, neurodegeneration, traumatic brain
injury, stroke, epilepsy, sleep apnea, coronavirus disease 2019
[COVID-19], and demyelinating and autoimmune diseases).

The social event of Monday evening was the Committee
Orientation and Meet-Up Reception. New for ASNR 2023, this

gathering was held to acknowledge and thank committee volun-
teers for their service. Tables designated for each ASNR commit-
tee were arranged throughout the event space, where committee
chairs and vice-chairs welcomed new members and reconnected
with continuing members in a fun, relaxed environment. Some
selected photos from the Meet-Up Reception are shown in Fig 5.

Day 4: Tuesday May 2, 2023
Following the J. Arliss Pollock Memorial Award Lecture plenary
session (“Rethinking US Health Care: Facts and Fallacies” delivered
by Amy Finkelstein), parallel sessions resumed Tuesdaymorning.

The highlight of the day was “Women in Neuroradiology:
Improving Diversity and Achieving Success.” Organized by
Aparna Singhal and Niky Farid, this first-of-its-kind, standing-
room-only session included inspiring talks from 5 accomplished
neuroradiologists, including 2 ASNR Presidents (Tina Young
Poussaint, Erin Simon Schwartz) and 1 Department Chair
(Vijay Rao). Attendees ranged from trainees to luminaries in
the field, including the first 2 female ASNR Presidents, Anne
Osborne and Pat Rhyner. The session tackled important topics rele-
vant to both sexes, including sex diversity, becoming a leader, creating
a Women in Radiology group, advice for the young neuroradiologist,
and work-life balance. Attendees left with a sense of how far neurora-
diology has come with respect to sex equity and of the work left to
make neuroradiology and the ASNR a welcoming place for all.6

The President’s Appreciation Gala was held Tuesday evening
and featured live music from a local Chicago band (Fig 6) and

honored the recipients of the ASNR
2023 Annual Awards, including Gordon
Sze (Gold Medal, Fig 7A), Pedro Lylyk
(Honorary Member, Fig 7B), Ric
Harnsberger (Outstanding Contributions
in Neuroradiology Education, Fig 7C),
and Greg Zaharchuk (Outstanding
Contributions in Research, Fig 7D),
among others. Outgoing American
Journal of Neuroradiology (AJNR)
Editor Jeff Ross (Fig 8) was also recog-
nized for his dedicated service to the
journal. New this year, the event was
open to all attendees who purchased a
ticket. Some selected additional pho-
tos from the gala are shown in Fig 9.

Day 5: Wednesday May 3, 2023
The final day of ASNR 2023 kicked off
with a plenary session entitled “Innovations
of Our Field: Historical Perspectives and
WhereWe Are Headed,” which featured

FIG 5. Selected photos from Monday evening’s Committee Orientation and Meet-Up
Reception.

FIG 4. Pam Schaefer (A) and Ellen Grant (B) share some of their favorite
cases and provide associated teaching points in Mondaymorning’s plenary
session, Unpacking the Stars: Luminaries Share Their Cases and Analyses.
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neuroradiology superstars reflecting on challenges and rewards of
an academic career (Bill Dillon), global health and neuroradiol-
ogy outreach (Anne Osborn), health policy (Josh Hirsch),

medical journalism (Jeff Ross), and education (Rick Wiggins).
This engaging session simultaneously offered reflections on the past
as well as strategies for meeting current and future challenges.

Among Wednesday’s parallel sessions, one highlight was “The

Changing Neuroradiology Practice: Opportunities and Challenges.”

Organized by the Diversity and Inclusion Committee, this session

focused on the shift to hybrid workflow (ie, mix of on-site and

remote work). When considered through the lens of diversity, eq-

uity, and inclusion, the secular trend toward hybrid models

affects all neuroradiologists and offers opportunities to build bet-

ter, more equitable systems if thoughtfully designed and exe-

cuted. Following talks from Sean Pierce (“Neuroradiology

Workforce Changes: A Leadership Worldview”), Ashley Aiken

(“Medical Education and Radiology Training in the Hybrid

Environment”), Haris Sair (“Challenges and Pitfalls of Hybrid

Neuroradiology”), and Alex Norbash (“Hybrid Neuroradiology:

How It Can Work”), attendees participated in a lively discussion

and productive question-and-answer session.

ASNR 24 Sneak Peek
With ASNR 2023 behind us, we now
eagerly look forward to ASNR 2024,
which will take place May 18–22 in
Las Vegas. Plans are actively underway
and continue to evolve; however, we
are excited to offer a sneak peek of
some of what to expect, noting that
part of what follows may be subject to
change. Specifically, the weekend sym-
posium will feature several cutting-
edge topics, including but not limited
to AI (“We’re All In”), genetic thera-
pies (emerging novel treatments, var-
ied delivery routes such as cisterna
magna puncture, and future impact),
health policy commission program-
ming (ie, “New Frontiers in Work
Models,” such as remote interpretation,
staffing shortages, and the Relative
Value Scale Update Committee
[RUC]), and international attendee
sessions. Furthermore, members of
the neuroradiology community have
submitted their own ideas for ASNR
2024 didactic sessions in addition to
research abstracts.

