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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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NO COMPROMISE IN MRI

MR Suite

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

High Relaxivity, High Stability:1,2   
I choose both.

Life is full of compromises. 
It’s time to take a stand.

INTRODUCING

HALF THE GADOLINIUM DOSE COMPARED TO OTHER 
MACROCYCLIC GBCAs IN APPROVED INDICATIONS.1,3-6

FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

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 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.

References: 1. Vueway™ (gadopiclenol) Injection Full Prescribing Information. Monroe 
Twp., NJ: Bracco Diagnostics Inc.; September 2022. 2. Robic C, Port M, Rousseaux O, et 
al. Physicochemical and Pharmacokinetic 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. Marlborough, MA; February 2020.
6. ProHance® (Gadoteridol) Injection. Full Prescribing 
Information and Patient Medication Guide. Monroe Twp., 
NJ: Bracco Diagnostics Inc.; December 2020.

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446
© 2022 Bracco Diagnostics Inc. 
All Rights Reserved. US-VW-2200012 10/22

VISIT 
VUEWAY.COM 

FOR MORE 
INFORMATION



NO COMPROMISE IN MRI

MR Suite

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

High Relaxivity, High Stability:1,2   
I choose both.

Life is full of compromises. 
It’s time to take a stand.

INTRODUCING

HALF THE GADOLINIUM DOSE COMPARED TO OTHER 
MACROCYCLIC GBCAs IN APPROVED INDICATIONS.1,3-6

FROM BRACCO, YOUR TRUSTED PARTNER IN MRI.

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 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.

References: 1. Vueway™ (gadopiclenol) Injection Full Prescribing Information. Monroe 
Twp., NJ: Bracco Diagnostics Inc.; September 2022. 2. Robic C, Port M, Rousseaux O, et 
al. Physicochemical and Pharmacokinetic 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. Marlborough, MA; February 2020.
6. ProHance® (Gadoteridol) Injection. Full Prescribing 
Information and Patient Medication Guide. Monroe Twp., 
NJ: Bracco Diagnostics Inc.; December 2020.

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446
© 2022 Bracco Diagnostics Inc. 
All Rights Reserved. US-VW-2200012 10/22

VISIT 
VUEWAY.COM 

FOR MORE 
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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 
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REVIEW ARTICLE

Advances in Acute Ischemic Stroke Treatment: Current
Status and Future Directions

G. Bathla, P. Ajmera, P.M. Mehta, J.C. Benson, C.P. Derdeyn, G. Lanzino, A. Agarwal, and W. Brinjikji

ABSTRACT

SUMMARY: The management of acute ischemic stroke has undergone a paradigm shift in the past decade. This has been spear-
headed by the emergence of endovascular thrombectomy, along with advances in medical therapy, imaging, and other facets of
stroke care. Herein, we present an updated review of the various stroke trials that have impacted and continue to transform stroke
management. It is critical for the radiologist to stay abreast of the ongoing developments to provide meaningful input and remain
a useful part of the stroke team.

ABBREVIATIONS: AHA/ASA ¼ American Heart Association/American Stroke Association; ACS ¼ anterior circulation stroke; AIS ¼ acute ischemic stroke;
COR ¼ class of recommendation; eTICI ¼ expanded TICI; EVT ¼ endovascular thrombectomy; ICAD ¼ intracranial atherosclerotic disease; ICH ¼ intracranial
hemorrhage; LOE ¼ level of evidence; LVO ¼ large-vessel occlusion; mTICI ¼ modified TICI; PCS ¼ posterior circulation strokes; RCT ¼ randomized controlled
trial; SMM ¼ standard medical management; TNK ¼ tenecteplase

Every year, around 800,000 individuals experience new or
recurrent strokes, with most of these being new cases.

Approximately 87% are ischemic, 10% reflect intracranial hemor-
rhage (ICH), and 3% are SAH. Despite a general decrease in
stroke incidence during the past 30 years, it is projected that by
2030, an additional 3.4 million US adults will have had a stroke.1

The management of acute ischemic stroke (AIS) has under-
gone a remarkable transformation in the past decade, largely led
by endovascular thrombectomy (EVT), with contributions
through improvements in thrombectomy devices, medical man-
agement, and stroke workflows. Recent trials have also demon-
strated improved outcomes with EVT in posterior circulation
strokes (PCS) and larger strokes, which will continue to impact
stroke care in the future. Additionally, various aspects of stroke
therapy are currently being studied, including the role of EVT in
distal occlusions and clinically mild strokes with large-vessel
occlusion (LVO). It is crucial for radiologists and the medical
community to stay informed about these developments to provide

meaningful information that positively impacts patient outcomes.
To this end, a review of recent studies related to AIS is presented.

Before proceeding, it is important for the reader to under-
stand 3 commonly used terms in stroke care: the mRS, the
NIHSS, and the modified TICI (mTICI) scale. The mRS is a 7-
point scale that ranges from 0 (no symptoms) to 6 (death) and
covers the entire range of functional outcomes in stroke. It is easy
to administer, correlates with measures of stroke, and is useful in
evaluating the efficacy of acute stroke therapies. A single-point
change in the mRS score is considered clinically relevant.2 In all
trials conducted to assess stroke outcomes, at least one of the pri-
mary end points is typically the mRS, due to its high validity and
reliability as well as its requirement for a smaller sample size
compared with other measures of stroke outcomes.3

The NIHSS is a 15-item neurologic examination scale to assess
stroke severity and changes in clinical status. The score ranges from
0 to 42, with higher scores indicating greater stroke severity. A
recent meta-analysis noted that an NIHSS score of$10 is 73% sen-
sitive and 74% specific for predicting underlying LVO.4 The 2019
update to the 2018 American Heart Association/American Stroke
Association (AHA/ASA) guidelines also recommend the use of a
stroke scale, preferably the NIHSS to assess stroke severity.5

Finally, the mTICI was derived from the original TICI grading
in 2013 and measures the degree of reperfusion.6 The score
ranges from 0 to 3 with grade 0 indicating no reperfusion, grade
1 indicating limited distal filling past the initial occlusion, grade 2
indicating further reperfusion with subdivisions based on the
amount of reperfused MCA territory (2a: ,50%; 2b: .50%; 2c:
90%–99%), and grade 3 indicating complete reperfusion. The
current AHA/ASA guidelines recommend a score of $2b as the
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angiographic goal of EVT.5 More recently, an expanded TICI
(eTICI) scale has also been proposed, which encompasses a 7-
point score, with eTICI grade 0 implying no reperfusion and
grade 1 implying thrombus reduction without distal reperfu-
sion. eTICI 2 is further subdivided to define the extent of
reperfusion more precisely (2a: 1%–49%; 2b50: 50%–66%;
2b67: 67%–89%; 2c: 90%–99%), while eTICI 3 implies com-
plete reperfusion, similar to TICI 3.7 The authors noted that
despite adjacent categories of reperfusion in eTICI 2, the out-
comes were significantly different, and they argued that eTICI
2b67 could be considered the ideal threshold for defining suc-
cessful reperfusion.

Thrombolytics
IV-tPA was first approved by the FDA for the treatment of AIS
within 3 hours of symptom onset in 1995, based on the results of
the for National Institute of Neurological Disorders and Stroke
tPA (NINDS tPA) trial.8 In 2008, the treatment window for IV
tPA was expanded to 4.5 hours, after the European Cooperative
Acute Stroke Study III demonstrated sustained treatment bene-
fits.9 More recently, the European Cooperative Acute Stroke
Study (ECASS) IV and Extending the Time for Thrombolysis in
Emergency Neurological Deficits (EXTEND) trials evaluated IV
tPA efficacy between the 4.5- and 9-hour window in patients who
were not EVT eligible and had a perfusion-to-diffusion mismatch
ratio of $1.2. Although ECASS IV did not show significantly
improved 90-day outcomes, EXTEND demonstrated better func-
tional independence when adjusted for age and stroke severity.
Both studies were, however, terminated early. Enrollment in
ECASS IV declined post publication of extended window EVT
trials, and EXTEND was stopped because the results from the
Efficacy and Safety of the MRI-Based Thrombolysis in Wake-Up
Stroke (WAKE-UP) trial led to loss of equipoise.10,11

The safety and efficacy of IV tPA in AIS of unknown onset,
which accounted for 14%–27% of strokes, was evaluated in the
WAKE-UP and A Study of Intravenous Thrombolysis With
Alteplase in MRI-Selected Patients (MR WITNESS) trials.12,13 Of
note, MR WITNESS was primarily designed to assess the safety
rather than the efficacy of IV tPA administration. WAKE-UP
used DWI-FLAIR mismatch criteria (ischemic lesion visible on
DWI without corresponding FLAIR signal change), while MR
WITNESS further quantified the FLAIR signal change (FLAIR
signal intensity in ischemic region/contralateral normal brain
#1.15) as a criterion for IV tPA administration. Even though
WAKE-UP was terminated early due to lack of funding, analysis
of the 503 enrolled patients revealed that 53.5% of the IV tPA
group achieved a 90-day mRS of 0–1 compared with 41.8% in the
placebo group (P¼ .02).

Tenecteplase (TNK) is a bioengineered form of alteplase with
higher fibrin selectivity and a longer half-life, allowing adminis-
tration as a single bolus dose, unlike alteplase, which is given ini-
tially as a bolus (10% dose) followed by slow infusion (90% dose)
for 1 hour. The Tenecteplase versus Alteplase before Endovascular
Therapy for Ischemic Stroke (EXTEND-IA TNK) showed that TNK
administration before EVT resulted in improved revascularization
and 90-day outcomes, compared with alteplase.14,15 More recently,
Tenecteplase versus Alteplase in Acute Ischaemic Cerebrovascular

Events (TRACE-2) (1430 patients) and Alteplase compared to
Tenecteplase in Patients With Acute Ischemic Stroke (AcT) (1600
patients) showed TNK to be noninferior to alteplase in patients pre-
senting within 4.5 hours of AIS.16 TNK is, however, currently not
FDA-approved for AIS, though this may change in the future, given
the accumulating evidence.

Thrombolytics, however, have limitations such as a narrow
treatment window and modest recanalization rates for LVO,
prompting a search for alternate methods to achieve timely
recanalization.

EVT in Anterior Circulation Stroke
In 2015, five randomized controlled trials (RCTs) showed the effi-
cacy of EVT over standard medical management (SMM) in
patients with anterior circulation stroke (ACS) with proximal
LVO. The Multicenter Randomized Clinical Trial of Endovascular
Treatment for Acute Ischemic Stroke in the Netherlands (MR
CLEAN) found that 32% of patients treated with EVT had better
outcomes (90-day mRS 0–2) compared with 19% in the SMM
group.17 Endovascular Treatment for Small Core and Proximal
Occlusion Ischemic Stroke (ESCAPE) trial ended early after MR
CLEAN study results were released, with the interim analysis
showing higher functional independence rates with EVT (53%)
compared with SMM (29%). The ESCAPE trial focused on efficient
workflow, emphasized the use of CTA over MR imaging, and
achieved a median NCCT-to-reperfusion time of 84minutes.18

Similar positive results were also noted with the Solitaire With the
Intention for Thrombectomy as Primary Endovascular Treatment
(SWIFT PRIME), Extending the Time for Thrombolysis in
Emergency Neurological Deficits Intra-Arterial (EXTEND-IA),
Endovascular Revascularization With Solitaire Device Versus Best
Medical Therapy in Anterior Circulation Stroke Within 8 Hours
(REVASCAT), and the Trial and Cost Effectiveness Evaluation of
Intra-Arterial Thrombectomy in Acute Ischemic Stroke (THRACE
studies) (Figure).19-22

A meta-analysis of the 5 major EVT trials, conducted in 2016
by the HERMES collaboration, found that the effectiveness of EVT
declined with each passing hour and concluded that treatment
within the first 7 hours is likely to produce the best results.23 The
number needed to treat was 2.6.24 Subsequently, the Clinical
Mismatch in the Triage of Wake Up and Late Presenting Strokes
Undergoing Neurointervention With Trevo (DAWN) and
Endovascular Therapy Following Imaging Evaluation for Ischemic
Stroke (DEFUSE 3) trials were undertaken and demonstrated the
effectiveness of EVT in delayed time windows (up to 24hours).25,26

The DAWN trial showed increased functional independence in
patients in the 6- to 24-hour window who had a clinical-imaging
mismatch. The DEFUSE 3 trial, on the other hand, showed
improved outcomes with EVT for patients presenting in the 6- to
16-hour time window who met certain imaging criteria (ACS with
LVO involving the ICA or proximal MCA, core infarct of
,70mL, and ratio of ischemic tissue to infarct of.1.8), regardless
of clinical-imaging mismatch. Of note, about 40% of patients in
DEFUSE 3 would not have met the clinical-imaging mismatch cri-
teria of the DAWN trial. The DEFUSE 3 trial was terminated early
after an early interim analysis established EVT superiority.
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More recently, a few trials have evaluated the role of combined
IV tPA and EVT compared with EVT alone. The Direct Intra-
Arterial Thrombectomy in Order to Revascularize AIS Patients
With Large Vessel Occlusion Efficiently in Chinese Tertiary
Hospitals (DIRECT-MT) and Effect of Endovascular Treatment
Alone Versus Intravenous Alteplase Plus Endovascular Treatment
on Functional Independence in Patients with Acute Ischemic Stroke
(DEVT) trials (China) showed noninferiority of EVT compared
with combined therapy.27,28 However, the Randomized study of
endovascular therapy with versus without intravenous tissue plas-
minogen activator in acute stroke with ICA and M1 occlusion
(SKIP) trial (Japan) failed to show noninferiority, while the Solitaire
With the Intention for Thrombectomy plus Intravenous tPA Versus
DIRECT Solitaire Stent-Retriever Thrombectomy in Acute Anterior
Circulation Stroke (SWIFT-DIRECT) trial (Europe and Canada)
noted that EVT alone was not noninferior and resulted in reduced
reperfusion rates compared with combined therapy.29,30 The
Multicenter MR CLEAN-NO IV trial (Europe) also noted that EVT
was neither superior nor noninferior to combined therapy.31 More
recently, A Randomized Controlled Trial of DIRECT Endovascular
Clot Retrieval versus Standard Bridging Thrombolysis With
Endovascular Clot Retrieval (DIRECT-SAFE) again did not show
noninferiority of EVT. Most interesting, the authors noted better
outcomes in Asian patients with combined therapy.32 Currently,
Endovascular Treatment With versus Without Intravenous rhTNK-
tPA in Stroke (BRIDGE-TNK, NCT04733742) is currently evaluat-
ing a combination of TNK and EVT compared with EVT alone.

EVT in Large Core Infarcts
In the past, most trials excluded patients with ASPECTS of , 5
or a core infarct volume of .70 mL. These patients, however,
have poor outcomes. Recently, the RCT of Recovery by
Endovascular Salvage for Cerebral Ultra-acute Embolism Japan
Large IscheMIc core Trial (RESCUE-Japan LIMIT), a prospective
RCT that enrolled patients with ASPECTS between 3 and 5,
showed improved functional outcomes (90-day mRS 0–3) in
patients who additionally received EVT compared with SMM.33

Although the EVT group had a higher incidence of ICH, the inci-
dence of symptomatic ICH was not significantly different
between groups. A secondary analysis suggested that improved
functional outcomes were mainly seen in patients with ASPECTS
of 4 or 5, whereas those with ASPECTS of#3 did not have signif-
icantly improved outcomes.34 Earlier in 2023, two additional tri-
als, A Randomized Controlled Trial to Optimize Patient’s
Selection for Endovascular Treatment in Acute Ischemic Stroke
(SELECT2) and Endovascular Therapy in Acute Anterior
Circulation Large VeSsel Occlusive Patients with a largE infarCT
core (ANGEL-ASPECT) evaluated patients with ASPECTS
between 3 and 5 and large-core infarct (ANGEL-ASPECT, 70–
100mL, and SELECT2,$ 50mL). Both trials were stopped early due
to overwhelmingly improved outcomes with EVT.35,36 Currently, at
least 3 more trials are evaluating EVT in large infarcts, including
the Large Stroke Therapy Evaluation (LASTE), Efficacy and
Safety of Thrombectomy in Stroke With Extended Lesion and
Extended Time Window (TENSION), and Thrombectomy for

FIGURE 1. Barplot showing the differences in functional outcomes with (gray) and without EVT (black) in select trials. The first 3 trials evaluated
EVT with large infarct, and BAOCHE and ATTENTION assessed EVT in PCS, while the rest assessed EVT in ACS.
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Emergent Salvage of Large Anterior Circulation Ischemic Stroke
(TESLA).37

Tandem Occlusions
Tandem lesions, defined as anterior circulation LVOs with con-
current high-grade stenosis or occlusion of the ipsilateral ICA sec-
ondary to atherosclerosis or vascular dissection, may be seen in up
to 10%–20% of patients with AIS. Their optimal management
remains unclear. A subgroup analysis of the Safety and Efficacy
of Nerinetide (NA-1) in Subjects Undergoing Endovascular
Thrombectomy for Stroke (ESCAPE-NA1) data showed that a
concurrent tandem lesion did not lower the odds of a good func-
tional outcome, regardless of stent placement.38 However, because
the trial enrolled only patients with moderate collaterals and
smaller infarcts, the confounding effect of these variables remains
unclear. A recent meta-analysis reviewing the effect of acute
carotid stent placement in patients undergoing EVT noted that
stent placement was associated with favorable outcomes without
increased mortality or ICH.39 Ongoing RCTs, the Endovascular
Acute Stroke Intervention–Tandem OCclusion Trial (EASI-TOC)
(NCT04261478), Proximal Internal Carotid Artery Acute Stroke
Secondary to Tandem or Local Occlusion Thrombectomy Trial
(PICASSO, NCT05611242), and Thrombectomy In TANdem
Occlusion (TITAN, NCT03978988), will prospectively evaluate the
role of carotid stent placement in AIS with tandem lesions.38

EVT in PCS
Posterior circulation LVOs may account for 7%–12% of all intra-
cranial LVOs in AIS, and up to 80% of patients with basilar artery
occlusion presenting with moderate-to-severe deficits die or have
severe disability despite SMM.40-42 The most frequent causes of
posterior circulation LVOs in the MR CLEAN registry were
large-artery atherosclerosis and cardioembolism.43 Four recent
RCTs evaluated the role of EVT in PCS. The Acute Basilar Artery
Occlusion: Endovascular Interventions vs Standard Medical
Treatment (BEST) trial was discontinued due to poor recruit-
ment and high crossover rates between the treatment arms.44 The
Basilar Artery International Cooperation Study (BASICS) did not
demonstrate any significant additional benefit with EVT.45

However, the study had nonconsecutive enrollment, and a third
of eligible patients were treated outside the trial, most of whom
received EVT, which may have biased the study conclusions.

More recently, the Basilar Artery Occlusion Chinese Endovascular
(BAOCHE) and Endovascular Treatment For Acute Basilar
Artery Occlusion (ATTENTION) trials, both conducted in
Chinese patients, showed improved outcomes with EVT in PCS
presenting between 6 and 24hours and ,12hours of last known
well, respectively.41,46 Of note, both trials used posterior circula-
tion ASPECTS as one of the exclusion criteria, with BAOCHE
excluding patients with a score of ,6, and ATTENTION exclud-
ing patients with a score of,6 if younger than 80 years of age and
a score of,8 if older than 80 years of age.

Thrombectomy Devices
The mechanical embolus removal in cerebral ischemia (Merci) de-
vice (Stryker) was the first successful clot-retrieval device, achiev-
ing recanalization in 48% of patients.47 This was followed by the

Penumbra system (Penumbra), which achieved Thrombolysis in
Myocardial Infarction scores of 2–3 in 81.6% of patients.48

However, early studies raised concerns about the efficacy of EVT,
failing to show any additional benefit compared with SMM.
Importantly, these studies did not require LVO confirmation for
enrollment into the treatment arm.49,50

It was only after the publication of MR CLEAN and subsequent
trials in 2015 that there was renewed interest in EVT.17,18,20-22

Most of these trials used second-generation thrombectomy devices
known as stent retrievers.

Stent retriever and clot aspiration are the 2 most used EVT tech-
niques, with continued improvements leading to reperfusion rates
exceeding 90% in LVO thrombectomy.51 Stent retrievers are
inserted within the thrombus and re-establish blood flow once
expanded, while simultaneously binding the thrombus. Subsequent
stent retrieval extracts the clot. Aspiration devices, on the other
hand, connect to an external aspiration pump that creates a negative
suction to aspirate the clot. The Contact Aspiration vs Stent
Retriever for Successful Revascularization (ASTER) trial, a multicen-
ter, randomized blinded-end-point superiority trial conducted in
France failed to show superiority of first-line contact aspiration com-
pared with a first-line stent retriever in AIS.52 The COMPASS Trial:
a Direct Aspiration First Pass Technique (COMPASS) trial, on the
other hand, was designed as a noninferiority trial and conducted in
a multicenter setting in North America. The study compared the 2
techniques and showed that contact aspiration was noninferior to
stent retrievers.53 Currently, the choice of technique is primarily
based on user preference and expertise.

AIS Secondary to Intracranial Atherosclerotic Disease
Intracranial atherosclerotic disease (ICAD) accounts for about
10%–15% of AIS cases in the West but has higher prevalence in
Asia where it may account for up to 46.6% of AIS cases.54 These
patients have an especially higher risk of recurrent stroke and of-
ten have acute vessel re-occlusion despite repeat recanalization
during EVT.51,54 The Wingspan stent (Stryker) was the first self-
expanding stent designed specifically for ICAD and is the only
FDA-approved stent for symptomatic ICAD.55 A few trials have
evaluated the role of stent placement versus aggressive medical
therapy in preventing recurrent strokes in this cohort. The
Stenting versus Aggressive Medical Management for Preventing
Recurrent Stroke in Intracranial Stenosis (SAMMPRIS) trial was
terminated early due to a significantly higher complication rate in
the stented group.56 Similarly, the Vitesse Intracranial Stent
Study for Ischemic Therapy (VISSIT) trial was also terminated
early after an interim analysis showed increased stroke risk with
stent placement.57 More recently, the China Angioplasty and
Stenting for Symptomatic Intracranial Severe Stenosis (CASSISS)
trial again showed no additional benefit of stent placement over
medical management.54 However, 2 recent postmarketing surveil-
lance studies (Post Market Surveillance Study of the Wingspan
Stent System [WEAVE] trial and the Post Market Surveillance of
Percutaneous Transluminal Angioplasty and Wingspan Stenting for
Intracranial Atheroslerotic Disease [WICAD] study) demonstrated
an excellent safety profile when used by experienced interventional-
ists following on-label guidelines. Functional independence (mRS
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0–2) was achieved in 88.9% of patients in the WICAD group with a
mortality rate of 3%.58,59

Role of Imaging in AIS
The current AHA/ASA guidelines recommend that all patients
suspected of having AIS undergo brain imaging on first arrival
(class of recommendation [COR] I; level of evidence [LOE] A).
Both NCCT (COR-I; LOE-A) and MR imaging (COR-I; LOE-B)
are effective in excluding ICH before IV tPA.5 Of note, a post hoc
analysis of the THRACE data using 401 patients (299 MR imaging
and 102 CT) did not note any differences in clinical outcomes de-
spite the slightly longer duration of the MR imaging scans (median
MR imaging duration, 13 minutes; CT, 9minutes).60

For patients with AIS presenting between 6 and 24hours, the
guidelines recommend CTA with CT perfusion or MRA with
DWI with or without MR perfusion for selecting EVT candidates
(COR-I; LOE-A). However, in patients presenting ,6hours from
last known well and having an ASPECTS of .6, EVT eligibility
may be determined on the basis of NCCT and CTA/MR imaging
and MRA without additional perfusion studies (COR-I; LOE-B).
In patients with AIS who awake with stroke symptoms or have an
unclear time of onset of .4.5 hours from last known well or a
baseline state, MR imaging to detect DWI-FLAIR mismatch may
be useful in selecting IV tPA–eligible patients (COR-IIa; LOE-B).