A plenary session highlighting de-
mentia (“New Era of Dementia
Therapy”) will include topics such as the
following: 1) “Imaging and Blood-Based
Biomarkers in Dementia,” 2) “Brief
History of Alzheimer Disease Treatment
with a Focus on Recent Pivotal Clinical
Trials,” and 3) “Rehearsing your ARIA:
How to Prepare for Imaging Patients on
Anti-Amyloid Therapies.”

FIG 7. Recipients of ASNR 2023 Annual Awards, including Gordon Sze (A, pictured with Erin
Simon Schwartz), Gold Medal; Pedro Lylyk (B, pictured with Yvonne Lui), Honorary Member; Ric
Harnsberger (C, pictured with Tina Young Poussaint), Outstanding Contributions in
Neuroradiology Education; and Greg Zaharchuk (D, pictured with Tina Young Poussaint),
Outstanding Contributions in Research.

FIG 6. Local Chicago musicians providing live music at Tuesday eve-
ning’s President’s Appreciation Gala.
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Additional sessions will focus on psychiatry (“Toward
Personalized Measures of Psychiatric Disease Using Advanced

Neuroimaging”); novel technologies, such as photon-counting

CT and magnetic particle imaging (a new noninvasive imaging

method that detects iron oxide nanoparticles to produce 2D and

3D images, more sensitive and substantially faster than MR

imaging or PET); and virtual reality. ASNR 2024 will also again

highlight study groups for DTI/fMRI, PET, and vessel wall

imaging.
Joint sessions from ASNR-affiliated societies (eg, ASFNR,

ASHNR, ASPNR, ASSR) and other related societies (Sociedad

Ibero Latino Americana de Neurorradiología Diagnóstica y

Terapéutica [SILAN]; Asian-Oceanian Society of Neuroradiology

and Head & Neck Radiology [AOSNHNR]; and, for the first

time, the American Society of Emergency Radiology [ASER]) will

also be featured, as well as sessions on computer science and

informatics (including the “hot topic” of Chat Generative Pre-

trained Transformer [Chat-GPT]), epilepsy, section chief sessions

on economics and recruitment, and sessions covering diversity,

equity, and inclusion.
Finally, participants should expect the following: 1) sessions

on emerging topics such as cryptogenic stroke, head and neck,
and spine, 2) “pitch your idea” interactive sessions for facilitat-
ing innovative neuroimaging approaches, and 3) educational
case vignettes.

CONCLUSIONS
ASNR 2023 attendees learned about the latest clinical innova-
tions, technological advancements, and cutting-edge research.
Perhaps as important, the meeting also provided ample
opportunities for reconnecting with old friends and fostering
new social bonds, within the backdrop of the organization’s
“hometown.”

We know that the ASNR’s brightest
days are ahead, and we look forward to
Celebrating Neuroradiologists with you
in Las Vegas at ASNR 2024!

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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MEMORIAL

Robert D. Zimmerman, MD

Along-time senior member of the American Society of
Neuroradiology (ASNR) and my dearest friend Robert D.

Zimmerman, MD, passed away after a prolonged illness, in the
presence of his beloved wife Ellen and his 2 children, Max and
Molly, on October 5, 2023.

A magna cum laude, Phi Beta Kappa graduate of Rutgers
University, he received his MD degree from the Albert Einstein
College of Medicine. I met Bob in the residency program at
Montefiore Medical Center in the Bronx. When Bob returned as
faculty after his fellowship with Dr David O. Davis at George
Washington University, recruited by the Division Chief Dr
Norman Leeds, a founding member of the ASNR, I was the chief
resident, and we hit it off. His infectious love for his specialty
and his clinical excellence and dedication to teaching led me to
follow him, and we remained the closest of friends for more
than 40 years.

Bob went on to a stellar career in 1983 at what was then New
York Hospital, currently NewYork-Presbyterian/Weill Cornell
Medical Center. He was a highly sought-after expert for his con-
summate clinical skills because referring physicians trusted his
opinion and judgment. At the time, New York Hospital had just
installed one of the first superconducting MR imaging scanners in
the country, allowing Dr Zimmerman and his colleagues the un-
precedented opportunity to explore and publish early articles on
the full gamut of neurologic diseases, including meningiomas,
head trauma, intracranial hemorrhage, and periventricular signal
changes. He was a productive researcher, with 118 peer-reviewed
publications, 15 book chapters, and more than 150 visiting profes-
sorships and invited lectures.