The guidelines also recommend noninvasive intracranial vas-
cular imaging for patients who otherwise meet the EVT criteria
or when LVO is suspected (COR-I; LOE-A). Extracranial carotid
and vertebral artery imaging may be reasonable to provide infor-
mation on eligibility and treatment-planning (COR-IIb; LOE-C).
Incorporating the collateral status into decision-making for
potential EVT is also considered reasonable (COR-IIb; LOE-C).

Several post hoc analyses of published RCTs and larger patient
registries have evaluated the role of imaging markers in the
assessment of stroke. Boodt et al,61 in an analysis of 1429 consec-
utive patients from the MR CLEAN registry, noted that noncar-
dioembolic strokes were associated with the presence of the
hyperdense artery sign (OR ¼ 2.2; 95% CI, 1.6–3.0) and a more
proximal thrombus location (common OR ¼ 0.2; 95% CI, 0.2–
0.3), findings based on univariable analysis. Additionally, throm-
bus characteristics in strokes with undetermined etiology were
similar to those of cardioembolic strokes, suggesting that most
cryptogenic strokes may be cardioembolic. A secondary analysis
of the DIRECT-MT trial noted that the hyperdense artery sign at
baseline indicated improved outcomes with the addition of IV
tPA to EVT, while its absence correlated with worse outcomes.62

Both the hyperdense artery sign and increased susceptibility of
the thrombus on T2* images (positive susceptibility vessel sign) are
secondary to an increased amount of red blood cells, which can
favorably interfere with stent retriever struts during EVT.61,63 A
subgroup analysis of the THRACE data noted that smaller DWI
volumes, the presence of a positive susceptibility vessel sign, and a
short susceptibility vessel sign length were associated with excellent
outcomes (90-day mRS#1) with IV tPA alone.64

A post hoc analysis of the DEFUSE 3 data noted that nearly
half of the penumbral tissue with a time-to-maximum of
.6 seconds may remain viable in untreated patients at 24hours,
while about 74% of the penumbral tissue with time-to-maximum

of .10 seconds may remain viable after TICI 3 recanalization.
Similar effects on penumbral tissue were, however, not seen with
incomplete recanalization (TICI 0–2b).65 Another secondary anal-
ysis of the DEFUSE 3 data noted that patients with favorable collat-
erals had smaller 24-hour infarct volumes than initially predicted,
suggesting that collateral status may impact final infarct volumes.66

In terms of functional outcomes, a post hoc analysis of the
ESCAPE-NA1 using 1026 patients noted that infarction confined
to gray matter, sparing of the corticospinal tract, and scattered
infarct structure were highly predictive of good 90-day outcome.67

Hemorrhagic transformation, regardless of severity, is associated
with worse functional outcomes, though the effect appears more
pronounced with hemorrhage of .30% of the infarct volume.68 A
substudy of THRACE data noted that pretreatment infarct volume
is an independent predictor of functional outcome. The efficacy of
EVT decreases with increasing infarct volume, with the number of
patients needed to treat to achieve functional independence increas-
ing from 10 patients for a volume of 80mL to 15 patients for a vol-
ume of 135mL.69 The Online Supplemental Data outline imaging-
based inclusion and exclusion criteria of select stroke trials based on
thrombolytics and EVT, respectively.

Stroke Workflow and Perioperative Management
Because the most critical component in AIS is timely re-establish-
ment of perfusion, several studies have evaluated the impact of differ-
ent workflows and perioperative management on overall outcomes.

The Direct Transfer to an Endovascular Center Compared to
Transfer to the Closest Stroke Center in Acute Stroke Patients
With Suspected Large Vessel Occlusion (RACECAT) study, which
evaluated differences in outcomes in nonurban areas between
patients who were transferred directly to an EVT-capable center
compared with patients who were initially transferred to a local
stroke center (capable of imaging, IV tPA, but not EVT), followed
by transfer to an EVT-capable center if LVO was confirmed, was
halted for futility after the second interim analysis showed no dif-
ferences in outcomes.70 The best approach, therefore, may be based
on the availability of local resources and achievable workflow met-
rics, and a “drip and ship” approach may still be acceptable, espe-
cially in remote settings.

Because multiple prior studies have demonstrated improved
patient outcomes with earlier treatment initiation, considerable
effort has been made to reduce door-to-needle times.23,71 More
recent studies have demonstrated that door-to-needle times of
,60minutes are achievable in most patients.72 Another recent
study noted that for patients with ACS undergoing EVT, the
addition of 100% oxygen through a face mask led to significantly
reduced infarct volumes at 24–48 hours (median, 20.1 versus
37.7mL; P, .01) and improved 90-day mRS.73 Two recent trials
evaluated the safety and efficacy of intensive blood pressure con-
trol after EVT. The Blood Pressure Target in Acute Stroke to
Reduce Hemorrhage After Endovascular Therapy (BP-TARGET)
trial did not find a difference in radiographic intraparenchymal
hemorrhage, while the Second ENhanced Control of Hypertension
ANd Thrombectomy strokE stuDy (ENCHANTED2/MT) trial
was stopped early after outcome data revealed that more intensive
blood pressure control was associated with poor functional out-
comes and early neurologic deterioration.74,75
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In terms of sedation during EVT, the General Or Local
Anaestesia in Intra Arterial Therapy (GOLIATH), Anesthesia dur-
ing Stroke (AnStroke), Sedation vs Intubation for Endovascular
Stroke TreAtment Trial (SIESTA), and General Anesthesia vs
Sedation During Intra-arterial Treatment for Stroke (GASS) stud-
ies showed that both conscious sedation and general anesthesia
were equally effective in terms of neurologic improvement and 90-
day functional outcomes.76-79 However, 3 of these are single-center
studies and had smaller sample sizes.76,78,79 A recent meta-analysis
of 7 RCTs with a total of 980 patients (487 general anesthesia, 493
non-general anesthesia) showed that general anesthesia was associ-
ated with higher rates of recanalization, resulting in 8.4% absolute
improvement in the rate of good functional outcome.80 The current
AHA/ASA guidelines recommend technique selection based on indi-
vidualized assessment, clinical characteristics, and technical perform-
ance of the procedure.5

Future Directions
Despite the advances, multiple aspects of stroke treatment should
be further addressed. As discussed earlier, ongoing trials will fur-
ther refine the role of EVT in large infarcts. An LVO may be seen
in up to 28% of patients with AIS and an NIHSS score of#4, and
the best LVO treatment strategy in clinically mild stroke (NIHSS
score of #5) is unclear. The Endovascular Therapy for Low
NIHSS Ischemic Strokes (ENDOLOW, NCT04167527) and
Minor Stroke Therapy Evaluation (MOSTE, NCT03796468) trials
are currently underway to study this issue.

Similarly, treatment strategies in distal medium-vessel occlu-
sions remain unclear. Medium vessels (defined as A2/A3 ACA,
M2/M3 MCA, and P2/P3 PCA vessels) were generally excluded
from prior EVT trials but can result in substantial neurologic def-
icits. Meta-analysis of the HERMES group data noted that
patients with M2 MCA occlusions would benefit from EVT
(adjusted OR ¼ 2.39; 95% CI 1.08–5.28; P ¼ .03), with the num-
ber needed to treat for 1 patient to achieve functional independ-
ence being 5.4.81 Rescue Thrombolysis for mEdium veSsel
oCclUsion (RESCUE-TNK, NCT05657470) is currently evaluating
the role of intra-arterial TNK in both primary (de novo) and sec-
ondary (to EVT) medium-vessel occlusions. The effect of EVT in
distal occlusions is also currently being evaluated in prospective
studies: Distal Ischemic Stroke Treatment with Adjustable Low-
profile Stentriever (DISTALS, NCT05152524) and Evaluation of
Mechanical Thrombectomy in Acute Ischemic Stroke Related to a
Distal Arterial Occlusion (DISCOUNT) (NCT05030142).

Patients who achieve reperfusion during the first attempt of EVT
have improved functional outcomes, known as the first-pass effect.
A recent metanalysis comprising 2747 patients noted that patients
with a first-pass effect had better outcomes and lower mortality,
especially if they achieved mTICI 3 recanalization.82 This finding
has increasingly led to comparison of catheter performance in terms
of achieving a first-pass effect mTICI$ 2b.51 The use of balloon-
guided catheters during EVT is also being explored to reduce the
chances of clot fragmentation and distal embolization.83

In terms of thrombolytic therapies, the Norwegian Tenecteplase
Stroke Trial 2 (NOR-TEST 2, NCT03854500) is evaluating TNK
within 4.5hours of stroke onset. The Tenecteplase in Stroke Patients
Between 4.5 and 24 Hours (TIMELESS, NCT03785678) study is a

Phase III trial evaluating TNK in the late-therapy time window,
while Randomization to Extend Stroke Intravenous ThromboLysis
In Evolving Non-Large Vessel Occlusion With TNK [RESILIENT
EXTEND-IV, NCT05199662]) is assessing TNK in patients with
AIS without LVO within the 4.5- to 12-hour window. The
Extending the Time Window for Tenecteplase by Effective
Reperfusion in Patients With Large Vessel Occlusion (ETERNAL-
LVO, NCT04454788) is similarly evaluating the role of TNK in
EVT-eligible patients presenting within 24 hours, while the
Extending the Time Window for Tenecteplase by Recanalization of
Basilar Artery Occlusion in Posterior Circulation Stroke (POST-
ETERNAL, NCT05105633) trial is evaluating the same for PCS.

Finally, even though no neuroprotective agents are currently
approved by the US FDA, there is increasing focus on both phar-
macologic and nonpharmacologic therapies, which reduce excito-
toxicity, oxidative stress, inflammation, or cellular apoptosis in
AIS. Initial studies using uric acid and nerinetide have shown
improved neuroprotection, especially in patients undergoing
EVT. Multiple prospective trials are ongoing to further identify
and refine the role of neuroprotective agents in AIS.84

CONCLUSIONS
The past decade has seen a paradigm shift in the management of
AIS. These trends will likely continue, and ongoing trials are
expected to further refine AIS care, with likely a much more
nuanced and granular approach in individual cases. The radiolog-
ist will need to stay abreast of these developments to provide a
meaningful contribution to patient care and remain an important
part of the care team.

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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EDITORIAL

Realistic Productivity in Academic
Neuroradiology: A National Survey
of Neuroradiology Division Chiefs
M. Wintermark, V. Gupta, C. Hess, R. Lee, J. Maldjian,
S. Mukherjee, S. Mukherji, D. Seidenwurm, and
T. Kennedy

The productivity of academic neuroradiologists is typically
measured by using relative value units (RVUs). RVUs are the

basic component of the resource-based relative value scale, a
methodology used by the Centers for Medicare & Medicaid
Services (CMS) to determine the payment of physicians. RVUs
define the value of a service or procedure relative to all clinical
services and procedures. This measure of value is based on the
time and intensity of physicians’ work, expertise, as well as clini-
cal and nonclinical resources required to deliver the health care
service to patients. RVUs ultimately determine the compensation
of physicians when the conversion factor, dollars per RVU, is
applied to the total RVU. Private payer contracts are typically
negotiated as a percentage of the CMS payment; therefore, RVUs
serve as the base payment for all physicians’ payment.

Organizations such as the Association of Administrators in
Academic Radiology (AAARAD) and the Society of Chairs of
Academic Radiology Departments maintain annual statistics
about the clinical productivity of academic radiologists across
North America. These statistics include the mean, median, and
percentile distribution of RVUs, stratified by the radiology
subspecialty and rank.1 During the past decade, the median
RVU productivity by academic neuroradiologists has grown
considerably. This growth comes as the result of academic
departments increasing RVU targets in step with these
national norms to the 60th, 70th, and 75th percentiles of the
AAARAD statistics as their goal each year so that the 60th,
70th, and 75th percentiles of 1 year become the new median of
the following year.

The median RVU productivity for such statistics has reached
levels that are likely not sustainable. They may jeopardize patient
safety, as illustrated by a recent study showing that errors were
associated with higher-volume shifts.2 Also, these excessive tar-
gets compromise other crucial missions at academic institutions,
such as education and research.

Survey
With such background in mind, we conducted a Web-based
survey of the academic neuroradiology division chiefs listed by
the American Society of Neuroradiology. We sent e-mail corre-
spondence to all academic neuroradiology division chiefs in the
United States, discussing the intent of the project and encourag-
ing participation, with 3 follow-up e-mails for nonrespondents.

The responding division chiefs (Figure) reported a median
of 9 faculty (interquartile range, 6–13; range, 3–60), for a total of
563 neuroradiology faculty across these 42 sites. At the time of
the survey (October 2022), they were recruiting for a median of
1 open position (interquartile range, 0–2, range, 0–5), for a total
of 68 open positions across these 42 sites. Of interest, there was
no correlation between the number of open positions and the
size of the neuroradiology division.

The 42 academic neuroradiology division chiefs reported
that their faculty interprets imaging studies independently in
45% of the cases (median, 45% interquartile range, 27%–52%),
with a junior trainee (first- or second-year resident) in 25% of
the cases (median, 25% interquartile range, 15%–30%), and
with a senior trainee (third- or fourth-year resident or fellow)
in 30% of the cases (median, 30% interquartile range, 18%–

50%).
On the basis of their daily expertise and experience, the 42

academic neuroradiology division chiefs were asked to estimate
the number of cross-sectional studies (CT and MR imaging) a
neuroradiology faculty member can reasonably and safely inter-
pret in a regular full clinical day (excluding calls, evening cover-
age, and moonlighting work), considering the time taken for
answering calls from technologists and consulting with clinicians.
The median estimated number was 32 cross-sectional studies
when reading independently (interquartile range, 23–36 studies),
25 when reading with a junior trainee (first- or second-year resi-
dent) (interquartile range, 19–30 studies), and 33 when reading
with a senior trainee (third- or fourth-year resident or fellow)
(interquartile range, 25–41 studies).

When asked about their division’s current workload, 22% of
the academic neuroradiology division chiefs thought that they
were currently at capacity; 37%, that they were working above
capacity; and 41%, that they were working well above capacity.

Detailed results can be found in the Online Supplemental
Data.

Reflections
The median number of 32 cross-sectional studies on a standard
clinical day should be considered with caution. There are many
local factors that can influence the optimal number for any given
academic practice. These factors include the technique-mix of
cross-sectional imaging studies (a noncontrast head CT typically
takes less time to interpret than a complex brain MR imaging
with and without contrast, including advanced neuroimaging),
the complexity of the pathology in the imaging studies (eg, an
unremarkable spine MR imaging versus a complex postoperative
neck cancer imaging study), as well as the number of comparison
studies that need to be reviewed to provide an accurate interpre-
tation, just to name a few. The median number of 32 is, however,
helpful as a general target with appropriate adjustments to incor-
porate individual practice variations.

In addition, there are inherent differences among the work-
flows of academic neuroradiologists at different institutions,
including for noninterpretive work. For example, expectations
related to the protocoling of studies (preservice period of

Indicates article with online supplemental data.
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radiologist work) and to multidisciplinary conference and tumor
board preparations and presentations (postservice period of
radiologist work) are often performed on nonclinical rota-
tions.3,4 The addition of these noninterpretative tasks to the
clinical workday may influence the radiologist’s workload
capacity for image interpretation.

Our survey indirectly addressed other critical missions of aca-
demic neuroradiology practices, including the time required for
teaching trainees. Education is a critical mission for academic
institutions but takes additional time and effort and should be
factored into the overall expectations for clinical productivity.

CONCLUSIONS
Thirty-two represents a reasonable reference to guide the number
of cross-sectional imaging studies (CT and MR imaging) that can
be safely interpreted in a day by a typical academic neuroradiolo-
gist. This target may need to be adjusted on the basis of local
practice patterns, case complexity, noninterpretive task expecta-
tions, and teaching requirements.
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ORIGINAL RESEARCH
ADULT BRAIN

Crowd-Sourced Deep Learning for Intracranial Hemorrhage
Identification: Wisdom of Crowds or Laissez-Faire

E.I.S. Hofmeijer, C.O. Tan, F. van der Heijden, and R. Gupta

ABSTRACT

BACKGROUND AND PURPOSE: Researchers and clinical radiology practices are increasingly faced with the task of selecting the
most accurate artificial intelligence tools from an ever-expanding range. In this study, we sought to test the utility of ensemble
learning for determining the best combination from 70 models trained to identify intracranial hemorrhage. Furthermore, we investi-
gated whether ensemble deployment is preferred to use of the single best model. It was hypothesized that any individual model
in the ensemble would be outperformed by the ensemble.

MATERIALS AND METHODS: In this retrospective study, de-identified clinical head CT scans from 134 patients were included. Every
section was annotated with “no-intracranial hemorrhage” or “intracranial hemorrhage,” and 70 convolutional neural networks were
used for their identification. Four ensemble learning methods were researched, and their accuracies as well as receiver operating
characteristic curves and the corresponding areas under the curve were compared with those of individual convolutional neural
networks. The areas under the curve were compared for a statistical difference using a generalized U-statistic.

RESULTS: The individual convolutional neural networks had an average test accuracy of 67.8% (range, 59.4%–76.0%). Three ensemble
learning methods outperformed this average test accuracy, but only one achieved an accuracy above the 95th percentile of the
individual convolutional neural network accuracy distribution. Only 1 ensemble learning method achieved a similar area under the
curve as the single best convolutional neural network (Darea under the curve ¼ 0.03; 95% CI, �0.01�0.06; P ¼ .17).

CONCLUSIONS: None of the ensemble learning methods outperformed the accuracy of the single best convolutional neural net-
work, at least in the context of intracranial hemorrhage detection.

ABBREVIATIONS: AUC ¼ area under the curve; CNN ¼ convolutional neural network; ICH ¼ intracranial hemorrhage; SVM ¼ support vector machine

As clinical support systems in radiology evolve, artificial intel-
ligence has become prevalent for supporting myriad opera-

tions ranging from order entry, computer-aided diagnosis,
clinical decision support, triage, to back-end analytics. With the
development of new tools for design, implementation, and
deployment of artificial intelligence–based systems, many in-

house support tools are more accessible to clinicians as well as
researchers.1 In fact, many radiology practices are continuously
developing and deploying their internal artificial intelligence tools
and support systems, and the use of these tools has increased
exponentially.

At the same time, researchers and clinical radiology practices
are increasingly faced with the task of selecting the most accurate
tools from an ever-expanding range. With multiple methods
available for the same task, combining the results of multiple
tools presents an intriguing possibility. Such “crowd-sourcing”
may be able to achieve better performance than any individual
method. At the same time, there is the risk of corrupting the
results of better-performing methods with those from weaker
ones.

For example, while multiple artificial intelligence methods for
segmentation of intracranial hemorrhage (ICH) have been very
successful,2,3 those for identification and progression of ICH can
have variable accuracy.4,5 Part of this variability derives from dif-
ferences in the characteristics of the data used for training and the
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population encountered in practice. It is tempting to use the best-
performing method, but best performance on one specific data set
does not necessarily guarantee best performance on another.

Ensemble learning may mitigate this high variability by pool-
ing multiple methods. Since its introduction .2 decades ago,6,7

ensemble learning has garnered substantial attention as a tool for
improving the performance, accuracy, and robustness of existing

medical image-interpretation methods.8 It relies on a meta-algo-
rithmic technique wherein multiple machine learning methods
are trained individually and aggregated together. This approach
has been successfully applied to multiple medical problems, includ-
ing identification of lung cancer cells,9 colon polyp detection,10

automated classification of pulmonary bronchovascular anatomy
in CT scans,11 and the differential diagnosis of focal liver lesions
detected on CT scans.12

In this study, we sought to test the utility of ensemble learning
for determining the best combination of models from a set of 70
models that were individually trained to identify ICH (in all intra-
cranial compartments). Furthermore, we investigated whether
ensemble deployment is preferred over the use of the single best
model. We tested the hypothesis that an ensemble of different
models, developed using a single training set, will outperform
each individual model in the ensemble.

MATERIALS AND METHODS
Data
We used a retrospective data set of de-identified clinical head CT
scans from 134 unique patients treated at the Massachusetts General
Hospital (institutional review board protocol 2015P000607). Written
consent was not required by the institutional review board, given the
retrospective use of existing clinically available data. The clinical
images were acquired under standard clinical protocols in our tertiary
care hospital from January 2015 to September 2018. Patients were
excluded if external hardware was visible in the scan. Images were
obtained (Somatom Force; Siemens) with an exposure time of
1000ms and a section thickness of 1mm. Each section in the axial
plane in the CT data set was annotated by the treating neuroradiolo-
gists, not part of this study, as “no-ICH” or “ICH” (Fig 1), and anno-
tations were verified by a neuroradiologist with 20years of experience
(R.G.). Images were then down-sampled to 128� 128 pixels. The in-
tensity of each image was clipped between �15 and 155 HU13 and
rescaled to [0, 1] for normalization. Consequently, slices were saved
as TIFF images for further processing. Visible head support was
removed from the images to prevent any bias due to extraneous input
and to constrain the variability introduced by the head holder. Slices
from the upper part and bottom of the scan FOV were excluded if
they contained no or very limited parts of the head. These slices were
either completely black or were at the very top of the head. The final
data set included 4287 slices of which 34.4% were labeled as contain-
ing ICH.

The data set was split into 4 sets. Data sets 1 (48%) and 2 (12%)
were used, respectively, as training and validation sets for the indi-
vidual convolutional neural networks (CNNs). Data set 3 (28%)
was used as a training set for the ensemble learning methods. All
the remaining slices (data set 4; 12%, test set) were used to inde-
pendently test the accuracy of individual CNNs as well as that of
ensemble learning methods to evaluate the final performance.
These steps are described in detail below.

All subsets were created at the patient level (as opposed to
individual section level) to avoid superfluous correlation between
images that belong to the same patient. Models were trained and
their performance was evaluated on the section level, while
grouping slices within each patient before partitioning to avoid
bias due to overrepresentation of slices from a single patient. This

FIG 1. Head CT scan slices annotated as ICH (upper and middle,
arrows) and annotated as no-ICH (bottom).
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partitioning resulted in 61 cases and 2034 slices in data set 1, 16
cases and 516 slices in data set 2, 38 cases and 1208 slices in data
set 3, and 17 cases and 529 slices in data set 4. The slices in each
set included approximately the same proportion (�34%, varying
between 32.9% and 38.8%) with ICH.

CNNs
CNNs to classify slices as ICH or no-ICH were implemented by
graduate students as a part of a course taught by the authors. In 2
different courses, offered between 2019 and 2021, one hundred
forty students with comparable experience and education were
divided into teams of 2 students each. These teams developed 70
CNNs for detecting the presence or absence of ICH in each sec-
tion. Each CNN was built on the same base architecture (Fig 2),
designed to provide a minimum accuracy (�67%) and was modi-
fied, trained, and tested independently by each team on a virtual
machine running on Amazon Web Services (https://aws.amazon.
com/) using Matlab R2020a (MathWorks).

Each team customized the base architecture (Fig 2, left) to
improve the accuracy on identical data sets. Customization
included switching, adding, or removing layers and/or changing
layer parameters. Parameters other than those associated with
individual layers (ie, hyperparameters) were not varied so that
only variations in architecture and random initialization
impacted the performance during testing. Each team trained
their CNN model on data set 1 for 50 epochs with a batch size of
32. They used stochastic gradient descent with a momentum
optimizer with a learning rate of 0.001. Each CNN was then vali-
dated on data set 2. The final accuracy of each CNN was eval-
uated on data set 4 (Fig 2).

Ensemble Learning Method Training
We tested 4 different ensemble methods to explore whether the
collective accuracy of 70 CNNs is higher than that of individual
models. Ensemble learning methods included majority voting,

decision tree, support vector machine (SVM), and the multi-
input deep neural network.

In majority voting, the final prediction of the ensemble was
determined to be that class predicted by the majority of CNNs. For
the remaining ensemble learning methods, the probability scores
for the no-ICH class were collected from each of the 70 CNNs for
every image in data set 3 and were used as input. In decision tree,14

a treelike model was created in which every end branch represents
a decision. One final predicted class label will be given as output.
Similarly, the SVM15 also returned 1 predicted class label, and
training was performed with a linear kernel. The last ensemble
learning method we tested was a multi-input deep neural network.
Unlike the ensemble learning methods described earlier, the multi-
input deep neural network requires an additional input, namely, a
CT image. The multi-input deep neural network provides a proba-
bility score for the no ICH and ICH classifications as output. A
more elaborate description of these ensemble learning methods
can be found in the Online Supplemental Data.

Each ensemble learning method was trained on data set 3 and
tested on data set 4 (Fig 2). Test accuracy was assessed via receiver
operating characteristic curves and the corresponding areas under
the curve (AUCs). The code for processing of data and training of
CNNs and ensemble learning methods can be found on: https://
github.com/UT-RAM-AIM/Ensemble_Learning.

Statistical Analysis
By design, each CNN had a different accuracy, resulting in a nor-
mal distribution of individual accuracies across 70 individual
CNNs (see Results). Thus, the accuracy of each of the 4 ensemble
learning methods was compared with the distribution of individ-
ual CNNs. For this comparison, an accuracy of.95% of the indi-
vidual accuracy distribution, ie, larger than 2 SDs, was considered
statistically significant. We also used the minimum redundancy
maximum relevance algorithm to rank the 70 CNNs in a way that
optimizes the amount of information each contained. This use
allowed us to determine the CNN that provides the most

FIG 2. Flowchart of the study. The upper left corner shows the base architecture underlying all 70 CNNs, which was then structurally optimized
by the 70 teams, resulting in 70 different CNNs. These were trained on data sets 1 and 2 and were used to train the 4 ensemble learning methods
(MV indicates majority voting; DT, decision tree; MI-DNN, multi-input deep neural network; see text) on data set 3. Both the 70 trained CNNs and
the trained ensemble methods were tested on data set 4. ReLU indicates rectified linear unit; tanh, hyperbolic tangent; EL, ensemble learning.
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information to predict the correct classification while having the
least amount of redundant information.16 The individual CNN
with the largest relevance was ranked first, and the previous steps
were repeated to determine the individual CNN with the second
highest relevance and least redundancy. This process was
repeated until all individual CNNs were ranked. Thus, minimum
redundancy maximum relevance provided insight into the added
value that each CNN contributed to the ensemble. The difference
between AUCs across different ensemble methods was tested for
statistical significance using a generalized U-statistic, analogous
to the Mann-Whitney statistic.17

RESULTS
The base architecture achieved an accuracy of 62.6% on data set
4. Individual CNNs had an average test accuracy of 67.8% with a
range of 59.4% to 76.0% (Fig 3).

All except 1, the multi-input deep neural network, ensemble
learning method outperformed the average accuracy of individual
networks. However, of these, only SVM resulted in a statistically
significant improvement in accuracy (ie, above the 95th percen-
tile of the accuracy distribution from individual CNNs). None of
the ensemble learning methods resulted in an accuracy greater
than the individual CNN with highest accuracy (76.0%). The base
architecture achieved an AUC of 0.66 (95% CI, 0.61–0.70). The
AUCs attained by SVM, majority voting, and the single best
CNN were, respectively, 0.79 (95% CI, 0.75–0.83), 0.79 (95% CI,
0.75–0.83), and 0.82 (95% CI, 0.78–0.85) (Fig 4).

The CNN with the best accuracy had a minimum redundancy
maximum relevance score of 0.15, while the second one scored
only 0.0006—that is, the relevance of the single best CNN model

contributed most to the ensemble learning model while the con-
tribution of the rest was effectively zero. Additional exploration
of the SVM method confirmed this observation. Training the
SVM with only the network with the highest minimum redun-
dancy maximum relevance score led to a test accuracy of 73.9%,
while adding the second most relevant CNN increased the accu-
racy only by 0.2%–74.1%.

Statistical Analysis
The AUC for each ensemble model was statistically different
from that of the base model (Fig 4; base versus decision tree,
DAUC¼ 0.05; 95% CI, �0.00008�0.11; P ¼ .05; base versus ma-
jority voting, DAUC ¼ 0.14; 95% CI, 0.10�0.17; P, .001; base
versus multi-input deep neural network, DAUC ¼ 0.05; 95% CI,
0.0004�0.09; P ¼ .05; and base versus SVM, DAUC ¼ 0.13; 95%
CI, 0.09�0.18; P, .001). The AUC for majority voting and SVM
was statistically different from that of the CNN with average ac-
curacy (average versus majority voting, DAUC ¼ 0.07; 95% CI,
0.04�0.10; P, .001; and average versus SVM, DAUC ¼ 0.07;
95% CI, 0.02�0.12; P ¼ .001). All except the SVM method,
including the CNN with average accuracy, were statistically dif-
ferent from the best-performing CNN (best CNN versus SVM,
DAUC ¼ 0.03; 95% CI, �0.01�0.06; P ¼ .17). Thus, the SVM
method performed better than the base model and CNN with av-
erage accuracy, but comparable with the best-performing CNN.

DISCUSSION
As mentioned earlier, many artificial intelligence–based support
tools are available for a wide variety of tasks, and researching ra-
diology practices are faced with the task of how to develop the

FIG 3. Accuracy of individual CNNs and ensemble learning methods. The purple solid vertical lines show the accuracy achieved by each ensem-
ble learning method, and the black dashed vertical lines showmeans and lower and upper 95% confidence intervals for the distribution of accu-
racy of individual CNNs. Additionally, the first purple solid line indicates the accuracy of the base network. DNN indicates deep neural network.
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most accurate ones for internal deployment. Ensemble learning
was suggested to mitigate the high variability between multiple
tools by pooling them. Our results affirm that all ensemble learn-
ing methods, with the notable exception of the multi-input deep
neural network, outperform the average of different crowd-
sourced CNN models. Thus, the “wisdom of crowds” can exceed
the average wisdom of individuals, at least in the context of ICH
identification. It was surprising that only the SVM resulted in a
statistically significant improvement in accuracy. Our most im-
portant finding, however, is that none of the other methods out-
performed the CNN with the highest accuracy. Thus, our study
provides several important lessons for crowdsourcing.

There was a relatively large variation in accuracy of individual
models, ranging from �0.60 to �0.75. However, this variability
does not necessarily imply variation in information; in the con-
text of our study, the magnitude of redundancy between the indi-
vidual CNNs is high. In fact, our results show that individual
models contribute little, if at all, to the overall performance of the
ensemble beyond the model with the best accuracy. Uncorrelated
models contribute to the ensemble most, because they can reflect
features that other models do not. Consequently, a combination
of different models that include different, uncorrelated features is
likely to result in a better-performing ensemble.

We have adopted a “laissez-faire” approach (leaving people to
take their own course, without interfering) as opposed to direct
guidance. This indicates that a simple agglomeration of all models
may be counterproductive and may drive the model toward the
average accuracy. For example, the poorly performing models
may corrupt the overall performance of the ensemble rather than
collaborating to improve accuracy. In fact, it can be seen in the
Results that the worst-performing single CNN achieves an accu-
racy (59%) lower than that of the base model (63%) accuracy.
The effort of the team to improve the base architecture actually
had the opposite effect in this CNN, and it most likely did not aid
in improving ensemble performance. For ensemble learning over

multiple individually trained models,
the assumption of holistic perform-
ance from crowdsourcing may not
hold, unless some basic conditions
about model independence can be
ensured. To that end, analysis of an en-
semble of models with a feature-selec-
tion algorithm, such as minimum
redundancy maximum relevance, is an
essential step toward finding the opti-
mal model.

In general but more specifically for
our use case ICH identification, the
apparent impact of the size of the used
data set is underestimated. If the data
set is not large enough, the CNNs
might be unable to learn different
mappings, ie, the problem does not
have many solutions. Ultimately, this
issue also results in redundancy within
the individual CNNs. Especially in our
case, ICH comprises roughly 15%18 of

all cases of stroke and is, therefore, not as common in stroke. It
can be difficult to acquire enough variation in a data set to allow
the CNNs to learn different mappings. It may be more useful to
examine safe ways of sharing data and consequently training 1
best tool with this method.

The relevant literature includes multiple studies using ensem-
ble learning that found a positive effect from its application. For
example, in their research into skin lesion classification from der-
mascopic images, Shahin et al19 found that by averaging the pre-
dictions of the trained ResNet-50 (accuracy 87.1%) and
Inception-V3 (accuracy 89.7%) models, their accuracy improved
to 89.9%. Furthermore, Rajaraman et al20 reported an accuracy
increase by weighted averaging (90.97%) of their trained ResNet-
18 (89.58%, highest), MobileNetV2, and DenseNet-121, to detect
coronavirus disease 2019 (COVID-19) on chest radiographs. Most
interesting, adding 2 more models to the ensemble in fact deterio-
rated the accuracy slightly. Most similar in approach to our case is
the research by Zabihollahy et al,21 who trained 7 U-Nets for the
localization of prostate peripheral tumors. The U-Nets differed in
the depth and number of filters used in the convolution layers and
were pooled using majority voting. Pooling 3 U-Nets was optimal,
but this did not outperform the single best U-Net in terms of sen-
sitivity or specificity. However, it did find the best trade-off
between the two.

In contrast to the cases above, many more networks were
pooled together in our study to improve the performance via en-
semble learning methods. Additionally, our results did not show
that an ensemble learning method outperformed the single best
CNN model. However, as was also found in the research by
Zabihollahy et al21 and Rajaraman et al,20 using multiple models
in the ensemble learning method does not necessarily increase
the performance. While Zabihollahy et al found that the overall
performance did not improve when adding .3 models, in our
case that point was reached at 2. Combining fewer, but structur-
ally different, models might be more efficient as is shown in
Rajaraman et al.20

FIG 4. Receiver operating characteristic curves of the base network (dark blue) and the single
best CNN (dark red), the curve of the average performing CNN (orange), and ensemble learning
methods. The dashed black line indicates the performance of a random classifier (ie, accuracy of
50%). DNN indicates deep neural network.
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CONCLUSIONS
Using ICH identification as a use case, we sought to identify the
best combination from a set of 70 CNNs. Furthermore, we inves-
tigated whether an ensemble of the CNNs is preferred over using
the single best CNN. It was hypothesized that an ensemble of dif-
ferent models, optimized from a base model, would outperform
each individual CNN. While the SVM ensemble learning method
did perform statistically better than the average CNN, its per-
formance was comparable with that of the single best CNN. Even
though this classroom experiment does not represent a real-
world scenario when multiple artificial intelligence tools are at
your disposal, it may be preferable to search for structurally dif-
ferent models and analyze them with a feature-selection algo-
rithm before applying an ensemble learning method. Otherwise,
a focus on the single best model may be more productive.

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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Investigation of Brain Iron in Niemann-Pick Type C: A 7T
Quantitative Susceptibility Mapping Study

P. Ravanfar, W.T. Syeda, R.J. Rushmore, B. Moffat, A.E. Lyall, A.H. Merritt, G.A. Devenyi, M.M. Chakravarty,
P. Desmond, V.L. Cropley, N. Makris, M.E. Shenton, A.I. Bush, D. Velakoulis, C. Pantelis, and M. Walterfang

ABSTRACT

BACKGROUND AND PURPOSE:While brain iron dysregulation has been observed in several neurodegenerative disorders, its associ-
ation with the progressive neurodegeneration in Niemann-Pick type C is unknown. Systemic iron abnormalities have been reported
in patients with Niemann-Pick type C and in animal models of Niemann-Pick type C. In this study, we examined brain iron using
quantitative susceptibility mapping MR imaging in individuals with Niemann-Pick type C compared with healthy controls.

MATERIALS AND METHODS: A cohort of 10 patients with adolescent- and adult-onset Niemann-Pick type C and 14 age- and sex-
matched healthy controls underwent 7T brain MR imaging with T1 and quantitative susceptibility mapping acquisitions. A probing
whole-brain voxelwise comparison of quantitative susceptibility mapping between groups was conducted. Mean quantitative suscepti-
bility mapping in the ROIs (thalamus, hippocampus, putamen, caudate nucleus, and globus pallidus) was further compared. The correla-
tions between regional volume, quantitative susceptibility mapping values, and clinical features, which included disease severity on the
Iturriaga scale, cognitive function, and the Social and Occupational Functioning Assessment Scale, were explored as secondary analyses.

RESULTS:We observed lower volume in the thalamus and voxel clusters of higher quantitative susceptibility mapping in the pulvi-
nar nuclei bilaterally in patients with Niemann-Pick type C compared with the control group. In patients with Niemann-Pick type C,
higher quantitative susceptibility mapping in the pulvinar nucleus clusters correlated with lower volume of the thalamus on both
sides. Moreover, higher quantitative susceptibility mapping in the right pulvinar cluster was associated with greater disease severity.

CONCLUSIONS: Our findings suggest iron deposition in the pulvinar nucleus in Niemann-Pick type C disease, which is associated
with thalamic atrophy and disease severity. This preliminary evidence supports the link between iron and neurodegeneration in
Niemann-Pick type C, in line with existing literature on other neurodegenerative disorders.

ABBREVIATIONS: ANTs ¼ Advanced Normalization Tools; GRE ¼ gradient recalled-echo; MABS ¼ Multi-Atlas Brain Segmentation; NPC ¼ Niemann-Pick
type C; NUCOG ¼ Neuropsychiatry Unit Cognitive Assessment Tool; QSM ¼ quantitative susceptibility mapping; QSMART ¼ Quantitative Susceptibility
Mapping Artifact Reduction Technique; SOFAS ¼ Social and Occupational Functioning Assessment Scale

Niemann-Pick type C (NPC) is a rare genetic lysosomal stor-
age disease characterized by defective intracellular lipid

transport mechanisms, which result in the intracellular accumu-
lation of cholesterol and glycosphingolipids, primarily in the

brain, spleen, and liver. Brain involvement in NPC gives rise to
numerous neurologic and neuropsychiatric presentations such as
developmental delay, movement disorders, progressive cognitive
decline, and psychosis.1 Neuroimaging studies have reported
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marked volume loss in the cerebellum, thalamus, hippocampus,
and basal ganglia in NPC. Widespread defects in myelination and
reduced fractional anisotropy have also been observed in the brains
of individuals with NPC.1 The exact pathophysiologic processes
through which the gene mutations in NPC lead to neurodegenera-
tion are not as yet fully understood. Possible mechanisms that have
been proposed include oxidative stress,2-4 neuroinflammation,5 and
Tau pathology.6-8 A clearer understanding of the intrinsic drivers of
neuropathology in NPC is needed to provide avenues for the devel-
opment of therapeutic interventions.

One possible pathophysiologic mediator of brain changes in
NPC is the dysregulation of iron. Iron is a crucial element in
myelin synthesis, neurotransmitter production, and mitochon-
drial energy metabolism,9 in addition to serving a central role in
neurodevelopment.10 Excessive iron, however, has been shown to
be neurotoxic by contributing to oxidative stress and ferropto-
sis.11,12 In fact, a recent review summarized the existing neuroi-
maging evidence demonstrating iron accumulation in the specific
brain regions that are most implicated in the pathology of neuro-
degenerative disorders (for a review see Ravanfar et al,13 in 2021).
In NPC, there is evidence suggesting abnormal systemic and
brain iron regulation. More specifically, histochemical examina-
tions have identified diminished ferritin, the main iron storage
unit, in various tissue types in individuals with NPC,14,15 which
can lead to abnormal distribution of iron throughout the body.
Furthermore, Hung et al16 reported a lower concentration of iron
in the CSF in individuals with NPC and a trend toward increased
iron content in postmortem cerebellar tissue in patients with
NPC and healthy controls. Most important, in mouse models of
NPC, Hung et al found an increased iron concentration in the
brain along with decreased iron in the liver and spleen, suggesting
that the abnormalities in systemic iron may involve the brain.
However, due to the limitations in conducting human in vivo
studies to examine iron in the central nervous system, the existing
literature is limited in this area.

Technological advancements in neuroimaging, such as quan-
titative susceptibility mapping (QSM), have provided the tools
for the in vivo evaluation of brain iron. Accordingly, in this study,
we conducted an in vivo investigation of brain iron in individuals
with NPC compared with healthy controls using QSM at ultra-
high-field 7T MR imaging. Most important, this ultra-high-field
imaging provides an increased contrast-to-noise ratio in QSM
and enables the identification of smaller effect sizes compared
with lower field strengths.17

Following from the available animal and human data, we
hypothesized that individuals with NPC would evince altered levels
of iron in key brain regions that undergo neurodegeneration in

NPC, specifically the thalamus, striatum, and the hippocampus.18

Furthermore, we hypothesized that such alterations would be asso-
ciated with volume loss in these brain regions and the severity of
clinical symptoms in patients with NPC.

MATERIALS AND METHODS
Standard Protocol Approvals, Registrations, and Patient
Consents
This study was approved by the Melbourne Health Human
Research Ethics Committees (HREC2012.066) and the Australian
Research Infrastructure Network (ARIN – 7T-2015.005, CFMS
No. MRI495000045). Written informed consent was obtained
from all participants and/or their legal guardians before their
enrollment in the study.

Study Population
This study was conducted as a prospective case-control study
from April 2019 to December 2019. Ten individuals diagnosed
with adolescent- and adult-onset NPC based on clinical features
and confirmed with genetic testing for NPC1 disease-causing
mutations were enrolled at the Royal Melbourne Hospital.
Because there are no existing neuroimaging studies of brain iron
in NPC and considering the rarity of this disease, a study popu-
lation of 10 for the NPC group was deemed an achievable sam-
ple size for this study. Fourteen age- and sex-matched healthy
individuals were recruited from the general community in the
local metropolitan area through online advertisement. A history
of any other neurologic conditions (including head injury and
seizures), systemic diseases (eg, inflammatory disorders, diabetes,
and impaired thyroid function), current pregnancy, breastfeed-
ing, and MR imaging contraindications (eg, magnetic metal
implants and claustrophobia) were considered exclusion criteria
for both healthy and NPC groups. A personal or family (first
degree relative) history of any psychiatric and neurologic illness,
psychopathology that impacts functioning, and past or current
use of any psychoactive medication were considered as additional
exclusion criteria for the control group.

Imaging Methods
MR imaging was performed using a 7T MR imaging scanner
(Magnetom Terra 7T; Siemens) with a 1TX / 32Rx head coil (Nova
Medical). For the T1 structural images, an MP2RAGE sequence
was obtained with the following parameters: TE ¼ 2.89ms, TR ¼
4900ms, matrix size ¼ 256� 232� 192, voxel size ¼ 0.9mm iso-
tropic, acquisition time ¼ 5:25 minutes. For QSM reconstruction,
a multiecho gradient recalled-echo (GRE) sequence was
acquired with the following parameters: number of echoes ¼ 9,
first TE ¼ 5.1ms, DTE ¼ 2.04ms, TR ¼ 24ms, flip angle ¼ 13°,
matrix size ¼ 280� 242� 192, voxel size ¼ 0.75mm isotropic,
acquisition time¼ 8:42 minutes.

Processing of Neuroimaging Data
Structural T1. T1 images were used for anatomic labeling and seg-
mentation of the ROIs. Brain masks were constructed using the
Multi-Atlas Brain Segmentation (MABS) tool (https://github.
com/pnlbwh/PNL-manual#multi-atlas-brain-segmentation-mabs).
Generated binary masks were visually assessed and manually
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corrected using ITK-SNAP, Version 3.8 (http://www.itksnap.org/)19

by an investigator blinded to participant groups.
The striatum (the putamen and caudate nucleus), hippocam-

pus, and thalamus were selected as the ROIs for the ROI-based
comparison of mean QSM values between groups. The putamen,
caudate nucleus, and thalamus were automatically segmented using
the Multiple Automatically Generated Templates Brain Segmen-
tation (MAGeT-Brain; https://github.com/CobraLab/MAGeTbrain)
pipeline20 with the CIT168 atlas.21 Automatic segmentation of the
hippocampus was performed using FreeSurfer, Version 7.1.0 (http://
surfer.nmr.mgh.harvard.edu). Label maps generated by MAGeT-
Brain and FreeSurfer for the study ROIs were merged into single
files for each subject, visually inspected, and manually corrected in
all cases using 3D Slicer, Version 4.11 (https://www.slicer.org)22 by
an investigator under the guidance and quality assessment of 2 sen-
ior neuroanatomists, all of whom were blinded to participant
groups.

QSM Processing. The Quantitative Susceptibility Mapping Artifact
Reduction Technique (QSMART) pipeline23 was used to construct
QSM maps using the phase and magnitude components of the
GRE sequence. Briefly, a brain mask was generated using the FSL
Brain Extraction Tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET).24

After phase unwrapping using a Laplacian-based method25 for each
echo, multiecho data were combined using a magnitude-weighted
least squares echo fitting method. A 3D spatially dependent filter-
ing26 and iterative least-squares (iLSQR) decomposition were sub-
sequently used for background field removal and field-to-source
inversion, respectively. Details of this method were further
explained in Yaghmaie et al,23 in 2021. In QSM processing, mag-
netic susceptibility is commonly estimated and reported relative to
a reference region in the brain that is assumed to be unaffected by
disease pathology and, therefore, expected to have similar QSM
across study groups.27 In NPC, we expect a generalized involvement
of the brain regions by disease pathology. Hence, in this study, we
did not use a reference region for QSM processing. Magnetic sus-
ceptibility values reported by the QSMART pipeline are inherently
referenced to the magnetic susceptibility of water.

Voxelwise QSM Comparison between Groups. To compare the
QSM values in the entire brain between the 2 groups, we per-
formed a probing voxelwise comparison of QSM between groups.
To transform all QSM images to a common template, we first cre-
ated a study template from all participants’ skull-stripped T1
images using the antsMultivariateTemplateConstruction2 tool
from Advanced Normalization Tools, Version 2.3.5 (ANTs;
https://github.com/ANTsX/ANTs/).28 For each subject, affine and
nonlinear transformations were constructed from the subject T1 to
the study template using antsRegistrationSyN tool from ANTs.
Additionally, for each subject, we conducted a rigid transformation
from the non-skull-stripped first-echo magnitude image of the
GRE sequence to the T1 image using ANTs. The “GRE-to-T1”
rigid transform and the “subject-to-study template” affine 1 non-
linear transforms were sequentially applied to each participant’s
QSM to warp it to the common study template.

ROI-Based QSM Comparison. To compare mean QSM values in
the putamen, caudate nucleus, globus pallidus, thalamus, and

hippocampus between groups, we overlaid the label maps gener-
ated from the brain segmentation step onto the QSM images by
inversely applying the rigid transform from the GRE-to-T1
acquisitions generated in the previous step. Mean intensity values
on QSM images (magnetic susceptibility) were extracted in each
ROI for comparison between groups.