His enduring interest in and aptitude for teaching and edu-
cation led to many important roles at Cornell and established a
career direction that guided him throughout his professional
and administrative work. Some of his key leadership roles
included program director of the radiology residency and the
neuroradiology fellowship, vice chair for education and faculty
development, and executive vice chair of the Department of
Radiology. He also served as the radiology representative on the
NewYork-Presbyterian Hospital Graduate Medical Education
Committee for more than 15 years. He was a recipient of the
Robin Watson Award for Excellence in Radiology Teaching, the
Annual Teaching Award from the neurosurgical residents, and
the Teaching Excellence Award from Cornell Medical College.
His residents chose to honor his excellence as a mentor, role
model, and teacher, with the Robert D. Zimmerman Outstanding
Educator Award given yearly at Cornell.

As Bob became involved in service to organized neuroradiol-
ogy, he was recognized for his intellect, accomplishments, and
interpersonal skills by society leaders. He served as president of
the Eastern Neuroradiological Society (1992–1993) and president
of the New York Roentgen Society (2003–2004).

ASNR leadership also recognized his attributes, not the least
of which was his engaging personality and pithy sense of humor,

and over the years, apart from his numerous scientific presenta-

tions, he provided notable service and leadership on many ASNR

committees. Bob was a member of the Education Committee for

15 years. Leadership roles also included chair of the Fellowship

Program Director’s Committee (1991–1998), chair of Publications

Committee (2005–2008), and chair of the Continuing Medical

Education Subcommittee on Electronic Education (2001–2004).
Bob’s dedication to and expertise in educational issues led him

to take on a leading role in the revision of the neuroradiology fel-

lowship training standards for the ASNR. He had been a long-term

advocate of the fellowship match and worked closely with others at

ASNR, including David Yousem, in its successful implementation.

He chaired the Association of Program Directors in Radiology

Subcommittee that developed a “Resident Core Curriculum and

Delineation of Resident Responsibilities and Training Goals for

Neuroradiology.”
Bob served for more than 20 years in one capacity or another

as a member of the ASNR Executive Committee, and he served as
secretary of the ASNR (1998–2000).

As president-elect and then as president of the ASNR
(2008–2009), he worked on a number of issues that had a last-
ing positive impact on the ASNR and our specialty. Bob had
an ambitious agenda and brought his involvement in other
organizations to bear. As a member of the Radiology Residency
Review Committee (RRC) of the Accreditation Council for
Graduate Medical Education (ACGME), he believed that the
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ASNR should serve as the major vehicle for our members’ ability
to meet the requirements of the developing American Board of
Radiology (ABR) program for maintenance of certification, and
he worked hard on this during his tenure. He also began discus-
sions with the ABR, along with Pat Hudgins, to allow the neurora-
diology recertification test to be given at the annual meeting
(reducing cost and inconvenience for members).

As 1 of 8 members of the RRC representing neuroradiology
(2004–2012), he spent countless hours reviewing and monitoring
radiology programs across the country, as well as working tire-
lessly to define training requirements for radiology residents,
neuroradiology fellows, and endovascular surgical neuroradiol-
ogy fellows. He made important contributions to the revision of
training standards in accordance with new ACGME require-
ments, while limiting additional administrative burdens on pro-
gram directors.

His considerable work for the RRC and ABR was a natural out-
growth of his educational bent and dedication to neuroradiology.
He served for 20 years as an ABR oral board examiner, during the
time when we brought our own test cases to display on view boxes.

As a trustee of the ABR, he served as chair of the Neuroradiology
Subspecialty Examination Committee during a period of rapid
change in board certification and examination methodology. As
chair of the Subspecialty Certification Committee, he helped de-
velop an entirely new examination. He served as neuroradiology
section chair for the Examination of the Future Committee and
worked with the Maintenance of Certification Committees, the

Interventional Radiology Implementation Task Force, and an
ACGME committee on radiology milestones. With the inception
of the DR Neuroradiology Online Longitudinal Assessment
Committee in 2017, he served as a senior reviewer until his
untimely passing.

As written in a tribute by his department at Cornell following

his passing, Bob achieved the pinnacle of success as a neuroradi-

ologist, researcher, educator, and servant leader. He elevated the

view of the neuroradiologist in the larger radiology and medical

and patient communities by virtue of his clinical and investigative

endeavors, his mentoring, his development of interdisciplinary

cooperative projects, and, most important, his seriousness of pur-

pose, sense of humor, and personal integrity.
Bob was a unique and exemplary servant leader for organized

radiology, but his most important and lasting contribution was

his caring nature and his unbridled enthusiasm for his specialty

and for our trainees. He imprinted generations of residents and

fellows with his passion, leading them to follow him. These are

his “scientific children,” his lasting legacy. He will be sorely

missed by so many of us who knew him well.

E. Russell, with contributions from Drs
V. Mathews
J. Tsiouris
C. Wood
T Naidich
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