Clinical Assessments. For individuals with NPC, the treating phy-
sician conducted and reported clinical evaluations of disease sever-
ity using the Iturriaga scale,29 cognitive performance using the
Neuropsychiatry Unit Cognitive Assessment Tool (NUCOG),30

and global functioning capacity using the Social and Occupational
Functioning Assessment Scale (SOFAS).31

Statistical Analysis.We tested groups for age and sex differences
using an independent samples t test and a x 2 test, respectively.
To compare ROI volumes between groups, we used the
ANCOVA test with total brain volume as a covariate and 5000
bootstraps. We used skull-stripped brain images as inputs for
FreeSurfer to improve the accuracy of segmentations. Therefore,
the total intracranial volume was not obtainable from the
FreeSurfer outputs. Total brain volume was calculated by the
summation of all gray and white matter volumes from the label
maps provided by FreeSurfer, to exclude any intracranial space
occupied by the CSF.

Voxelwise comparison of QSM between groups was con-
ducted using the Randomize tool in FSL (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/Randomise/UserGuide), with age as covariate, 5000
permutations, and threshold-free cluster enhancement32 family-
wise error rate correction.33 ROI-based between-group compari-
son of QSM was performed using ANCOVA, with age and vol-
ume of each ROI as covariates with 5000 bootstraps. To limit the
number of covariates in the statistical models and considering
that most of the QSM studies have not observed an effect of sex
on brain iron,34,35 we did not include sex as a covariate in our
models. In these analyses, correction for multiple comparisons
was performed using the Benjamini-Hochberg method,36 with a
false detection rate of 0.05. An a¼ .05 was considered the signifi-
cance threshold. All the above statistical tests were performed
using SPSS (Version 24; SPSS Statistics for Mac; IBM).

As secondary analyses, we examined the partial correlation
between volume and QSM in the brain regions that showed a sig-
nificant difference between groups, controlling for the effect of age.
Furthermore, we explored the partial correlation between mean
QSM (controlling for age) and volume (controlling for total brain
volume) in the ROIs with clinical assessments. We conducted these
analyses using the Pearson correlation test. Data preparation, statis-
tical analyses, and data visualization were conducted using R Studio
(http://rstudio.org/download/desktop) 2021.09.0 Build 351 “Ghost
Orchid” Release37 operating on R version 4.1.2, using the psych
2.1.9,38 corrplot 0.92,39 corx 1.0.6.1,40 tidyverse 1.3.1,41 readxl 1.3,42

ggplot2,43 and dplyr 1.0.744 packages.

Data Availability. Data sets extracted from study participants’
MR imaging acquisitions will be shared by request from any
qualified investigator. Raw de-identified neuroimaging data can
be made available on requests from investigators, subject to
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approval from the Human Research Ethics Committee and sign-
ing a data-sharing agreement.

RESULTS
Demographic, clinical, and neuroimaging data were analyzed from
all 10 individuals with NPC and 14 healthy control participants.
All patients with NPC had mutations in the NPC1 gene. Seven of
10 patients in the NPC group were on active treatment with miglu-
stat. Data sets from all participants were complete and met the
required quality for analysis. Table 1 presents a summary of the de-
mographic and clinical information of the study population. Age
and sex were not statistically different between groups.

ROI Volumetric Comparisons
In individuals with NPC, the volume of the thalamus was signifi-
cantly lower bilaterally (left: 3846.4 versus 6861.1 mm3, adjusted
P ¼ .002, h 2

p ¼ 0.85; right: 3964.6 versus 6866.3 mm3, adjusted
P¼ .002, h 2

p ¼ 0.82), and there was a trend toward lower volume
in the left hippocampus (2916.7 versus 3741.7 mm3, adjusted P ¼
.08, h 2

p ¼ 0.20). In all other ROIs, although average volumes were
lower in the NPC group, the differences were not statistically sig-
nificant (Online Supplemental Data and Fig 1).

Voxelwise QSM Comparison
In NPC, whole-brain voxelwise compari-
son of QSM between groups showed
clusters of significantly higher QSM in
the posterior segment of the right (223
voxels, center of mass in Montreal
Neurological Institute 152 space: X ¼
17.2mm, Y ¼ �28.7mm, Z ¼
3.37mm) and left (245 voxels, center of
mass in Montreal Neurological Institute
152 space: X ¼ �17.2mm, Y ¼
�29.9mm, Z ¼ 2.47mm) thalamus,
consistent with the anatomic location of
the pulvinar nucleus. Furthermore, we
observed a large cluster (30,764 voxels)
of lower QSM in the NPC group, spread
across the white matter, including the
bilateral parietal lobes, corpus callosum,
and white matter surrounding the hip-
pocampi (Fig 2).

ROI-Based QSM Comparison
Between-group comparison of mean
QSM values in the ROIs showed signifi-
cantly lower magnetic susceptibility in
the right hippocampus in the NPC
group after correction for multiple com-
parisons. In the other ROIs, we did not
find any significant difference between
groups. In the thalamus, despite the
presence of clusters with higher and
lower QSM, the mean QSM value was
not significantly different between groups
and was lower in NPC (Table 2).

Figure 3 provides representative QSM images from subjects in
the NPC and control groups. In Fig 4, treatment status with
miglustat is demonstrated on each of the data points. Due to the
limited number of patients in the treatment subgroups, statistical
analysis based on treatment status was not pursued. As a qualita-
tive observation, patients who were not treated with miglustat
showed higher QSM values in the thalamus compared with those
on treatment. Such a distinction was not noticeable in other ROIs
(Fig 4).

Correlation between QSM and Volume
The results are shown in Figure 5 for our exploratory test of cor-
relations between QSM and volume in the thalamus and hippo-
campus, 2 regions that showed a significant difference between
groups.

In the control group, a higher whole-ROI mean QSM value
was associated with higher volume in the left thalamus (r ¼ 0.73;
95% CI, 0.19–0.93) and left hippocampus (r ¼ 0.66; 95% CI,
0.05–0.91). In the NPC group, in contrast, these correlations were
not strong, and the confidence intervals contained the neutral
(zero) value. However, the mean QSM value of clusters within
the thalamus that showed significantly higher QSM compared
with controls (not the whole thalamus) correlated with a smaller

Table 1: Demographic description and comparison of the study population

Control (n = 14) NPC (n = 10) P Value
Age (mean) (SD) (yr) 32.6 (9.2) 33.1 (12.1) .92
Sex (male/female) 6:8 4:6 .89
Iturriaga score (mean) (SD) NA 9.1 (3) NA
NUCOG (mean) (SD) NA 63.9 (18) NA
SOFAS (mean) (SD) NA 42 (22.7) NA
Miglustat dose NA 7 Patients taking 200mg TID NA

Note:—NA indicates not applicable; TID, 3 times per day.

FIG 1. Between-group comparison of volume in the ROIs. In the Tukey boxplots, the middle line
of each box indicates the median, upper and lower boundaries of the boxes show the upper and
lower quartiles, respectively; the upper and lower whiskers show the maximum and minimum
data points; and the cross signs indicate the mean in each group. Filled triangles represent data
points from patients with NPC who were not taking miglustat. Error bars indicate SDs. L indicates
left; R, right.
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volume of the whole thalamus bilaterally (left: r ¼ �0.8; 95% CI,
�0.95 to�0.34; right: r¼ �0.7; 95% CI, –0.92 to�0.13).

Correlations between Neuroimaging and Clinical
Assessments
In the NPC group, QSM in the left hippocampus correlated
with the NUCOG score (r ¼ 0.73; 95% CI, 0.13–0.94). In the
clusters within the left thalamus that showed significantly
higher QSM in NPC, mean QSM values were associated with
the Iturriaga disease severity score (r ¼ 0.69; 95% CI, 0.1–0.92).
Volume in the thalamus and right hippocampus (ROIs with

significant between-group volume differences) did not corre-
late with any of the clinical measures (Online Supplemental
Data).

DISCUSSION
In the present study, we used QSM MR imaging at ultra-high
field (7T) to examine brain iron in patients with NPC. QSM accu-
rately estimates magnetic susceptibility at a voxel level and pro-
vides an indirect measurement of iron, a strong paramagnetic
element with large positive magnetic susceptibility that increases
the QSM signal.45,46 In contrast, cholesterol and sphingomyelin,
which pathologically accumulate in the brain in NPC, have weak
negative magnetic susceptibility and reduce QSM.47 In the pres-
ence of abnormal lipid deposition that has an opposing effect on
QSM than iron, a finding of higher QSM in NPC indicates
greater iron content, but lower QSM in NPC can result from the
negative magnetic susceptibility of lipid aggregates along with
decreased, unchanged, or (slightly) increased iron. In the right
hippocampus and scattered areas within the white matter, QSM
was lower in the NPC group, consistent with the effect of lipid
accumulation. In the thalamus, however, QSM differences were
heterogeneous; while there was a widespread cluster of lower
QSM in the thalamus, there were bilateral foci of higher QSM in
the pulvinar nuclei, indicating a regional accumulation of iron.
Furthermore, the volume of the thalamus was markedly lower in
the NPC group.

Our secondary analyses demonstrated that excess iron in the
pulvinar is associated with a reduced volume of the thalamus in
the NPC group (Table 3). In the left pulvinar nucleus, iron con-
tent was also associated with higher disease severity scores. In
fact, disease severity showed greater correlation with QSM in the

Table 2: ROI-based between-group comparison of mean QSM
values with age and ROI volume as covariates

ROI

Control
(Mean) (SD)

(ppb)

NPC
(Mean)

(SD) (ppb)

FDR-
Adjusted
P Value

Effect
Size
(g2p)

Putamen
Left 17 (5) 17.01 (9) .56 0.03
Right 15.6 (3.5) 15.8 (7.4) .79 0.003
Caudate
Left 22.6 (3.4) 22 (7.7) .56 0.02
Right 22.2 (4.3) 20.4 (5.9) .63 0.01
Globus pallidus
Left 81.3 (20.8) 95.1 (23) .56 0.06
Right 84.9 (16.6) 102.7 (19.5) .51 0.12
Thalamus
Left 2.4 (4) 2.2 (6.1) .31 0.1
Right 1.5 (3.5) 1 (6.2) .56 0.04

Hippocampus
Left –1.6 (2.2) –8.2 (3.6) .10 0.3
Right –1.9 (2.1) –5.7 (3.3) .04 0.2

Note:—ppb indicates parts per billion; FDR, false detection rate

FIG 2. Voxelwise between-group comparison of QSM. A, Lightbox axial view with 4-mm section spacing. The yellow-red spectrum indicates
clusters with higher QSM, and the blue-to-light blue spectrum shows clusters with lower QSM values in the NPC group compared with healthy
controls. B, A visualization of the thalamus with clusters that show significant between-group QSM difference. Red and blue indicate higher and
lower QSM in the NPC group compared with the control group, respectively. Clusters with increased QSM in NPC, depicted in red, are in the
posterior part of the thalamus, consistent with the anatomic location of the pulvinar nucleus.
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left pulvinar cluster than with the volume of the thalamus
(Online Supplemental Data). Taken together, these findings point
to a preferential deposition of iron in the pulvinar nucleus in
association with disease severity and atrophy of the thalamus.
The thalamus is centrally involved by the pathology of NPC.
Previous structural studies have demonstrated the second highest
levels of neuronal loss in the thalamus in NPC, after the cerebel-
lum.1,5,48,49 In the present study, in addition to the marked atro-
phy in the thalamus, we identified a marked heterogeneity in

thalamic iron distribution, suggested by

clusters of higher and lower QSM in

NPC, which might link iron to the neu-

ropathology of NPC. The pulvinar nu-

cleus, through its connectivity to the
visual cortical areas, is believed to play

an important role in the regulation of

visual attention and oculomotor func-

tions.50 One of the characteristic neuro-

logic findings in NPC is supranuclear

vertical gaze palsy,51 which we specu-

late could be associated with our find-
ing of increased iron concentration and

the previously reported atrophy in the

pulvinar nucleus.48

The link between the NPC genotype
and our observation of a regional
increase in brain iron content can be
found in genetic studies. In NPC, in
addition to the mutation of the NPC
gene, coexisting upregulation of multiple
genes involved in iron homeostasis52

and diminished expression of ferritin15

have been reported. Ferritin is the main
intracellular iron storage, which seques-
ters and prevents iron from participating
in reactions that generate oxidative stress.
These genetic alterations are potentially
associated with the elevated brain iron
and oxidative stress observed in animal
models of NPC.4,16 While the abnormal
accumulation of cholesterol and sphingo-
lipids is believed to be the underlying
pathologic mechanism for neurodegener-
ation in NPC, oxidative stress associated
with iron burden can be a mediating fac-
tor for neurotoxicity in this disorder.
QSM, in its current state, is unable to dif-
ferentiate various biologic forms of iron
such as ferritin-bound, neuromelanin, or
free labile iron (which contributes to oxi-
dative stress and cytotoxicity). Protein-
bound forms of iron (ferritin and neuro-
melanin) have stronger paramagnetic
properties and make the greatest contri-
bution to QSM signal. It is possible that
the higher QSM in the pulvinar nucleus

observed in this study partly or wholly originates from an elevation
in these stable forms of iron. However, an increase in protein-bound
iron would also be associated with or reflect an increase in labile
iron because the labile and protein-bound forms of iron exist in an
equilibrium in which an increase on either side elevates (or is causes
by the elevation of) the other side. By demonstrating regional accu-
mulation of iron in NPC using advanced in vivo neuroimaging, this
pilot study provides a promising approach for understanding the
neurobiologic changes in NPC that warrant further investigations.

FIG 3. Representative QSM images from control and NPC groups. Colored linesmark the borders
of segmentations labels: green, putamen; brown, caudate nucleus; red, thalamus; blue, globus
pallidus.

FIG 4. ROI-based between-group comparison of mean QSM values. In the Tukey boxplots, the
middle line of each box indicates the median, upper, and lower boundaries of the boxes and
shows the upper and lower quartiles, respectively; the upper and lower whiskers show the maxi-
mum and minimum data points; and the cross signs indicate the mean in each group. Filled trian-
gles represent data points from patients with NPC who were not taking miglustat. Error bars
indicate SDs in the entire control and NPC groups. In the thalamus, patients with NPC who were
not taking miglustat had higher mean QSM values than those who were prescribed miglustat. L
indicates left; R, right.
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This knowledge has implications in the development of new thera-
peutic modalities for patients with NPC.

Miglustat is a glucosylceramide synthase inhibitor that is an
approved treatment for NPC1, for which it shows modest effi-
cacy. Seven of the 10 participants in the NPC group were on
active treatment with miglustat. Whereas this small number
precludes a subset analysis, we show these instances in the data
(Fig 3), in which patients who were not receiving miglustat
showed higher QSM values in the thalamus. It is unclear
whether miglustat would have an impact on the homeostasis of
iron in the brain. Considering its mechanism of action, treat-
ment with miglustat would be expected to increase QSM sec-
ondary to lower lipid accumulation, while in the thalamus,
patients who were not treated with miglustat had the highest
QSM values. Iron chelation has recently gained attention as a
potential medical treatment of neurodegenerative disorders
such as Alzheimer disease and Parkinson disease.53 In a previ-
ous animal study however, iron chelation with deferiprone did
not rescue a mouse model of NPC,54 so pharmacologic strat-
egies to correct the abnormal distribution of iron may need to
target iron trafficking indirectly.

This study has potential limitations. One limitation is the
small sample size, which restricted the power to observe statistical
significance in small-to-medium effect sizes. Considering the rar-
ity of the disorder, the small study population was expected, and
we tailored the statistical methods to limit the number of primary
comparisons to our central hypothesis, supported by previous
reports and our probing voxelwise analysis. However, we tested
the associations among regional iron, brain volume, and clinical
measures as secondary tests to inform future hypotheses and
investigations. Furthermore, we used an ultra-high-field MR
imaging scanner (7T), which enhances the magnetization of para-
magnetic particles, increasing the tissue-phase perturbation and
amplifying the detection power for smaller effect sizes of differ-
ence among groups compared with 3T or 1.5T scanners.

A second limitation is the inability of our QSM method to
estimate paramagnetic and diamagnetic contributions of iron
and lipid moieties to the QSM signal. Such a distinction would
allow us to detect potential alterations in iron distribution that
could be masked by the abnormal lipid accumulation in NPC.

Recently, new methods have been proposed to enable the decom-
position of positive and negative magnetic susceptibility sour-
ces.55 However, in our experience, we found the biexponential
model that aims to disentangle positive and negative susceptibilities
to be mathematically unstable, and we were not able to incorporate
it into our QSM pipeline.

CONCLUSIONS
The present study provides in vivo evidence consistent with pre-
vious human and animal reports suggesting the disturbance of
brain iron in NPC, in association with clinical features and struc-
tural brain changes. Further studies are required to investigate a
potential link between iron dysregulation and neurodegeneration
of NPC, ideally using a longitudinal design. Uncovering a possi-
ble role for iron in the neurotoxicity of NPC can be an avenue for
treatment of individuals with NPC.
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Choroid Plexus Calcification Correlates with Cortical
Microglial Activation in Humans: A Multimodal PET, CT, MRI

Study
T. Butler, X.H. Wang, G.C. Chiang, Y. Li, L. Zhou, K. Xi, N. Wickramasuriya, E. Tanzi, E. Spector, I. Ozsahin,

X. Mao, Q.R. Razlighi, E.K. Fung, J.P. Dyke, T. Maloney, A. Gupta, A. Raj, D.C. Shungu, P.D. Mozley,
H. Rusinek, and L. Glodzik

ABSTRACT

BACKGROUND AND PURPOSE: The choroid plexus (CP) within the brain ventricles is well-known to produce cerebrospinal fluid
(CSF). Recently, the CP has been recognized as critical in modulating inflammation. MRI–measured CP enlargement has been
reported in neuroinflammatory disorders like MS as well as with aging and neurodegeneration. The basis of MRI–measured CP
enlargement is unknown. On the basis of tissue studies demonstrating CP calcification as a common pathology associated with
aging and disease, we hypothesized that previously unmeasured CP calcification contributes to MRI–measured CP volume and may
be more specifically associated with neuroinflammation.

MATERIALS AND METHODS:We analyzed 60 subjects (43 healthy controls and 17 subjects with Parkinson’s disease) who underwent
PET/CT using 11C-PK11195, a radiotracer sensitive to the translocator protein expressed by activated microglia. Cortical inflammation
was quantified as nondisplaceable binding potential. Choroid plexus calcium was measured via manual tracing on low-dose CT
acquired with PET and automatically using a new CT/MRI method. Linear regression assessed the contribution of choroid plexus
calcium, age, diagnosis, sex, overall volume of the choroid plexus, and ventricle volume to cortical inflammation.

RESULTS: Fully automated choroid plexus calcium quantification was accurate (intraclass correlation coefficient with manual
tracing ¼ .98). Subject age and choroid plexus calcium were the only significant predictors of neuroinflammation.

CONCLUSIONS: Choroid plexus calcification can be accurately and automatically quantified using low-dose CT and MRI. Choroid
plexus calcification—but not choroid plexus volume—predicted cortical inflammation. Previously unmeasured choroid plexus calcium
may explain recent reports of choroid plexus enlargement in human inflammatory and other diseases. Choroid plexus calcification
may be a specific and relatively easily acquired biomarker for neuroinflammation and choroid plexus pathology in humans.

ABBREVIATIONS: AD ¼ Alzheimer disease; BMI ¼ body mass index; BPnd ¼ nondisplaceable binding potential; CP ¼ choroid plexus; HU ¼ Hounsfield units;
ICC ¼ intraclass correlation coefficient; PD ¼ Parkinson disease; PK ¼ 11C-PK11195; TSPO ¼ translocator protein

The choroid plexus (CP), a highly vascularized filamentous
structure within the brain ventricular system, is well-known

to produce CSF. Recently, additional, important CP functions

have been recognized, including the regulation of inflammation.
The CP both initiates and modulates neuroinflammation, and CP
dysfunction is considered highly relevant to the pathophysiology
of disorders characterized by excess inflammation such as MS1-6

and Alzheimer disease (AD)7-9 as well as normal aging.10

Unlike virtually all brain parenchymal structures, which atro-
phy in association with aging and dysfunction, CP enlargement
appears to be pathologic, and recent MRI studies have demon-
strated larger CP volume in patients with neuropsychiatric disor-
ders, including MS,4-6 AD,7,8 depression,11 and stroke,12 and
normal aging.10 The basis of CP enlargement remains uncertain,
but on the basis of postmortem and animal studies, it has been
posited to relate to CP basement membrane thickening and
fibrous stroma expansion with protein, inflammatory cells, and
deposition of metal, in particular calcium.13-16 While most of
these CP components are detectable and quantifiable only through
direct examination of tissue, the assessment of calcium using in
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vivo neuroimaging is relatively simple because of its vastly higher
photon attenuation compared with water and brain, making it eas-
ily visible on CT.

For decades, CP calcification has been recognized as a normal
phenomenon, with gradually increasing calcification noted with
increasing age. CP calcification may have been the first age-related
brain change ever detected in living humans. In 1930, Cornelius
Dyke, considered the world’s first neuroradiologist, noticed that
CP calcification on skull radiographs was rare in children but com-
mon in the elderly.17 This finding was demonstrated in 1980 using
CT.18 Markedly increased calcification of the CP, basal ganglia,
and other brain structures in association with neuropsychiatric
decline constitutes the still-poorly-understood and underdiag-
nosed syndrome of Fahr disease.19 CP calcification has received
less research attention in recent years, in large part because MRI,
with its submillimeter spatial resolution and lack of radiation has
supplanted CT as the technique of choice for human neuroimag-
ing research, and the variable signal of calcium on typical MRI
makes calcium quantification on MRI challenging20,21 (though
novel quantitative susceptibility mapping sequences under devel-
opment may, in the future, support MRI quantification of calcium
with an accuracy approaching that of CT22).

To our knowledge, decades-old recognition of increasing CP
calcification with aging and certain diseases has not been linked
to the more recent understanding that CP has important roles
beyond CSF production, in particular the regulation of neuroin-
flammation.1-6 Neuroinflammation can currently be measured in
vivo in humans using PET with radiotracers sensitive to the
translocator protein (TSPO) expressed by activated microglia, the
resident immune cell type of the brain.23-25 Increased regional
TSPO PET signal has been demonstrated in a number of human
neuroinflammatory and neurodegenerative disorders.23,25 However,
despite the development of several new TSPO radiotracers during
the past 15 years, there remain significant challenges associated with
TSPO PET implementation, quantification, and interpretation,
motivating research to identify additional biomarkers for neuroin-
flammation appropriate for human use.25,26 Intriguingly, 2 recent
PET studies showed that cortical TSPO expression correlated with
MRI–measured CP volume in patients with MS6 and depression.11

On the basis of neuropathologic evidence that calcium deposition is
associated with CP basement membrane thickening and fibrous
stroma expansion in aging and disease,13-16 we wondered whether
this correlation between CP volume and TSPO PET–measured neu-
roinflammation could be due to calcium. If so, CP calcium, which is
easily detectable using CT, could represent a simple biomarker of
neuroinflammation.

We, therefore, took a multimodal imaging approach, combin-
ing CT, MRI, and TSPO PET to measure the relationship
between CP calcium and cortical neuroinflammation in a con-
venience sample of subjects (healthy controls and patients with
Parkinson disease [PD]) who had undergone PET using the
TSPO radiotracer 11C-PK11195 (PK) at our institution and who
had agreed to their data being included in a local neuroimage
repository.

We developed an automated method for measuring CP calcium
volume using low-dose CT (routinely acquired during PET/CT
studies) and MRI, which we validated against semimanual tracing.

We hypothesized that the volume of calcium within the CP would
be an independent predictor of PET-measured neuroinflammation.

Although the purpose of this study was to assess the contribu-
tion of CP calcium to cortical neuroinflammation as a general
phenomenon, rather than as a function of disease, we also assessed
the possible effects of the diagnosis (PD or control) on CP cal-
cium, TSPO PET, and their interaction.

MATERIALS AND METHODS
Subjects
Subjects (n ¼ 60) who underwent PK PET for several different
studies conducted on a single PET/CT scanner between 2013 and
2019 were included in this analysis. This was a convenience sam-
ple based on available scan data. Subjects were either healthy con-
trols (n ¼ 43) or had been diagnosed with PD without dementia
(n ¼ 17) on the basis of standard criteria.27 Most subjects with
PD were taking $1 medication for PD. Healthy subjects were
free from serious medical or neurologic disease including sub-
stance abuse. Common medical conditions in older subjects such
as hypertension and hypercholesteremia and medications to treat
these conditions were not exclusionary. No subjects were taking
anti-inflammatory medication. All subjects provided informed con-
sent to participate in a disease-focused research study and for their
data to be included in a registry for future analyses such as this one.

PET and MR Image Acquisition
PET images were acquired during 1 hour in list mode, starting at
the time of injection of �370 MBq of PK on a Biograph PET/CT
scanner (Siemens) (voxel size: 1.0182� 1.0182� 2.025 mm3).
Low-dose CT was acquired immediately before the PET acquisi-
tion (voxel size: 0.488 � 0.488 � 1.5mm3). 3D volumetric T1-
weighted BRAVO (GE Healthcare) (voxel size: 0.9375 � 0.9375 �
1.5 mm3) or MPRAGE (voxel size: 1 mm3 isotropic) MR images
were acquired using a Discovery MR750 (GE Healthcare) or Tim
Trio 3T (Siemens) scanner, respectively.

PET Image Processing
PET images were reconstructed into 22 frames and motion-cor-
rected using MCFLIRT28 (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
MCFLIRT) in FSL (http://www.fmrib.ox.ac.uk/fsl).29 Nondisplaceable
binding potential (BPnd) images reflecting the concentration of
TSPO expressed by activated microglia, irrespective of tracer
delivery and blood flow, were generated from dynamic PET using
a multilinear reference tissue model30 implemented in the freely
available software package FireVoxel (https://firevoxel.org). The
reference tissue time-activity curve was identified via optimized
supervised cluster analysis,31 which is considered the method of
choice for analyzing PK PET scans.32

MR Image Processing
FreeSurfer, Version 7 (http://surfer.nmr.mgh.harvard.edu),33 was
used to segment MR images for 3 purposes: to define the bilateral
cortical ROI as well as other regions for quantifying PET signal; to
segment the bilateral lateral ventricles for the automated calcium-
quantification method described below; and to quantify CP and lat-
eral ventricle volume to be included as predictors of cortical
inflammation. For this latter purpose, CP and ventricular volumes
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were divided by each subject’s whole-brain volume, calculated
using SPM 12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12),
to account for head size. To quantify inflammation (average
BPnd) over the cortical ROI, each subject’s T1-weighted MRI was
linearly coregistered to his or her summed PET image with rigid
body transformation in FSL.29 ROIs were transformed to PET
space with the inverse transformation matrix from the coregistra-
tion step and eroded 1mm in-plane to minimize partial volume
effects.

Semimanual Quantification of CP Calcium on CT
Using FireVoxel, CT images were windowed at width ¼ 100
Hounsfield units (HU) and level ¼ 50 HU to clearly visualize CP
calcifications, which typically have a signal of .100 HU.34 3D
ROIs of CP calcification within all horns of the bilateral lateral
ventricles were drawn using an electronic paint brush on contigu-
ous axial images. ROIs were then thresholded at 60 HU to
exclude any noncalcified voxels. Semimanual tracing was per-
formed by one rater on a random subset of scans (n¼ 44).

Automated Quantification of CP Calcium Using
MRI and CT
T1 MRI and FreeSurfer segmentations were coregistered to CT
using rigid transformation with the Advanced Normalization
Tools software package (http://stnava.github.io/ANTs/).35 An
ROI mask consisting of the bilateral CPs and the posterior por-
tion of the bilateral lateral ventricles (posterior to the most ante-
rior extent of the CP) was generated. Excluding the most anterior
portion of this mask prevented erroneous misidentification of
parenchymal voxels as calcified and was found to improve corre-
lation with manual tracing. Voxels with Hounsfield units of
.100 within this combined CP/posterior lateral ventricle mask
were used as seeds to build a weighted image based on the inten-
sity difference. This weighted image was segmented into back-
ground and foreground using the fast marching method.36

Clusters from the segmentation were then divided into 2 groups
using k-means clustering,37 and the one with higher signal was
selected as the calcified CP voxels.

Statistical Analyses
Analyses were performed in SPSS, Version 26 (IBM). Results
were considered significant at P, .05.

Subject demographic factors were summarized using means
and SDs. Although between-group differences were not the
focus of this study, possible demographic differences between
subjects with PD and controls were assessed using 2-sample t
test (age) and x 2 test (sex).

The intraclass correlation coefficient (ICC) assessed agree-
ment between semimanual and automated CP calcium volumes.

Multiple linear regression was used to assess the contribution
of CP calcium, CP overall volume, ventricle volume, age, sex,
body mass index (BMI; previously shown to affect TSPO PET38),
and diagnosis (control or PD) to the dependent variable of cortical
BPnd. Because disease effects on these measures are unknown, we
also assessed whether the interaction between diagnosis and any
of these variables contributed significantly to cortical BPnd.

In exploratory analyses using Mann-Whitney tests, we assessed
whether any measured neuroimaging parameters differed between
subjects with PD and controls.

RESULTS
Subject Demographics
Subjects (n ¼ 60) ranged in age from 23 to 78 (mean, 57.0 [SD,
14.3]) years and included 24 (40%) women. The 2 types of sub-
jects included in our convenience sample (PD [n ¼ 17] and con-
trol [n ¼ 43]) did not differ significantly by age, sex, or BMI.
Details of subject demographics are presented in the Online
Supplemental Data.

Comparison between Semimanual and Automated CP
Calcium Measurements
There was excellent absolute agreement between semimanual and
automated calciummeasurements (ICC¼ 0.982, F[43, 43]¼ 71.42,
P, .001). On the basis of this agreement, for all subsequent analy-
ses, CP calcium refers to the automated value. Figure 1 shows an
example of CP semimanual and automated segmentation.

Association of CP Calcium, CP Overall Volume, Ventricle
Volume, Age, Sex, BMI, and Diagnosis with Cortical BPnd
A multiple regression model (R2 ¼ 0.298, adjusted R2 ¼
0.203 F[7, 52] ¼ 3.15, P ¼ .008; details provided in the Table and
Fig 2) showed that only age (P ¼ .017) and CP calcium (P ¼ .017)
were significant predictors of cortical BPnd. Neither CP volume,
ventricle volume, sex, nor diagnosis (control versus PD) was a

FIG 1. Example of CP calcification segmentation. A, Axial section
from a low-dose CT acquired with PET/CT shows CP calcification in
the occipital horn of the lateral ventricles bilaterally. B, Semimanually
traced CP calcification is shown in yellow; fully-automated segmenta-
tion, in blue; and the overlap, in green. C, Magnified view of B shows
close correspondence between semimanual and automated CP calci-
fication segmentation.
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significant predictor of cortical BPnd, and no interaction
terms were significant.

Exploratory Group Differences
As shown in the Online Supplemental Data, there were no significant
differences in the neuroimaging parameters of interest (CP calcium
volume, CP overall volume, PK PET cortical BPnd) between subjects
with PD and controls, though there was a nonsignificant trend (P ¼
.078) for subjects with PD to have greater cortical BPnd than con-
trols. BPnd in other brain regions also did not differ between subjects
with PD and controls (all P. .1). These results are shown in the
Online Supplemental Data, along with an example of a PK PET scan
with normal findings illustrating typical regional TSPO expression.

DISCUSSION
We show that the volume of calcium
within CP—but not CP overall vol-
ume—is associated with TSPO PET–
measured cortical neuroinflammation
and provides a method for accurately
and automatically measuring CP cal-
cium volume using MRI and low-
dose CT. This method was highly
congruent (ICC ¼ 0.98) with the gold
standard of manual tracing. We dis-
cuss implications of these findings as
well as important limitations.

CP CalcificationMay Account for
Prior Findings of CP Enlargement in
Association with
Neuroinflammatory Disease
Our results shed light on the basis of
pathologic CP enlargement increasingly
recognized in association with human
inflammatory and neurodegenerative
diseases.6-8,10,11 It is possible that
unmeasured CP calcium can explain
prior findings of CP enlargement in
human aging and disease, including
highly relevant recent findings of CP
enlargement in association with TSPO
PET–measured inflammation in MS
and depression.6,11 Additional work,
including studies linking in vivo or ex
vivo neuroimaging of the human CP to
direct tissue assessment, would be
needed to determine more precisely the
contribution of calcium and other CP
histologic features to MRI–measured
volume of the CP and its relation with
neuroinflammation. It will also be im-
portant to determine whether our find-
ing that CP calcification but not CP
overall volume predicts cortical TSPO
expression, which we have demon-
strated in subjects without known neu-
roinflammatory disease, holds true in

subjects with more prominent neuroinflammation as occurs in
MS.

CP Calcification as a Potential Biomarker for
Neuroinflammation
Assessing neuroinflammation in humans is challenging, and cur-
rent methods are limited to TSPO PET, which has well-known lim-
itations, including a low SNR and poor availability outside
academic medical centers.25,26 Our finding that CP calcification cor-
related significantly with cortical TSPO expression, coupled with
our automated method for quantifying CP calcification using low-
dose CT, suggests the potential for CP calcification to serve as a rel-
atively easily acquired biomarker or proxy for neuroinflammation.

FIG 2. Partial regression plot showing the relation of CP calcium to PK BPnd in 60 subjects when
controlling for the other variables (CP overall volume, ventricle volume, age, sex, BMI, and diagno-
sis [PD or control]).

Linear regression model predicting cortical BPnd in 60 subjectsa

Variable Unstandardized b Standardized b P Value
CP calcium volume 2.77E–5 0.324 .017
Age 0.001 0.336 .017
CP volume –1.78E–5 –0.256 .181
Ventricle volume 4.97E-7 0.219 .230
Sex 0.006 0.127 .310
BMI –0.001 –0.145 .267
Diagnosis (control or PD) 0.002 0.041 .751

a Only CP calcium and age were significant predictors.
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Because our results are based on a convenience sample of subjects
and do not include subjects with overt neuroinflammatory dis-
ease, additional work would be needed to determine whether CP
calcification correlates with TSPO PET in diseases associated
with more severe neuroinflammation like MS. It would also be
important to determine whether CP calcification changes in
response to anti-inflammatory therapy. While brain calcium
deposits are often considered permanent and life-long, a recent
study using [18F]-NaF PET showed that the calcium in the CP
may be uniquely metabolically active and potentially dynamic.39

Furthermore, parenchymal calcification associated with neonatal
toxoplasmosis has been shown to diminish with antimicrobial
treatment.40

CP Calcification Explains Interindividual Variability in
TSPO PET
Wide and unexplained interindividual variability in TSPO PET is
a known limitation of this technique, making detection of dis-
ease-specific alterations challenging.25,26 Our multiple regression
model including age and CP calcium explained 30% of the vari-
ability in cortical TSPO expression. While this explanatory power
may seem modest, it is similar to the effect of the TSPO gene
rs6971 polymorphism that defines high-, low-, and mixed-affinity
binders in studies using second-generation TSPO PET tracers
(but not studies like this one using the first-generation tracer
PK).41,42 Studies using second-generation TSPO tracers must ge-
netically screen all subjects because accounting for this polymor-
phism is essential for data interpretation. Similarly, accounting
for CP calcification would be expected to reduce unexplained var-
iability in TSPO PET studies, improving interpretability and facil-
itating detection of effects of interest.

No Significant Differences between Subjects with PD and
Controls
Although not the focus of this study, in exploratory analyses, we
assessed CP calcification, CP volume, and cortical neuroinflamma-
tion in subjects with PD compared with controls and did not find
any significant differences. Normal CP volume in PD is in accord
with 1 prior study.8 There was a trend (P ¼ .078) for subjects with
PD to have greater cortical TSPO expression than controls. Prior
TSPO PET studies of PD have provided variable results: Some
show increased TSPO expression in regions including the cortex,
basal ganglia, and midbrain compared with controls,43,44 though
others show no significant differences.45 Current negative results
in this relatively small sample of subjects with PD cannot resolve
the controversy over this issue. Our finding that subject diagnosis
did not affect the correlation between CP calcification and cortical
neuroinflammation suggests that this correlation may be a general
phenomenon, potentially broadly relevant in human health and
disease. Additional work in larger and more diagnostically diverse
groups of subjects is needed.

Usefulness of Low-Dose CT Acquired with PET to Measure
CP Calcification
Because most human PET studies are currently performed using
PET/CT machines, an association of CP calcification with any type
of PET-measured molecular information can be assessed with no
additional cost or radiation exposure. For example, CP dysfunction

has been posited to play an early etiologic role in AD.7-9 Whether
CP calcification predicts AD protein deposition could be assessed
using existing longitudinal neuroimage repositories if the CT por-
tion of the PET/CT were recognized as valuable and made available.

Limitations
This study has several important limitations.

This is a cross-sectional study demonstrating a correlation
between CP calcification and cortical neuroinflammation. Results
suggest that CP calcification, which is simple to measure, could
serve as a biomarker for cortical inflammation, which is much
more difficult to measure. However, this study cannot clarify cau-
sality, the mechanism linking these 2 measures, nor whether
increased cortical TSPO expression may be detrimental or benefi-
cial. While PET-measured TSPO expression has traditionally
been considered to reflect an activated, proinflammatory, detri-
mental microglial phenotype termed M2 (versus a resting M1
phenotype associated with the maintenance of homeostasis), it is
now recognized that this bimodal scheme is an oversimplification
and that microglial phenotypes and functions cannot be fully
characterized using a probe for a single molecule.46 A recent
study using an animal model of Fahr disease found that activated
microglia were beneficial in regulating calcification and preventing
neurodegeneration.47 The question of whether such homeostatic
interplay between microglia and calcification occurs in humans
and whether it may be altered in diseases such as MS and AD asso-
ciated with microglial dysfunction1-6,48 requires additional longitu-
dinal study.

Another limitation of this study is that TSPO is expressed in
the brain not just by microglia but by several cell types including
other brain macrophages, astrocytes, vascular endothelial cells, and
possibly neurons.24,49,50 Meningeal macrophages51 bordering the
cortical ROI in this study may contribute to the cortical signal.
Because of these limitations of TSPO PET imaging, there is intense
interest in identifying new neuroimaging methods to quantify neu-
roinflammation in vivo in humans.24-26 However, currently, TSPO
PET remains the only available research option, and we apply opti-
mal image processing and analysis methods in this study.32

It is a limitation that our analysis is retrospective and based
on a relatively small convenience sample of heterogeneous sub-
jects (controls and subjects with PD) scanned for different proj-
ects and that we did not include subjects with a definite
neuroinflammatory disease like MS. Future prospective studies
including additional patient populations are needed to determine
whether the association of CP calcification with cortical TSPO
expression that we have demonstrated holds true when the range
of neuroinflammation across subjects is greater. Replication and
extension of our findings in greater numbers of subjects and in
different disease states is necessary and would be facilitated by
the inclusion of the CT portion of PET/CT studies in public neu-
roimage repositories. Our results show that information about
CP calcification present in low-dose CT is valuable and should
not be discarded.

CONCLUSIONS
CP calcification volume can be reliably quantified using semima-
nual tracing on low-dose CT acquired with PET/CT and fully
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automatically using our new, accurate (ICC with semimanual
tracing ¼ 0.98) CT/MRI method. CP calcification and age—but
not overall CP volume—significantly predicted PK PET-meas-
ured cortical neuroinflammation in this study. CP calcification is
a relatively easily assessed, previously overlooked potential bio-
marker for neuroinflammation and CP pathology.
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Cost-Effectiveness Analysis of 68Ga-DOTATATE PET/MRI in
Radiotherapy Planning in Patients with Intermediate-Risk

Meningioma
J. Rodriguez, G. Martinez, S. Mahase, M. Roytman, A. Haghdel, S. Kim, G. Madera, R. Magge, P. Pan,

R. Ramakrishna, T.H. Schwartz, S.C. Pannullo, J.R. Osborne, E. Lin, J.P.S. Knisely, P.C. Sanelli, and J. Ivanidze

ABSTRACT

BACKGROUND AND PURPOSE: While contrast-enhanced MR imaging is the criterion standard in meningioma diagnosis and treat-
ment response assessment, gallium 68Ga-DOTATATE PET/MR imaging has increasingly demonstrated utility in meningioma diagnosis
and management. Integrating 68Ga-DOTATATE PET/MR imaging in postsurgical radiation planning reduces the planning target vol-
ume and organ-at-risk dose. However, 68Ga-DOTATATE PET/MR imaging is not widely implemented in clinical practice due to
higher perceived costs. Our study analyzes the cost-effectiveness of 68Ga-DOTATATE PET/MR imaging for postresection radiation
therapy planning in patients with intermediate-risk meningioma.

MATERIALS AND METHODS: We developed a decision-analytical model based on both recommended guidelines on meningioma
management and our institutional experience. Markov models were implemented to estimate quality-adjusted life-years (QALY).
Cost-effectiveness analyses with willingness-to-pay thresholds of $50,000/QALY and $100,000/QALY were performed from a
societal perspective. Sensitivity analyses were conducted to validate the results. Model input values were based on published
literature.

RESULTS: The cost-effectiveness results demonstrated that 68Ga-DOTATATE PET/MR imaging yields higher QALY (5.47 versus 5.05) at
a higher cost ($404,260 versus $395,535) compared with MR imaging alone. The incremental cost-effectiveness ratio analysis deter-
mined that 68Ga-DOTATATE PET/MR imaging is cost-effective at a willingness to pay of $50,000/QALY and $100,000/QALY.
Furthermore, sensitivity analyses showed that 68Ga-DOTATATE PET/MR imaging is cost-effective at $50,000/QALY ($100,000/QALY)
for specificity and sensitivity values above 76% (58%) and 53% (44%), respectively.

CONCLUSIONS: 68Ga-DOTATATE PET/MR imaging as an adjunct imaging technique is cost-effective in postoperative treatment
planning in patients with meningiomas. Most important, the model results show that the sensitivity and specificity cost-effective
thresholds of 68Ga-DOTATATE PET/MR imaging could be attained in clinical practice.

ABBREVIATIONS: CTCAE ¼ Common Terminology Criteria for Adverse Events; EBRT ¼ external beam radiotherapy; GTR ¼ gross total resection; PFS ¼
progression-free survival; QALY ¼ quality-adjusted life-years; RT ¼ radiotherapy; SRS ¼ stereotactic radiosurgery; SSTR2A ¼ somatostatin receptor 2A; WHO ¼
World Health Organization; WTP ¼ willingness to pay

Meningiomas are the most common primary benign brain
neoplasms.1 Surgery is the primary management, particu-

larly for larger or symptomatic tumors. The World Health
Organization (WHO) classification stratifies patients on the basis

of histopathologic features (number of mitotic figures per high-
power field), and it is used in prognostication and postoperative
radiation therapy planning. While most meningiomas are grade 1,
approximately 15%–20% are grade 2 or 3, demonstrating more
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aggressive behavior and worse prognosis. Gross total resection
(GTR) is not achieved in up to 50%, with resulting lower rates of
progression-free survival (PFS).2

Surgery is the standard of care for meningiomas. Current
postoperative management, especially in intermediate risk me-
ningiomas, is currently not based on level 1 evidence. Patients
with WHO grades 2 and 3 meningiomas are treated with a com-
bination of surgery and postoperative irradiation.3 Treatment
choice (radiotherapy [RT], re-operation, and active surveillance)
is highly individualized and depends on tumor location, degree
of progression, associated clinical symptoms, and the preference
of the patient and treating physician.3,4 While re-operation can
be an option in selected patients, overall patients undergoing re-
operation for recurrent meningioma have been shown to have
higher rates of postoperative complications and worse clinical
outcomes.5,6 External beam radiation therapy (EBRT) and stereo-
tactic radiosurgery (SRS) may improve clinical outcomes in
patients with a higher risk of recurrence, including high-grade
and recurring meningiomas.7 However, the role of EBRT for me-
ningiomas is currently being evaluated.8 The NRG Oncology
RTOG 0539 trial is an international Phase II trial assessing the ben-
efits of RT in intermediate risk meningiomas, defined as recurrent
WHO grade 1 meningiomas after either GTR or subtotal resection
and new WHO grade 2 meningiomas after GTR. Rogers et al3

reported a 3-year PFS rate of 93.7% with minimal radiation-
induced adverse events, validating the use of postoperative RT for
intermediate-risk meningiomas. These results emphasize the impor-
tance of optimizing target delineation in postoperative RT planning
of intermediate-risk meningiomas.

Accurate tumor delineation is critical for optimal radiation
planning, as well as to minimize radiation-induced complica-
tions. Contrast-enhanced MR imaging is the standard of care for
postoperative RT planning.3 However, MR imaging has many
limitations regarding tumor delineation, particularly in the con-
text of infiltrative or en plaque lesions, lesions with osseous or
parenchymal invasion, and in differentiating residual tumor from
postsurgical scarring or inflammation.7,9

Somatostatin receptor 2A (SSTR2A) is overexpressed in me-
ningiomas and is a highly sensitive and specific meningioma bio-
marker.10,11 Gallium 68Ga-DOTATATE is a PET radiotracer
binding SSTR2A with high affinity. It is widely used clinically for
gastrointestinal neuroendocrine tumors, which also overexpress
SSTR2A.12 68Ga-DOTATATE PET/CT demonstrated marked
improvement in the sensitivity for detection of osseous involve-
ment of meningiomas compared with MR imaging (98.5% versus
53.7%), while maintaining a high specificity (86.7% versus 93.3%).13

Most important, the improved sensitivity of 68Ga-DOTATATE
PET for differentiating residual meningiomas from postsurgical
dural thickening and enhancement may improve RT target volume
delineation, thereby improving clinical outcomes. Improved tumor
delineation reduces RT doses and RT burden to surrounding tissue
and organs at risk by allowing more accurate targeting of tumors,
thereby improving PFS while decreasing radiation-induced toxicity
and tumor recurrence.7,14-18

PET/MR imaging has been increasingly used clinically during
the past decade. PET/MR imaging exposes patients to less

radiation because MR imaging is used for attenuation correction
obviating the need to acquire a CT scan. Additional key advan-
tages include increased soft-tissue contrast and increased patient
convenience and resource use, given that PET/MR imaging obvi-
ates the need for 2 separate studies.

We hypothesize that 68Ga-DOTATATE PET/MR imaging
reduces health care costs due to a lower risk of both meningi-
oma progression and radiation-induced complications after RT.
To examine our hypothesis, we conducted a model-based cost-
effectiveness analysis of 68Ga-DOTATATE PET/MR imaging
for RT planning of intermediate-risk meningiomas in the US
health care setting.

MATERIALS AND METHODS
Study Cohort
The modeled cohort represents patients with nonmalignant me-
ningioma who are status post resection, with a mean age of
58 years based on the published mean age at diagnosis.15 The
cohort was divided in our model into 2 broad groups based on
treatment eligibility as recommended in the European Association
of Neuro-Oncology (EANO): 1) RT-eligible patients: intermedi-
ate-risk meningioma defined in accordance to the RTOG 0539
ongoing Phase II clinical trial as patients with either newly diag-
nosed and completely resected (as assessed by MR imaging)
WHO grade 2 meningiomas or recurrent WHO grade 1 meningi-
omas; and 2) patients under active surveillance: nonrecurrent
WHO grade 1 meningioma.

WHO grade 3 meningiomas were not included in our study,
given the lack of literature data specifically analyzing WHO grade
3 outcomes.

Decision-Analytic Model
We developed a decision-analytic model from a societal perspec-
tive in TreeAge Pro 2021 (TreeAge Software) to compare adjunct
68Ga-DOTATATE PET/MR imaging (“new strategy”) with MR
imaging alone (“standard strategy”) for postresection meningi-
oma evaluation and RT planning of intermediate-risk nonmalig-
nant meningioma in terms of clinical outcomes and costs.

Treatment and management decisions followed the EANO
guidelines on postresection RT for nonmalignant meningio-
mas.4 Patients in the model undergo tumor delineation and are
selected for RT or active surveillance on the basis of the MR
imaging or 68Ga-DOTATATE PET/MR imaging results as fol-
lows: 1) Patients with imaging findings showing the presence of
residual intermediate-risk meningioma after subtotal resection
are selected for RT with the EBRT or SRS technique;19 2)
patients with imaging findings showing gross total resection are
selected for active surveillance. Given the present lack of level 1
evidence for RT versus active surveillance in meningioma, we
modeled the outcomes of these patients on the basis of the
cohort in the study of Mirimanoff et al,20 reporting the recur-
rence and progression of patients with nonmalignant meningio-
mas following an operation.

The follow-up imaging used in both strategies follows the
main recommendations endorsed by the National Comprehensive
Cancer Network, consisting of imaging follow-up every 6 months
for the first 2 years and every year thereafter.21
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We incorporated the sensitivity and specificity of residual/recur-
rent meningioma detection following surgical resection for
68Ga-DOTATATE PET/MR imaging and MR imaging in the clin-
ical pathways to assess the downstream effects of the treatment
plan on the basis of the imaging results as illustrated in Fig 1.

Health Outcomes and Time Horizon
AMarkov model was incorporated in the decision-analytic model
to estimate the health outcomes and health care costs after inter-
vention (RT or active surveillance). The health states of the
Markov model were based onmeningioma status and patient sur-
vival as follows: 1) stable (progression-free meningioma), 2) pro-
gression (worsened tumor burden), and 3) death (meningioma-
related or other causes).

The Markov transitions were estimated with 1-year cycles. The
initial transition corresponds to the observed health state after 1
year following intervention. Furthermore, the National Cancer
Institute Common Terminology Criteria for Adverse Events
(CTCAE)22 was used to model radiation risks at 1 year following
radiation therapy. Radiation risks were categorized as CTCAE 1–2
in severity and CTCAE 3–4 in severity, and values were based on
reported data for SRS and EBRT in meningiomas.7,23-26

During the following 1-year cycles, patients could remain in the
same health state (stable or progression), transition to a worse state
(progression or meningioma-related death), or die (due to natural
causes not associated with meningioma). The Markov transition
probabilities were calculated with the PFS, overall survival, and
mortality data of patients undergoing SRS or EBRT selected with
MR imaging reported in the studies of Dohm et al26 and Pollock et
al,25 respectively. Markov transitions for patients undergoing RT in
the new strategy were based on the study by Zollner et al.23 Markov
transitions for patients with intermediate-risk and nonrecurrent
WHO 1 meningiomas following active surveillance were based on
the studies of Dohm et al26 andMirimanoff et al,20 respectively.

At every Markov transition, health outcomes were measured
with utility weights representing the quality of life at each health
state. The utilities for stable and progression states were based on a
cost-effectiveness analysis of RT for high-risk, low-grade gliomas
due to limited meningioma-specific published data.27 Costs included
in the initial transition correspond to the cost of imaging, interven-
tion and radiation-induced toxicity. Following the initial transition,
the costs incorporated the cost of follow-up care (accounting for a
visit to a physician and MR imaging every 6months during the first
2 years and annually thereafter), progressive disease, and loss of

FIG 1. Schematic representation of the decision-analytic model structure. The study cohort represents patients with nonmalignant meningioma
status post resection. Patients with imaging findings of residual disease undergo RT. Following RT with either SRS or EBRT, the model accounts
for the risk of toxicity as defined by the CTCAE classified as CTCAE 1–2 or CTCAE 3–4. The terminal nodes of the decision tree are Markov mod-
els with health states representing the status of the meningioma: progression-free, progression, or death (meningioma or other causes). The ini-
tial transition in the Markov models is determined by the assigned subcohort to a treatment plan (RT or active surveillance) based on the
imaging results. Sensitivity and specificity were incorporated in the clinical pathways to properly assess the downstream effects of the imaging
results on patients’ outcomes and costs, as illustrated in the diagram by the wrong and correct pathways. For example, patients with intermedi-
ate-risk nonmalignant meningiomas should be triaged to RT with either SRS or EBRT per the recommended guidelines (pathway represented by
the solid-line branches). However, on the basis of the sensitivity of imaging (standard strategy: MR imaging; new strategy: 68Ga-DOTATATE PET-
MR imaging), a proportion of these patients could be managed with active surveillance (pathway represented by the dashed-line branches),
increasing their risk of progression in the Markov model. CE indicates contrast-enhanced.
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productivity caused by premature meningioma-related death.
Indirect costs were calculated with the retirement age at 72 years.28

A 3% discount rate was applied to both costs and utilities following
the initial transition.29

The age-based mortality risk was obtained from the US Social
Security Administration for the general population.30 Mortality
hazard ratios were used in the model to adjust the mortality risk,
given the presence of a meningioma.31 On the basis of data avail-
ability, a 10-year time horizon was implemented in the Markov
model to assess the impact of the new strategy for treatment plan-
ning on the basis of the projected costs and outcomes.23,25,26,32

Input Parameters
The probabilities of experiencing a CTCAE 1–2 or 3–4 event for
patients treated with SRS and EBRT in the new strategy were
derived from the studies of Mahase et al7 and Zollner et al,23 respec-
tively. Data from the studies of Dohm et al26 and Pollock et al25

were used in the standard strategy. The cost of 68Ga-DOTATATE
was based on the tracer costs of neuroendocrine tumors established
by the Centers for Medicare and Medicaid Services. The costs of
PET/MR imaging, MR imaging, SRS, and EBRT were based on
Current Procedural Terminology codes and the Centers for
Medicare and Medicaid Services data. The input parameter values
and sources can be found in the Online Supplemental Data. All
costs are reported in US dollars.

Cost-Effectiveness and Sensitivity Analyses
The base case analysis was conducted for the modeled cohort

with the model input values listed in the Online Supplemental

Data. The quality-adjusted life-years (QALY) was selected to

measure the effectiveness of the strategies,33 representing the pro-

jected quality of life, and it was estimated with the Markov model.

Incremental cost-effectiveness ratio analyses were conducted to

compare the strategies in which the society’s willingness to pay

(WTP) for QALY gained were used to define cost-effectiveness.

The US recommended WTP threshold values of $50,000/QALY

and $100,000/QALY were implemented in our analyses.29,34

To evaluate the robustness of our results, we performed 1-way
sensitivity and probabilistic sensitivity analyses to identify the key
variables affecting the results in our model. The net monetary
benefit metric was used in the 1-way sensitivity analyses.31

Probability distributions for the key model parameters were
derived from conventional standards for the health utilities,
probabilities, and costs. Furthermore, we evaluated the uncer-
tainty of the results with respect to WTP thresholds ranging
from $40,000/QALY to $400,000/QALY.35,36 The distribution
type for the model input parameters is shown in the Online
Supplemental Data.

RESULTS
Base Case Analyses
The cost-effectiveness results showed that the new strategy yields
higher QALY (5.47 versus 5.05) at a higher cost ($404,260 versus
$395,535) compared with the standard strategy, with an incre-
mental cost-effectiveness ratio of $20,877 per QALY (Table).
Consequently, the new strategy is cost-effective at a WTP of
$50,000/QALY and $100,000/QALY (Fig 2).

Sensitivity Analyses
One-way sensitivity analyses indicated that the key variables con-
tributing to variations in the net monetary values at both a WTP
of $50,000/QALY (Fig 3) and $100,000/QALY are the proportion
of intermediate-risk meningiomas in the modeled cohort, the util-
ity for the stable and progressive health states, and the specificity
of 68Ga-DOTATATE PET/MR imaging. Furthermore, the analy-
ses identified that the new strategy is cost-effective at a WTP of
$50,000/QALY ($100,000/QALY) when the proportion of inter-
mediate-risk meningiomas of the modeled cohort is .12% (7%),
the specificity of 68Ga-DOTATATE PET/MR imaging is .76%
(58%), and the sensitivity of 68Ga-DOTATATE PET/MR imaging
is.53% (44%); otherwise, the standard strategy is cost-effective.

We conducted a probabilistic sensitivity analysis accounting for
the collective variation of the input-model values with 100,000 iter-
ations. The results (Fig 4) indicated that the new strategy is
cost-effective at a WTP of $50,000/QALY ($100,000/QALY)
with a probability of 91% (96%). Furthermore, the cost-effec-
tiveness acceptability curve showed that the new strategy is
cost-effective at WTP values ranging from $40,000/QALY to
$200,000/QALY, with a probability of 88%–99%, respectively.
These results highlight the robustness of the cost-effectiveness
results (Fig 5).

DISCUSSION
Recent studies support adjunct 68Ga-DOTATATE PET use in RT
planning for patients with intermediate-risk meningiomas.5,13-16

However, there is a dearth of literature exploring the cost-effective-
ness of using 68Ga-DOTATATE for this purpose. Consequently,
we analyzed the cost-effectiveness of 68Ga-DOTATATE PET/MR
imaging to evaluate the practicality of incorporating it into clinical
practice. Our study indicated that although the use of adjunct
68Ga-DOTATATE PET/MR imaging as part of the imaging work-
up for postoperative RT planning in patients with intermediate-
risk meningioma is associated with higher health care costs, its use
is cost-effective from a societal perspective. More specifically, the
difference in health benefits between the use of adjunct
68Ga-DOTATATE PET/MR imaging and MR imaging alone is
0.42 QALY, which translates to 5 additional months in perfect
health.33,37 Moreover, the incremental cost-effectiveness ratio
analysis indicated that 68Ga-DOTATATE PET/MR imaging is
cost-effective at a WTP of.$20,877/QALY.

The sensitivity analyses established that the use of adjunct
68Ga-DOTATATE PET/MR imaging is cost-effective at a WTP of
$50,000/QALY ($100,000/QALY) as long as the specificity of
68Ga-DOTATATE PET/MR imaging is.76% (58%) and the sen-
sitivity of 68Ga-DOTATATE PET/MR imaging is.53% (44%). A
recent diagnostic accuracy analysis of 68Ga-DOTATATE PET/MR
imaging in 62 patients with meningiomas demonstrated a sensi-
tivity and specificity of 86.7% and 80.5%, respectively, when using
the standard uptake value ratio of the target lesion to superior sag-
ittal sinus method.15 Therefore, the sensitivity and specificity in
this published clinical cohort exceeded the thresholds needed to
render PET/MR imaging cost-effective in our analysis. Most
important, the probabilistic sensitivity analysis showed that
68Ga-DOTATATE PET/MR imaging is cost-effective with a
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probability of 91% (96%) at a WTP of $50,000/QALY ($100,000/
QALY) when simultaneously varying the model input values
according to their probability distribution.

Another insight from our analysis is that 68Ga-DOTATATE
PET/MR imaging is cost-effective at a WTP of $50,000/QALY
($100,000/QALY) when the proportion of intermediate-risk me-
ningiomas is .12% (7%). Population-based studies have shown
that the proportion of WHO grade 2 meningiomas varies from
15% to 20%.38 Furthermore, recent studies have identified the
increasing incidence trend of WHO grade 2 meningiomas, high-
lighting the importance of our results.39

Our model-based cost-effectiveness findings were similar to
published results on 68Ga-DOTATATE PET/CT in patients with
neuroendocrine tumors. A cost-effectiveness study performed by
Froelich et al40 determined that 68Ga-DOTATATE PET/CT is
cost-effective for detecting neuroendocrine tumors compared
with Indium 111-pentetreotide SPECT/CT and CT alone, respec-
tively. Froelich et al deemed it the most beneficial imaging
approach for a diagnostic work-up of neuroendocrine tumors.
The cost-consequence analysis conducted by Schreiter et al41

showed that the use of 68Ga-DOTATOC PET/CT for staging

enteropancreatic neuroendocrine tumors reduces the overall use
of health care resources.

Optimal radiosurgical planning relies on high-precision target
volume delineation. In meningiomas, the gross target volume
and clinical target volume are delineated on the basis of multimo-
dal imaging. Although MR imaging is currently commonly used
in clinical practice for tumor delineation, its accuracy is compro-
mised in tumors located at high-contrast-enhancement areas or
in tumors infiltrating the bone.13 Adjunct 68Ga-DOTATATE
PET/CT and PET/MR imaging allow more accurate delineation
of meningiomas,9,13,15-18 particularly in the postoperative setting,
thereby improving gross target volume and clinical target volume
delineation and reducing RT-associated toxicity. In a recently
published pilot study, 68Ga-DOTATATE PET/MR imaging–
based RT planning significantly reduced mean planning tumor
volume to 11.12 cm3 from 71.39 cm3 on the basis of MR imaging
alone.5 Moreover, the 68Ga-DOTATATE PET maximum stand-
ard uptake value correlated with the tumor growth rate in menin-
giomas, providing additional information related to tumor biology
compared with MR imaging alone, probably of importance for the
design of future therapeutic trials.42 Allocating resources to perform
such trials is further supported if clinical validation leads to imple-
menting a cost-effective management change that improves patient
outcomes.

The main limitation of our model design is the lack of long-
term data regarding the use of 68Ga-DOTATATE PET/MR imaging
in patients with intermediate-risk meningiomas. Therefore, data

Cost-effectiveness analysis summary for the base case

QALY Cost (US $) ICER (US $/QALY)
New strategy 5.47 404,260 20,877
Standard strategy 5.05 395,535 –

Note:—ICER indicates incremental cost-effectiveness ratio; the en dash indicates
the reference strategy.

FIG 2. Cost-effectiveness analysis. The new strategy (68Ga-DOTATATE PET/MR imaging) yields higher QALY at a higher cost compared with the
standard strategy (MR imaging). Furthermore, the new strategy is cost-effective at $50,000/QALY and $100,000/QALY. CE indicates contrast-
enhanced.
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extrapolations were required for modeling the Markov model tran-
sitions. Some of our input parameters were taken from studies
using 68Ga-DOTATATE PET/CT rather than PET/MR imaging.
Most important, prior studies regarding somatostatin analog PET
radiotracers (such as 68Ga-DOTATATE, 68Ga-DOTA-TOC,
68Ga-DOTANOC) for other SSTR2A-positive neoplasms demon-
strated that there is no significant difference in the detection rate
between PET/CT and PET/MR imaging for a given radio-
tracer.43,44 In our model, we had to make assumptions such as
considering that all patients with gross total resection were treated
with active surveillance only. This may not always be the case in
clinical practice because many radiation oncologists consider the
use of RT following complete resection ofWHO grade 2 meningi-
omas.3 Our model did not account for uncertain scenarios such
as clinical situations with inconclusive imaging results as well as
for meningioma location, which can affect clinical management

and outcomes.24 Furthermore, there are extremely rare cases with
MR imaging–positive, SSTR2A-negative findings and therefore
68Ga-DOTATATE PET–negative meningiomas.45 In clinical
practice, information derived from 68Ga-DOTATATE PET/MR
imaging has to be evaluated in conjunction with MR imaging
findings and placed in the context of the individual patient. We
assumed that radiation-associated toxicities would occur only in
the first year postirradiation. Furthermore, we assumed that
CTCAE 1–2 events would not transition to CTCAE 3–4 events due
to data limitations. While delayed radiation toxicity can occur, such
events tend to be very rare and it is unlikely that CTCAE 1–2 events
will convert to CTCAE 3–4 events after 1 year of completion of
radiation. The indirect costs were calculated assuming maximum
retirement benefits, which occur at a retirement age of 72 years.46

Due to lack of data, we used standardized mortality ratios for me-
ningiomas without the distinction of grade. Furthermore, for the

FIG 3. Tornado analysis demonstrating the set of model parameters that play a role in the variation of the results measured with a net mone-
tary benefit at a WTP of $50,000/QALY. Net monetary benefit¼ QALY�WTP – Cost.

FIG 4. Probabilistic sensitivity analysis considering the collective variation of costs, utilities, imaging parameters, and radiation-induced toxicity
risk with 100,000 iterations. The probabilistic sensitivity analysis showed that the new strategy is cost-effective in 91% of the 100,000 iterations,
demonstrating its cost-effectiveness at WTP¼ $50,000/QALY.
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surveillance cohort in our model, the Markov model was based on
the study of Mirimanoff et al.20 While this study is older and not
specifically limited to intermediate-risk meningiomas compared
with later retrospective analyses such as that by Aghi et al,47 it has
the largest sample size (225 patients) and has the needed data avail-
ability to model the transitions between health states (Fig 1). Given
inclusion of all meningioma grades (except malignant meningi-
omas), the Mirimanoff et al cohort likely represents a closer
approximation of the general clinical population of patients with
meningiomas requiring postoperative management. Moreover,
given that the limitations of MR imaging in the evaluation of me-
ningiomas mostly pertain to the clinical context of postoperative
recurrence and an invasive growth pattern,9 our model results are
likely more conservative.

In this study, health care costs were based on a US setting.
Thus, our findings may not be directly applied to other countries.
However, our model can be adopted to other countries or regions
by substituting region-specific parameters.

Significant advancements in molecular profiling of meningiomas
have uncovered genetic and epigenetic biomarkers allowing more
accurate prediction of tumor behavior compared with classic histo-
pathologic approaches, including the mitotic rate and cytomorpho-
logic criteria applied in the WHO classification scheme.48 Future
studies may determine the need to incorporate molecular classifiers
into decision-making regarding surveillance versus RT and may
benefit from incorporating 68Ga-DOTATATE PET/MR imaging.49

Future studies, such as a cost-consequence analysis should be
conducted for a comprehensive evaluation of the cost implications

of 68Ga-DOTATATE PET/MR imaging in clinical practice. Future
work should further incorporate molecular profiling data, which
has recently demonstrated utility in predicting clinical outcomes in
patients with meningiomas.50-53

CONCLUSIONS
Incorporating 68Ga-DOTATATE PET/MR imaging for meningi-
oma management is cost-effective from a societal perspective and
may improve RT planning, thereby improving clinical outcomes
and reducing long-term costs due to RT-related complications.

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

Sex-Specific Patterns of Cerebral Atrophy and Enlarged
Perivascular Spaces in Patients with Cerebral Amyloid

Angiopathy and Dementia
J. Pinho, F.C. Almeida, J.M. Araújo, Á. Machado, A.S. Costa, F. Silva, A. Francisco, M. Quintas-Neves, C. Ferreira,

J.P. Soares-Fernandes, and T.G. Oliveira

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral amyloid angiopathy is characterized by amyloid b deposition in leptomeningeal and su-
perficial cortical vessels. Cognitive impairment is common and may occur independent of concomitant Alzheimer disease neuropa-
thology. It is still unknown which neuroimaging findings are associated with dementia in cerebral amyloid angiopathy and whether
they are modulated by sex. This study compared MR imaging markers in patients with cerebral amyloid angiopathy with dementia
or mild cognitive impairment or who are cognitively unimpaired and explored sex-specific differences.

MATERIALS AND METHODS: We studied 58 patients with cerebral amyloid angiopathy selected from the cerebrovascular and
memory outpatient clinics. Clinical characteristics were collected from clinical records. Cerebral amyloid angiopathy was diagnosed
on MR imaging on the basis of the Boston criteria. Visual rating scores for atrophy and other imaging features were independently
assessed by 2 senior neuroradiologists.

RESULTS: Medial temporal lobe atrophy was higher for those with cerebral amyloid angiopathy with dementia versus those cogni-
tively unimpaired (P ¼ .015), but not for those with mild cognitive impairment. This effect was mainly driven by higher atrophy in
men with dementia, compared with women with and without dementia (P ¼ .034, P ¼ .012; respectively) and with men without de-
mentia (P ¼ .012). Enlarged perivascular spaces in the centrum semiovale were more frequent in women with dementia versus men
with and without dementia (P ¼ .021, P ¼ .011; respectively) and women without dementia (P ¼ .011).

CONCLUSIONS:Medial temporal lobe atrophy was more prominent in men with dementia, whereas women showed a higher num-
ber of enlarged perivascular spaces in the centrum semiovale. Overall, this finding suggests differential pathophysiologic mecha-
nisms with sex-specific neuroimaging patterns in cerebral amyloid angiopathy.

ABBREVIATIONS: Ab ¼ amyloid b ; AD ¼ Alzheimer disease; ARWMC ¼ age-related white matter changes; CAA ¼ cerebral amyloid angiopathy; cSS ¼
cortical superficial siderosis; EPVS ¼ enlarged perivascular spaces; IQR ¼ interquartile range; MCI ¼ mild cognitive impairment; MTA ¼ medial temporal lobe
atrophy

Cerebral amyloid angiopathy (CAA) is pathologically charac-
terized by amyloid b (Ab ) deposition in the walls of lepto-

meningeal and cortical small vessels.1 Clinically, it is a major
cause of intracerebral hemorrhage, and it may present not only as
other acute neurologic manifestations, such as transient focal

neurologic episodes, but also with slowly progressive cognitive
impairment.2 In vivo diagnosis has been made possible by the
Boston diagnostic criteria, which require the presence of multiple
lobar microbleeds, multiple major lobar hemorrhages, and a sin-
gle hemorrhage accompanied by cortical superficial siderosis
(cSS), with other causes having been excluded.2 The recently pro-
posed version 2 of the Boston criteria for diagnosis of CAA addi-
tionally included the presence of nonhemorrhagic markers such
as a high burden of enlarged perivascular spaces (EPVS) in the
centrum semiovale and a multispot pattern of white matter
hyperintensities.3
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Structural MR imaging studies in CAA demonstrate an in-
termediate pattern of atrophy between cognitively healthy and
the one seen in Alzheimer’s disease (AD).4,5 Additionally, AD is
frequently associated with CAA, with more than 80% of patients
with AD on postmortem examination showing at least some
degree of CAA pathology.6 Furthermore, studies evaluating the
effect of CAA on cognition have suggested that it might play an
independent role in cognitive impairment, potentially with a
pattern of cognitive deficits distinct from that found in typical
AD,7-11 even though this connection is still under study.12

However, the relationship between cognitive impairment in
patients with CAA and brain atrophy has not been studied in
detail. Moreover, while sex-specific differences have been found
in AD, few studies have explored their effect in CAA.13

Another imaging marker of increasing interest in CAA is the
observation of EPVS visible on MR imaging. EPVS in the centrum
semiovale have been associated with increased cortical vascular
Ab in the overlying cortex14,15 and indirect measures of CAA se-
verity, such as cortical microbleeds and cSS.16-18 Altogether, these
findings suggest that impaired perivascular drainage of Ab might
be associated with a higher frequency of EPVS in the centrum
semiovale. However, whether these imaging findings are associated
with cognitive impairment in CAA and whether they might be dif-
ferentially modulated by sex have not been studied.

Our goal was to study brain MR imaging features in CAA,
such as cerebral atrophy and the frequency of EPVS, and their
relationship with the severity of cognitive impairment and sex in
patients with CAA.

MATERIALS AND METHODS
Statement of Ethics
The study was approved by the Ethics for Health Commission of
Hospital de Braga.

Patient Clinical and Imaging Data
This was a retrospective study of adult patients with possible or
probable CAA according to the modified Boston criteria,3 diag-
nosed in the Department of Neurology of Hospital de Braga dur-
ing a 4-year period. Patients with a diagnosis of CAA were
selected after an analysis of all individual records of patients
attending the cerebrovascular outpatient clinic and the memory
outpatient clinic during the study period. All patients underwent
1.5T brain MR imaging (including T1-, T2-, and T2*-weighted
images and T2 FLAIR). MR imaging acquisition protocol was
constant throughout the study period. Demographic and clinical
variables were collected from the digital clinical records. Patients
were followed in the neurology outpatient clinic as part of the
routine clinical care. Diagnosis of mild cognitive impairment
(MCI) and dementia according to local and international guide-
lines19,20 was based on clinical evaluation and available clinical
records from the neurology outpatient clinic. MCI was defined as
the presence of cognitive symptoms expressed by the patient or
next-of-kin, with objective impairment in at least 1 domain of
cognitive function and absence of impairment on social or occu-
pational functioning.19 Dementia was defined as the presence of
cognitive impairment severe enough to interfere with the activ-
ities of daily living.

Imaging Score Assessments
MR images were independently reviewed by 2 experienced neuro-
radiologists, blinded to clinical information, for the classification of
the following: the presence of cSS (focal ¼ restricted to 3 sulci, dis-
seminated ¼ involving .3 sulci) on axial T2* acquisitions; age-
related white matter changes (ARWMC) using axial T2 FLAIR
acquisitions at the level of basal ganglia (0¼ no lesions; 1¼ 1 focal
lesion [$5mm]; 2$ 1 focal lesion; 3¼ confluent lesions) and cen-
trum semiovale (0 ¼ no lesions; 1 ¼ focal lesions; 2 ¼ beginning
confluence of lesions; 3 ¼ diffuse involvement of the entire region
with or without U-fiber involvement);21and the semiquantitative
scale measuring the burden of EPVS using axial T2 acquisitions in
the basal ganglia and centrum semiovale (0 ¼ none; 1 ¼ 1–10; 2 ¼
11–20; 3 ¼ 21–40; 4 $ 40).22 Brain regional atrophy was assessed
using a group of validated MR imaging visual rating scales on the
following regions: anterior cingulate (graded from 0 to 3), orbito-
frontal (graded from 0 to 3), anterior temporal (graded from 0 to
4), frontoinsular (graded from 0 to 3), medial temporal (graded
from 0 to 4), and posterior regions (graded from 0 to 3).23 For each
brain region scale, the average of both hemispheres was calculated,
and an average of both classifiers was used. Brain regions affected
by intracerebral hemorrhage or encephalomalacia from a previous
hemorrhage were excluded from assessment. Relative levels were
computed as a percentage of maximum possible atrophy for each
regional scale. Reference images for each rating scale were provided
to the classifiers on the basis of Harper et al,23 to aid the rating pro-
cess. Interobserver agreement was calculated using the intraclass
correlation coefficient for single measures with the 95% CI (Online
Supplemental Data). Disagreements of .1 in each rating score
were reviewed by the 2 raters, and a consensus was reached.

Statistical Analysis
Demographic and clinical characteristics of patients with CAA with
normal cognition, MCI, and dementia were compared using a 1-
way ANOVA with a Tukey honestly significant difference correc-
tion for multiple comparisons, the x 2 test, and the Fisher exact test,
as appropriate. Visual rating scores were compared among cogni-
tion status groups using pair-wise Wilcoxon tests with Bonferroni
correction for multiple comparisons. For analyses based on demen-
tia status, patients with normal cognition and MCI were merged to
constitute a group without dementia, and patients with dementia
remained as the dementia group. Demographic and clinical com-
parisons were performed using a Welch t test or Wilcoxon tests, as
appropriate. Regional brain atrophy scores were compared between
sex and dementia groups using pair-wise Wilcoxon tests with a
Bonferroni correction for multiple comparisons. ARWMC in the
basal ganglia and centrum semiovale correlations with regional
brain volumes were performed using the Spearman correlation.
Regional brain volumes in the group positive for cSS were com-
pared with those in the group negative for cSS using the Wilcoxon
test. For the multivariable linear regression using medial temporal
lobe atrophy (MTA) as the dependent variable, age was coded as a
continuous variable, and sex and the presence of cSS and dementia,
as categoric variables, constituting the independent variables, with a
dementia � sex interaction. Contrast testing was then performed
for group-of-interest comparison, and P values were corrected with
the Bonferroni method for multiple comparisons. For comparison
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of scores of EPVS among groups, we used pair-wise Wilcoxon tests
with a Bonferroni correction for multiple comparisons. All statisti-
cal analyses were conducted using RStudio, Version 1.4.1103
(http://rstudio.org/download/desktop).

RESULTS
Our study population consisted of 58 patients, with a mean age of
71.6 (SD, 9.8) years, and 50% were men. Most of the patients were

selected from the cerebrovascular outpa-
tient clinic (n ¼ 48, 83%), and the re-
mainder were selected from the memory
clinic (n ¼ 10, 17%). All cases were con-
firmed to show characteristic CAA find-
ings on brain MR imaging (Fig 1). Most
patients presented with vascular risk fac-
tors: Hypertension was present in 78%;
dyslipidemia, in 59%; and diabetes melli-
tus, in 22% of patients. Among our study
population, 23 patients (40%) presented
with normal cognition, 10 presented
with MCI (17%), and 25 presented with
dementia (43%). Baseline characteristics
of the study population according to the
presence of normal cognition, MCI, or
dementia are presented in the Online
Supplemental Data. The group with de-
mentia was older than the group with
normal cognition (P¼ .004).

Regarding visual rating scores for each
brain region, increased MTA was found
in patients with dementia compared with
patients with normal cognition (P¼ .015;
normal cognition: median ¼ 25; inter-
quartile range [IQR] ¼ 15.65; dementia:
median ¼ 50; IQR ¼ 31.2; Fig 2). There
were no significant pair-wise differences
across groups in the other brain regions.

Mediators of MTA
We analyzed the relationship between
MTA and other variables such as sex,
age, the presence of cSS, and the Fazekas
score. Characteristics of patients with
and without dementia and by sex are
shown in the Online Supplemental Data.

We found more severe MTA in male
patients with dementia compared with
female patients with dementia (P¼ .034;
female dementia: median ¼ 50.0; IQR¼
34.4; male dementia: median ¼ 62.5;
IQR ¼ 25.1) and compared with men
without dementia (P ¼ .012; men with
no dementia: median ¼ 31.3; IQR ¼
21.9) and women without dementia
(P ¼ .012; women with no dementia:
median ¼ 31.3; IQR ¼ 12.5; Fig 3).
There were no significant differences

in other brain regions. More severe MTA was observed in
patients with cSS (P ¼ .017; cSS: median ¼ 46.9; IQR ¼ 35.9; no
cSS: median ¼ 25.0; IQR ¼ 21.8; Fig 4A). We also observed
more severe atrophy of the posterior and anterior cingulate
regions in patients with cSS (Online Supplemental Data). More
severe MTA was also associated with increased white matter
hyperintense lesions in both the basal ganglia (r ¼ 0.59,
P, .001) and the periventricular white matter (r ¼ 0.47,

FIG 1. Brain MR imaging pathologic features of CAA pathology. A, Axial T2* image from a 76-year-
old male patient shows left frontal cortical siderosis and multiple foci of microhemorrhages of the
predominant frontal location bilaterally. B, Axial T2 FLAIR image from a 73-year-old woman shows
centrum semiovale white matter T2-hyperintense lesions attributed to chronic small-vessel ische-
mia. C, Axial T2 image from a 78-year-old female patient shows EPVS in the centrum semiovale.

FIG 2. Regional brain atrophy as measured by the visual rating score compared across cognition
levels: normal, MCI, dementia. The regions evaluated are the anterior cingulate (A), orbitofrontal
(B), anterior temporal (C), frontoinsular (D), medial temporal (E), and posterior (F) . Statistical signif-
icance is considered at P values, .05 (asterisk). CN indicates cognitively unimpaired; Dem, de-
mentia; ns, not significant.
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P, .001; Fig 4B, -C). We found this same pattern of association
for all brain regions (Online Supplemental Data).

To confirm the sex-specific results, we conducted a multi-
variable linear regression model with age, sex, and the pres-
ence of cSS and dementia as independent variables, including a
dementia � sex interaction, and MTA as the dependent vari-
able (Online Supplemental Data). Increasing age was associated
with increased MTA (P, .010), and contrast tests (Online
Supplemental Data) revealed that male patients with dementia

have significantly greater atrophy com-
pared with female patients with demen-
tia (P ¼ .025) and compared with male
patients without dementia (P¼ .011).

Frequency of EPVS
We assessed whether the frequency of
EPVS was different according to the
cognitive status of the patient. We
found that the burden of EPVS is
increased in the centrum semiovale but
not in the basal ganglia in patients with
dementia versus those with normal cog-
nition (P ¼ .023; normal cognition: me-
dian ¼ 2.0; IQR ¼ 1.75; dementia:
median ¼ 3.0; IQR ¼ 1.5; Fig 5A, -B).
When we divided the groups according
to sex and the presence of dementia, we
found that women with dementia showed
a higher burden of EPVS in the centrum
semiovale compared with men with de-
mentia (P ¼ .021; female dementia: me-
dian ¼ 3.5; IQR ¼ 1.0; male dementia:
median ¼ 2.0; IQR ¼ 1.4) and with
women without dementia (P ¼ .011;
women without dementia: median ¼
1.25; IQR ¼ 1.5) and men without
dementia (P¼ .011; men without demen-
tia: median¼ 2.5; IQR¼ 2.0; Fig 5C).

DISCUSSION
Our results indicate a sex-specific pat-
tern of cerebral atrophy and EPVS in
patients with CAA and dementia. More
severe MTA was associated with demen-
tia in male patients with CAA but not in
women, whereas a higher frequency of
EPVS in the centrum semiovale was
associated with dementia in female
patients but not in male patients.

AD and CAA are frequently associ-
ated and share common pathophysiolog-
ical pathways.1,24 Accordingly, decreased
hippocampal volume, a known feature
of AD, is also found to a lesser degree in
sporadic CAA,5 and MTA has been
implicated as a predictor of incidental
dementia in patients with CAA.25 We

found that the medial temporal lobe is the only brain region eval-
uated in our study to be correlated with dementia (Fig 2), in line
with these previous observations.

Sex-specific differences have also been reported, with increased
severity of CAA pathology found in male patients with AD, inde-
pendent of age and AD neuropathologic severity.13 Our results
indicate that male patients with dementia have more severe MTA
than women with dementia, even after correction for major con-
founders such as age and the presence of cSS (Fig 3 and Online

FIG 3. MTA as measured by the visual rating scale across dementia groups and sex: Male no Dem;
Female no Dem; Male Dem; Female Dem. Statistical significance is considered at P values, .05.
Dem indicates dementia.

FIG 4. Determinants of MTA in CAA. A, MTA as measured by visual rating across the presence
(1) or absence (0) of cSS. B, Spearman correlation analysis of MTA with basal ganglia age-related
white matter changes (BG ARWMC). C, Spearman correlation analysis of MTA with centrum
semiovale age-related white matter changes (CS ARWMC). Statistical significance is considered
at P values, .05 (asterisk). MT indicates medial temporal lobe.

AJNR Am J Neuroradiol 44:792–98 Jul 2023 www.ajnr.org 795



Supplemental Data), suggesting that, in CAA, sex might play a dif-
ferential role in neurodegeneration in this brain region.

The mechanisms underlying brain atrophy in patients with
CAA are not fully understood. It is thought, however, that the con-
sequences of the amyloidotic small-vessel disease, such as cortical
microinfarcts, white matter lesions, and ischemic demyelination are
important contributors to cortical thinning in CAA.24 Concomitant
AD pathology is likely an additional contributor to brain atrophy in
some patients with CAA, but how often and to what extent remain
unclear.1 Most interesting, the increased severity of CAA in male
patients with AD has been interpreted as a sign of higher susceptibil-
ity to vascular damage.13 Accordingly, this sex-related small-vessel
disease susceptibility might explain why men with dementia have
higher atrophy than women with dementia, whereas the putative
contribution from parenchymal amyloid might add to increased at-
rophy relative to men without dementia. Recently, men with sporadic
CAA were shown to present with an earlier onset of disease and a
more hemorrhagic phenotype compared with women, supporting
the hypothesis of increased vascular burden in these patients.26 The
fact that dementia in women was not significantly associated with
more severe MTA compared with women without dementia might
suggest that, at least partially, different factors in the pathophysiology
of the disease may play a role.

We have found that the burden of EPVS in the centrum semi-
ovale but not in the basal ganglia is higher in patients with demen-
tia (Fig 5). This is in line with the general dichotomy of basal
ganglia EPVS being associated with small-vessel disease arterio-
losclerosis, and the centrum semiovale EPVS with CAA.27

Remarkably, we found a higher burden
of EPVS in the centrum semiovale in
female patients with dementia (Fig 5),
suggesting a possible dementia mecha-
nism in this sex group. Indeed, the
presence of these enlarged spaces has
been associated with vascular Ab dep-
osition,14,15 which is in accordance
with the hypothesis that centrum semi-
ovale EPVS are associated with im-
paired perivascular drainage of Ab .
Our results provide further evidence in
support of this hypothesis. However,
centrum semiovale EPVS in AD are
associated with cognitive impairment
independent of amyloid burden.28 The
mechanisms behind this association
thus remain to be established. Further-
more, sex differences in the burden of
perivascular spaces have not been
found in other CAA cohorts,26,29 but
these studies have not examined the
joint effect of sex and dementia. Future
work is needed to assess the mediation
of sex and cognitive status on the prev-
alence of neuroimaging findings in
CAA.

Even though our results support pre-
vious observations from the literature,

there are relevant limitations in this study that should be consid-
ered. The small sample size limits generalization and the possibility
of controlling for other confounders. Absent systematic detailed
neuropsychological data for our cohort are also a relevant limita-
tion, which precludes further analyses related to the clinical signifi-
cance of regional atrophy or atrophy patterns. Additionally, the
lack of neuropathologic data does not allow the verification of the
etiology of dementia and the opportunity to assess the contribution
of parenchymal and vascular pathology to cerebral atrophy.
Despite these limitations, our findings are aligned with previous lit-
erature and suggest sex-differential mechanisms of dementia in
patients with CAA. Future studies should address neuropathologi-
cally confirmed cases or alternatively use biologic biomarkers such
as blood or CSF markers or PET data.

Finally, we used structured semiquantitative visual assessments
for each of the neuroimaging metrics, which have less spatial and
numeric granularity than automated quantitative techniques.
While the latter are in the process of entering clinical practice, vis-
ual semiquantitative scores are easy to implement and ready to use
by neuroradiologists. Visual rating scores for atrophy assessment
have been consistently shown to correlate with automated volume
quantification across different studies.23,30-32 This finding suggests
that, overall, visual rating scales have regional specificity and are
sensitive to volume variations, even though at a lower resolution
and detail. Future studies using regional volume quantification are
needed to study atrophy patterns in patients with CAA and de-
mentia and their modulation by sex. While still in development,
new techniques of perivascular space segmentation have opened

FIG 5. EPVS across cognition groups. A, Basal ganglia EPVS. B, Centrum semiovale EPVS. C,
Centrum semiovale EPVS across dementia by sex groups. Statistical significance is considered at P
values, .05 (asterisk). CN indicates cognitively unimpaired; Dem, dementia; ns, not significant.
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up the possibility of including numerous metrics, encompassing
volume, dimensions, and shape, to study their function.33 Given
the importance of this marker in CAA, future work contemplating
these approaches may reveal new insights into the role of perivas-
cular spaces. Regarding microbleeds, new methods are currently in
development,34 and regarding white matter hyperintensities, there
is now a variety of segmentation packages available for use.35,36

Future work implementing quantitative techniques is needed to
confirm these results and potentially explore new associations with
more detailed analysis of these neuroimaging findings.

CONCLUSIONS
Dementia in CAA appears to be associated with more marked
MTA in men, whereas in women, a higher burden of EPVS in the
centrum semiovale was observed. Overall, this finding suggests
that there may be differential pathophysiologic mechanisms with
sex-specific neuroimaging patterns in dementia in CAA, motivat-
ing further confirmatory studies in larger, independent cohorts.

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

REFERENCES
1. Greenberg SM, Bacskai BJ, Hernandez-Guillamon M, et al. Cerebral

amyloid angiopathy and Alzheimer disease: one peptide, two path-
ways. Nat Rev Neurol 2020;16:30–42 CrossRef Medline

2. Greenberg SM, Charidimou A. Diagnosis of cerebral amyloid angi-
opathy: evolution of the Boston criteria. Stroke 2018;49:491–97
CrossRef Medline

3. Charidimou A, Boulouis G, Frosch MP, et al. The Boston criteria
version 2.0 for cerebral amyloid angiopathy: a multicentre, retro-
spective, MRI-neuropathology diagnostic accuracy study. Lancet
Neurol 2022;21:714–25 CrossRef Medline

4. Subotic A, McCreary CR, Saad F, et al. Cortical thickness and its
association with clinical cognitive and neuroimaging markers in
cerebral amyloid angiopathy. J Alzheimers Dis 2021;81:1663–71
CrossRef Medline

5. Fotiadis P, van Rooden S, van der Grond J, et al; Alzheimer’s Disease
Neuroimaging Initiative. Cortical atrophy in patients with cerebral
amyloid angiopathy: a case-control study. Lancet Neurol 2016;15:811–
19 CrossRef Medline

6. Attems J, Jellinger KA, Lintner F. Alzheimer’s disease pathology
influences severity and topographical distribution of cerebral amy-
loid angiopathy. Acta Neuropathol 2005;110:222–31 CrossRef Medline

7. Pfeifer LA, White LR, Ross GW, et al. Cerebral amyloid angiopathy
and cognitive function: the HAAS autopsy study. Neurology
2002;58:1629–34 CrossRef Medline

8. Boyle PA, Yu L, Nag S, et al. Cerebral amyloid angiopathy and cog-
nitive outcomes in community-based older persons. Neurology
2015;85:1930–36 CrossRef Medline

9. Xiong L, Davidsdottir S, Reijmer YD, et al. Cognitive profile and its
association with neuroimaging markers of non-demented cerebral
amyloid angiopathy patients in a stroke unit. J Alzheimers Dis
2016;52:171–78 CrossRef Medline

10. Moulin S, Labreuche J, Bombois S, et al. Dementia risk after sponta-
neous intracerebral haemorrhage: a prospective cohort study.
Lancet Neurol 2016;15:820–29 CrossRef Medline

11. Case NF, Charlton A, Zwiers A, et al. Cerebral amyloid angiopathy
is associated with executive dysfunction and mild cognitive
impairment. Stroke 2016;47:2010–16 CrossRef Medline

12. Costa AS, Pinho J, Kucõikienė D, et al. Cerebral amyloid angiopathy
in amyloid-positive patients from a memory clinic cohort. J
Alzheimers Dis 2021;79:1661–72 CrossRef Medline

13. Shinohara M, Murray ME, Frank RD, et al. Impact of sex and
APOE4 on cerebral amyloid angiopathy in Alzheimer’s disease.
Acta Neuropathol 2016;132:225–34 CrossRef Medline

14. Perosa V, Oltmer J, Munting LP, et al. Perivascular space dilation is
associated with vascular amyloid-b accumulation in the overlying
cortex. Acta Neuropathol 2022;143:331–48 CrossRef Medline

15. Tsai HH, Pasi M, Tsai LK, et al. Centrum semiovale perivascular
space and amyloid deposition in spontaneous intracerebral hemor-
rhage. Stroke 2021;52:2356–62 CrossRef Medline

16. Bouvy WH, van Veluw SJ, Kuijf HJ, et al; Utrecht Vascular Cognitive
Impairment (VCI) Study Group. Microbleeds colocalize with
enlarged juxtacortical perivascular spaces in amnestic mild cogni-
tive impairment and early Alzheimer’s disease: A 7 Tesla MRI
study. J Cereb Blood FlowMetab 2020;40:739–46 CrossRef Medline

17. Charidimou A, Boulouis G, Pasi M, et al. MRI-visible perivascular
spaces in cerebral amyloid angiopathy and hypertensive arteriopa-
thy. Neurology 2017;88:1157–64 CrossRef Medline

18. Charidimou A, Meegahage R, Fox Z, et al. Enlarged perivascular
spaces as a marker of underlying arteriopathy in intracerebral
haemorrhage: a multicentre MRI cohort study. J Neurol Neurosurg
Psychiatry 2013;84:624–29 CrossRef Medline

19. Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild cog-
nitive impairment due to Alzheimer’s disease: recommendations
from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 2011;7:270–79 CrossRef Medline

20. Morris JC, Edland S, Clark C, et al. The consortium to establish a
registry for Alzheimer's disease (CERAD), Part IV: rates of cogni-
tive change in the longitudinal assessment of probable Alzheimer’s
disease. Neurology 1993;43:2457–65 CrossRef Medline

21. Wahlund LO, Barkhof F, Fazekas F, et al. A new rating scale for age-
related white matter changes applicable to MRI and CT. Stroke
2001;32:1318–22 CrossRef Medline

22. Potter GM, Chappell FM, Morris Z, et al. Cerebral perivascular
spaces visible on magnetic resonance imaging: development of a
qualitative rating scale and its observer reliability. Cerebrovasc Dis
2015;39:224–31 CrossRef Medline

23. Harper L, Fumagalli GG, Barkhof F, et al.MRI visual rating scales in
the diagnosis of dementia: evaluation in 184 post-mortem con-
firmed cases. Brain 2016;139:1211–25 CrossRef Medline

24. Brenowitz WD, Nelson PT, Besser LM, et al. Cerebral amyloid angiop-
athy and its co-occurrence with Alzheimer’s disease and other cere-
brovascular neuropathologic changes. Neurobiol Aging 2015;36:2702–
08 CrossRef Medline

25. Xiong L, Boulouis G, Charidimou A, et al. Dementia incidence and
predictors in cerebral amyloid angiopathy patients without intra-
cerebral hemorrhage. J Cereb Blood Flow Metab 2018;38:241–49
CrossRef Medline

26. Koemans EA, Castello JP, Rasing I, et al. Sex differences in onset and
progression of cerebral amyloid angiopathy. Stroke 2023;54:306–14
CrossRef Medline

27. Gouveia-Freitas K, Bastos-Leite AJ. Perivascular spaces and brain
waste clearance systems: relevance for neurodegenerative and cere-
brovascular pathology. Neuroradiology 2021;63:1581–97 CrossRef
Medline

28. Jeong SH, Cha J, Park M, et al. Association of enlarged perivascular
spaces with amyloid burden and cognitive decline in Alzheimer
disease continuum. Neurology 2022 Aug 19. [Epub ahead of print]
CrossRef Medline

29. Charidimou A, Jäger RH, Peeters A, et al.White matter perivascular
spaces are related to cortical superficial siderosis in cerebral amy-
loid angiopathy. Stroke 2014;45:2930–35 CrossRef Medline

30. Ingala S, van Maurik IS, Altomare D, et al. Clinical applicability
of quantitative atrophy measures on MRI in patients suspected
of Alzheimer’s disease. Eur Radiol 2022;32:7789–99 CrossRef
Medline

31. Wahlund LO, Julin P, Johansson SE, et al. Visual rating and volume-
try of the medial temporal lobe on magnetic resonance imaging in

AJNR Am J Neuroradiol 44:792–98 Jul 2023 www.ajnr.org 797

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/July%202023/0055.pdf
http://www.ajnr.org
http://dx.doi.org/10.1038/s41582-019-0281-2
https://www.ncbi.nlm.nih.gov/pubmed/31827267
http://dx.doi.org/10.1161/STROKEAHA.117.016990
https://www.ncbi.nlm.nih.gov/pubmed/29335334
http://dx.doi.org/10.1016/S1474-4422(22)00208-3
https://www.ncbi.nlm.nih.gov/pubmed/35841910
http://dx.doi.org/10.3233/JAD-210138
https://www.ncbi.nlm.nih.gov/pubmed/33998545
http://dx.doi.org/10.1016/S1474-4422(16)30030-8
https://www.ncbi.nlm.nih.gov/pubmed/27180034
http://dx.doi.org/10.1007/s00401-005-1064-y
https://www.ncbi.nlm.nih.gov/pubmed/16133541
http://dx.doi.org/10.1212/wnl.58.11.1629
https://www.ncbi.nlm.nih.gov/pubmed/12058090
http://dx.doi.org/10.1212/WNL.0000000000002175
https://www.ncbi.nlm.nih.gov/pubmed/26537052
http://dx.doi.org/10.3233/JAD-150890
https://www.ncbi.nlm.nih.gov/pubmed/27060947
http://dx.doi.org/10.1016/S1474-4422(16)00130-7
https://www.ncbi.nlm.nih.gov/pubmed/27133238
http://dx.doi.org/10.1161/STROKEAHA.116.012999
https://www.ncbi.nlm.nih.gov/pubmed/27338926
http://dx.doi.org/10.3233/JAD-201218
https://www.ncbi.nlm.nih.gov/pubmed/33492291
http://dx.doi.org/10.1007/s00401-016-1580-y
https://www.ncbi.nlm.nih.gov/pubmed/27179972
http://dx.doi.org/10.1007/s00401-021-02393-1
https://www.ncbi.nlm.nih.gov/pubmed/34928427
http://dx.doi.org/10.1161/STROKEAHA.120.032139
https://www.ncbi.nlm.nih.gov/pubmed/33874751
http://dx.doi.org/10.1177/0271678X19838087
https://www.ncbi.nlm.nih.gov/pubmed/30890076
http://dx.doi.org/10.1212/WNL.0000000000003746
https://www.ncbi.nlm.nih.gov/pubmed/28228568
http://dx.doi.org/10.1136/jnnp-2012-304434
https://www.ncbi.nlm.nih.gov/pubmed/23412074
http://dx.doi.org/10.1016/j.jalz.2011.03.008
https://www.ncbi.nlm.nih.gov/pubmed/21514249
http://dx.doi.org/10.1212/wnl.43.12.2457
https://www.ncbi.nlm.nih.gov/pubmed/8255439
http://dx.doi.org/10.1161/01.str.32.6.1318
https://www.ncbi.nlm.nih.gov/pubmed/11387493
http://dx.doi.org/10.1159/000375153
https://www.ncbi.nlm.nih.gov/pubmed/25823458
http://dx.doi.org/10.1093/brain/aww005
https://www.ncbi.nlm.nih.gov/pubmed/26936938
http://dx.doi.org/10.1016/j.neurobiolaging.2015.06.028
https://www.ncbi.nlm.nih.gov/pubmed/26239176
http://dx.doi.org/10.1177/0271678X17700435
https://www.ncbi.nlm.nih.gov/pubmed/28318355
http://dx.doi.org/10.1161/STROKEAHA.122.040823
https://www.ncbi.nlm.nih.gov/pubmed/36689586
http://dx.doi.org/10.1007/s00234-021-02718-7
https://www.ncbi.nlm.nih.gov/pubmed/34019111
http://dx.doi.org/10.1212/WNL.0000000000200989
https://www.ncbi.nlm.nih.gov/pubmed/35985826
http://dx.doi.org/10.1161/STROKEAHA.114.005568
https://www.ncbi.nlm.nih.gov/pubmed/25116879
http://dx.doi.org/10.1007/s00330-021-08503-7
https://www.ncbi.nlm.nih.gov/pubmed/35639148


dementia: a comparative study. J Neurol Neurosurg Psychiatry
2000;69:630–35 CrossRef Medline

32. Ferreira D, Cavallin L, Granberg T, et al; AddNeuroMed Consortium
and for the Alzheimer’s Disease Neuroimaging Initiative. Quantitative
validation of a visual rating scale for frontal atrophy: associations
with clinical status, APOE e4, CSF biomarkers and cognition. Eur
Radiol 2016;26:2597–610 CrossRef Medline

33. Barisano G, Lynch KM, Sibilia F, et al. Imaging perivascular space
structure and function using brainMRI.Neuroimage 2022;257:119329
CrossRef Medline

34. Chesebro AG, Amarante E, Lao PJ, et al. Automated detection of
cerebral microbleeds on T2*-weighted MRI. Sci Rep 2021;11:4004
CrossRef Medline

35. Schmidt P, Gaser C, Arsic M, et al. An automated tool for detection
of FLAIR-hyperintense white-matter lesions in multiple sclerosis.
Neuroimage 2012;59:3774–83 CrossRef Medline

36. Griffanti L, Zamboni G, Khan A, et al. BIANCA (Brain Intensity
AbNormality Classification Algorithm): a new tool for automated seg-
mentation of white matter hyperintensities. Neuroimage 2016;141:191–
205 CrossRef Medline

798 Pinho Jul 2023 www.ajnr.org

http://dx.doi.org/10.1136/jnnp.69.5.630
https://www.ncbi.nlm.nih.gov/pubmed/11032615
http://dx.doi.org/10.1007/s00330-015-4101-9
https://www.ncbi.nlm.nih.gov/pubmed/26560730
http://dx.doi.org/10.1016/j.neuroimage.2022.119329
https://www.ncbi.nlm.nih.gov/pubmed/35609770
http://dx.doi.org/10.1038/s41598-021-83607-0
https://www.ncbi.nlm.nih.gov/pubmed/33597663
http://dx.doi.org/10.1016/j.neuroimage.2011.11.032
https://www.ncbi.nlm.nih.gov/pubmed/22119648
http://dx.doi.org/10.1016/j.neuroimage.2016.07.018
https://www.ncbi.nlm.nih.gov/pubmed/27402600


ORIGINAL RESEARCH
ADULT BRAIN

MR Imaging Findings in a Large Population of Autoimmune
Encephalitis

S. Gillon, M. Chan, J. Chen, E.L. Guterman, X. Wu, C.M. Glastonbury, and Y. Li

ABSTRACT

BACKGROUND AND PURPOSE: Autoimmune encephalitis is a rare condition in which autoantibodies attack neuronal tissue, causing
neuropsychiatric disturbances. This study sought to evaluate MR imaging findings associated with subtypes and categories of auto-
immune encephalitis.

MATERIALS AND METHODS: Cases of autoimmune encephalitis with specific autoantibodies were identified from the medical re-
cord (2009–2019). Cases were excluded if no MR imaging of the brain was available, antibodies were associated with demyelinating
disease, or .1 concurrent antibody was present. Demographics, CSF profile, antibody subtype and group (group 1 intracellular anti-
gen or group 2 extracellular antigen), and MR imaging features at symptom onset were reviewed. Imaging and clinical features were
compared across antibody groups using x 2 and Wilcoxon rank-sum tests.

RESULTS: Eighty-five cases of autoimmune encephalitis constituting 16 distinct antibodies were reviewed. The most common anti-
bodies were anti-N-methyl-D-aspartate (n ¼ 41), anti-glutamic acid decarboxylase (n ¼ 7), and anti-voltage-gated potassium channel
(n ¼ 6). Eighteen of 85 (21%) were group 1; and 67/85 (79%) were group 2. The median time between MR imaging and antibody di-
agnosis was 14 days (interquartile range, 4–26 days). MR imaging had normal findings in 33/85 (39%), and 20/33 (61%) patients with
normal MRIs had anti-N-methyl-D-aspartate receptor antibodies. Signal abnormality was most common in the limbic system (28/85,
33%); 1/68 (1.5%) had susceptibility artifacts. Brainstem and cerebellar involvement were more common in group 1, while leptome-
ningeal enhancement was more common in group 2.

CONCLUSIONS: Sixty-one percent of patients with autoimmune encephalitis had abnormal brain MR imaging findings at symptom onset,
most commonly involving the limbic system. Susceptibility artifact is rare and makes autoimmune encephalitis less likely as a diagnosis.
Brainstem and cerebellar involvement were more common in group 1, while leptomeningeal enhancement was more common in group 2.

ABBREVIATIONS: AIE ¼ autoimmune encephalitis; anti-Gq1b ¼ anti-ganglioside Q1b; anti-LGI1 ¼ anti-leucine-rich glioma inactivated 1; CASPR2 ¼ contactin-
associated protein-like 2; GABA ¼ gamma-aminobutyric acid; GAD ¼ glutamic acid decarboxylase; GFAP ¼ glial fibrillary acidic protein; NMDA ¼ N-methyl-D-
aspartate; PD-1 ¼ programmed cell death protein 1; VGCC ¼ voltage gated calcium channel; VGKC ¼ voltage-gated potassium channel

Autoimmune encephalitis (AIE) is an increasingly recog-
nized cause of acute or subacute altered mental status and

neurologic disturbance associated with antibodies against neu-
ronal antigens.1 Such antibodies may develop independently
or in response to malignancies such as small-cell lung cancer
and ovarian teratomas, which may be occult at the time of

presentation.2 The clinical diagnosis of AIE can be challenging

because the initial presentation can mimic other neurologic prob-

lems or primary psychiatric disorders.2,3 MR imaging of the brain

plays an important role in excluding other neurologic diagnoses

and in suggesting the possibility of AIE.4,5 Common MR imaging

findings in AIE include limbic encephalitis, though findings may

vary by antibody subtype, with some antibodies showing a predi-

lection for the deep gray nuclei, brainstem, or cerebellum.1,6 Prior

studies of AIE have also shown that more than half of all cases may

have normal MR imaging findings at presentation.7

Antibodies associated with AIE have been classified into 2
groups: antibodies with intracellular neuronal antigens (group 1)
and antibodies with extracellular neuronal antigens (group 2)
(Table 1). AIE associated with group 1 antibodies is more often
associated with an underlying malignancy, has an overall poorer
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prognosis, and is relatively less responsive to treatment. In con-
trast, AIE associated with group 2 antibodies has a better progno-
sis, and antibody titers more closely correlate with the severity of
symptoms and response to treatment.2,8

Timely diagnosis of AIE is important because earlier treatment
is more likely to reverse symptoms.9 Although there are many
reports in the literature detailing the imaging appearance of spe-
cific individual autoantibodies,1,8-25 there are currently very few
scientific articles investigating the distribution of imaging features
associated with different antibodies in a large population of
AIE,7,26-28 allowing the development of a framework with which
to evaluate this category of diseases.1 In this study, we analyzed
the brain MR imaging of 85 patients from our institution diag-
nosed with AIE, with imaging performed around the time of diag-
nosis. We hypothesize there are specific MR imaging findings
more commonly associated with certain antineuronal antibodies
and antibody groups.

MATERIALS AND METHODS
This retrospective, single-institution, cross-sectional study was
Health Insurance Portability and Accountability Act–compliant

and approved by the institutional review board of our institution
(University of California San Francisco). All eligible participants
were identified by searching the medical record for Internal
Classification of Disease (ICD9 and ICD10) codes for AIE between
2009 and 2019. Inclusion criteria were the following (Fig 1): 1)
diagnosis of AIE between 2009 and 2019; 2) specific laboratory-
confirmed autoantibodies from CSF and/or blood that were
thought to be contributory to the patient’s neurologic abnor-
mality, on the basis of review of clinical notes; and 3) MR imag-
ing of the brain obtained during the immediate work-up of the
laboratory-confirmed AIE diagnosis. Patients with a diagnosis
of autoimmune demyelinating disease, such as anti-aquaporin-4
antibody-mediated neuromyelitis optica and anti-myelin oligo-
dendrocyte–associated disease, were excluded from this study
because these entities constitute a different class of disease.

The medical record was searched for
demographic characteristics including
sex and age and clinical/laboratory data
including CSF cell count, CSF protein
level, the presence of underlying malig-
nancy, pre-existing or newly diagnosed
at symptom onset, and the specific lab-
oratory-confirmed autoantibody. The
medical record was evaluated for the
presence of potential confounding
clinical factors, such as clinical seizures
at the time of MR imaging and the ini-
tiation of steroid therapy before MR
imaging.

MR imaging of the brain associated
with the work-up and subsequent labo-
ratory diagnosis was independently
scored by 2 blinded neuroradiologists
with 5 and 7 years of experience, and
discrepancies were resolved by consen-

sus. The magnetic field strength and available sequences by MR
imaging were catalogued. MR imaging findings were classified as
normal or abnormal. Studies with abnormal findings were scored
for the presence of structural or signal abnormality in the follow-
ing predefined locations, selected on the basis of their association
with AIE in prior literature: limbic, extralimbic cortex, deep gray
nuclei (including hypothalamus), deep white matter, periventric-
ular white matter, subcortical white matter, brainstem, cerebel-
lum, and cervicomedullary junction.1,10 Additionally, studies
were scored on the basis of whether they demonstrated abnor-
mality on DWI or SWI or enhancement in the following distribu-
tions: white matter, perivenular, leptomeningeal (including
cranial nerve enhancement). Expected age-appropriate imaging
findings, such as age-appropriate parenchymal volume loss or
nonspecific T2 FLAIR hyperintensity in the white matter within
expected limits for age, were not categorized as abnormalities for
this study.

Statistical Analysis
Statistical analysis was conducted using STATA, Version 16
(StataCorp).29 We examined the distribution of patient charac-
teristics among those with group 1 and 2 antibodies using x 2

Table 1: Classification of autoantibodies in this cohort into
group 1 (intracellular antigens) versus group 2 (extracellular
antigens) autoimmune encephalitis
Group 1 Antibodies Group 2 Antibodies
Anti-CV2 Anti-AMPAr
Anti-GAD Anti-CASPR2
Anti-Hu Anti-DPPX
Anti-Ma2/Ta Anti-GABA A
Anti-Yo Anti-GABA B

Anti-GFAP
Anti-GQ1b
Anti-LGI1
Anti-NMDA
Anti-PD1
Anti-VGCC
Anti-VGKC

Note:—AMPAr indicates a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor.

FIG 1. Flowchart of patient inclusion and exclusion criteria for the study. MOG indicates myelin
oligodendrocyte; NMO, neuromyelitis optica.
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and Wilcoxon rank-sum tests. We further examined the distribu-
tion of imaging findings between group 1 and 2 antibodies using
the x 2 test. A P value, .05 was defined as a statistically significant
result.

RESULTS
Clinical and Demographic Findings
Of 104 patients with antibody-proved AIE between 2009 and
2019, seven were excluded due to the lack of MR imaging from
the time of diagnosis, 10 were excluded for the diagnosis of auto-
immune demyelinating disease (5 cases of neuromyelitis optica
and 5 cases of myelin oligodendrocyte glycoprotein associated
disease), and 2 were excluded for the concurrent detection of 2
autoantibodies, precluding evaluation for the causative antibody
(Fig 1). Eighty-five patients diagnosed with AIE had anMR imag-
ing of the brain performed a median of 14 days (interquartile
range, 4–26 days) before the laboratory-confirmed diagnosis of
AIE.

In this cohort, the median age at presentation was 36 years
(interquartile range, 24–62 years, Table 2), and most patients were
women (71%). Regarding the CSF cell count, 57 (67%) patients
had CSF leukocytosis and 33 (39%) patients had elevated protein.
There was a trend toward elevated CSF protein more frequently
seen in those with group 1 antibodies compared with group 2
(61% versus 33%, P ¼ .06). Fifteen patients (18%) had a malig-
nancy discovered around the time of their AIE diagnosis, and 10
(12%) had nonmalignant tumors such as hamartomas and terato-
mas. Only 2 patients with malignancy had pre-existing malig-
nancy known before symptom onset. The rate of malignant tumor
was significantly higher in group 1 than in group 2 (33% versus
13%, P, .05, Table 2), though there was no significant difference
in the rates of teratomas and hamartomas between the two
groups. Thirty-five patients (41%) had clinical or electroencepha-
lography seizures around the time of MR imaging. Nine patients
(11%) had been treated with steroids, and 3 patients (4%) with IV
immunoglobulin up to 1 month before imaging.

Specific Autoimmune Antibodies
In 85 patients, 16 distinct types of AIE antibodies were found
(Online Supplemental Data). The most common antibodies were
anti-N-methyl-D-aspartate (NMDA) receptor antibodies (n ¼
41), anti-glutamic acid decarboxylase (GAD) antibodies (n ¼ 7),
and anti-voltage-gated potassium channel (VGKC) antibodies
(n ¼ 6). Eighteen of 85 (21%) were in group 1, and 67/85 (79%)
were in group 2 antibodies.

MR Imaging Findings by AIE Group
Of the 85 brain MR images evaluated
in this study, 30/85 (35%) were per-
formed at 3T and 55/85 (65%) were
performed at 1.5T. Eighty-four of 85
(99%) studies included DWI, 85/85
(100%) included T1-weighted imaging,
85/85 (100%) included T2 FLAIR imag-
ing, 68/85 (80%) included SWI in the
form of either SWI/iron sensitive imag-
ing/gradient recalled-echo/multiplanar

gradient-recalled, and 80/85 (94%) included T1-postcontrast imag-
ing. The frequency of imaging findings by AIE group and for all
specific antibody subtypes is shown in the Online Supplemental
Data.

There were significant differences between group 1 and group
2 AIE with respect to the percentage with signal abnormality in the
brainstem and cerebellum (Online Supplemental Data). Brainstem
signal abnormality was more common in group 1 AIE, seen in
anti-Hu, anti-Ma2/Ta, and anti-CV2 (Online Supplemental Data).
Among group 2 AIE, brainstem signal abnormality was seen with
anti-glial fibrillary acidic protein (GFAP) and anti-voltage gated
calcium channel (VGCC) but was less common compared with
group 1. Cerebellar signal abnormality was also significantly more
common in group 1 AIE, seen in anti-Hu, anti-Yo, anti-CV2, and
anti-GAD (Online Supplemental Data). Among group 2 AIE, cere-
bellar signal abnormality was seen in anti-NMDA, anti-GFAP,
anti-VGCC, anti-programmed cell death protein 1 (PD-1), and
anti-ganglioside Q1b (GQ1B), but it was less common compared
with group 1.

Antibody Subtype Based on MR Imaging Findings
MR imaging findings were abnormal in 52/85 (61%) patients. The
most common areas of signal abnormality in the overall cohort
were limbic (28/85, 33%), extralimbic cortex (18/85, 21%), and
periventricular white matter (17/85, 20%, Online Supplemental
Data). Ten cases (12%) had reduced diffusion, which was not sig-
nificantly more common in either group 1 or group 2 (1/18, 6%
versus 9/67, 13%, P ¼ .36). Only 1/68 (1.5%) had susceptibility
artifacts, which were in a case of anti-NMDA encephalitis.

Normal MR Imaging Findings. Thirty-three of 85 (39%) patients
with AIE had normal findings on MR imaging of the brain.
Patients with anti-NMDA encephalitis constituted those with the
most normal MR imaging findings (20/33, 61%). Other patients
with normal MR imaging had laboratory-confirmed anti-Hu,
anti-Yo, anti-GAD, anti-NMDA, anti-a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAr), anti-
VGCC, anti-DPPX, anti-GQ1B, anti-VGKC, anti-leucine-rich
glioma inactivated 1 (LGI1) and anti-contactin-associated pro-
tein-like 2 (CASPR2).

Limbic Signal Abnormality. Limbic signal abnormality was pres-
ent in 28/85 (33%) patients and seen in anti-Hu, anti-Ma2/Ta,
anti-CV2, anti-GAD, anti-NMDA, anti-gamma-aminobutyric acid
(GABA)-B, anti-GFAP, anti-VGKC, and anti-CASPR2 (Online
Supplemental Data).

Table 2: Demographic and clinical features of 85 patients with laboratory-proved auto-
immune encephalitis, stratified by antibody group

All (n = 85)
Group 1
(n = 18)

Group 2
(n = 67)

P
Value

Age (median) (IQR) 36 (24–62) 49.5 (29–64) 32 (22–61) .11
Male sex 25/85 (29%) 4/18 (22%) 21/67 (31%) .45
CSF leukocytosis 57/85 (67%) 11/18 (61%) 46/67 (69%) .69
CSF elevated protein 33/85 (39%) 11/18 (61%) 22/67 (33%) .06
Diagnosis of malignancy 15/85 (18%) 6/18 (33%) 9/67 (13%) .05
Diagnosis of teratoma/hamartoma 10/85 (12%) 2/18 (11%) 8/67 (12%) .95

Note:—IQR indicates interquartile range.

AJNR Am J Neuroradiol 44:799–806 Jul 2023 www.ajnr.org 801



Deep Gray Signal Abnormality. Deep gray signal abnormality
was present in 10/85 (12%) patients and seen in anti-Ma2/Ta,
anti-CV2, anti-GAD, anti-NMDA, and anti-LGI1 encephalitis
(Online Supplemental Data).

Deep White Matter Signal Abnormality. Eleven of 85 (13%)
patients had deep white matter signal abnormality, including those
with anti-Hu, anti-CV2, anti-GAD, anti-NMDA, anti-GFAP, and
anti-VGCC (Online Supplemental Data).

Subcortical White Matter Signal Abnormality. Sixteen of 85
(19%) patients demonstrated subcortical white matter signal ab-
normality, including patients with anti-Hu, anti-Yo, anti-NMDA,
anti-GABA-B, anti-GFAP, anti-VGCC, and anti-VGKC (Online
Supplemental Data).

Periventricular White Matter Signal Abnormality. Seventeen of
85 (20%) patients demonstrated periventricular white matter sig-
nal abnormality, including patients with anti-CV2, anti-GAD,
anti-NMDA, anti-GFAP, anti-VGCC, and anti-VGKC (Online
Supplemental Data).

Extralimbic Cortex. Eighteen of 85 (21%) patients demonstrated
extralimbic cortical signal abnormality, including patients with
anti-CV2, anti-GAD, anti-NMDA, anti-GABA-A, anti-GFAP,
anti-VGCC, anti-VGKC, anti-LGI1, and anti-CASPR2 (Online
Supplemental Data).

Brainstem. Five of 85 (6%) patients demonstrated brainstem sig-
nal abnormality, including patients with anti-Hu, anti-Ma2/Ta,
anti-CV2, anti-GFAP, and anti-VGCC encephalitis (Online
Supplemental Data). Brainstem signal abnormality was more
commonly seen in group 1 AIE (Online Supplemental Data).

Cerebellum. Ten of 85 (12%) patients demonstrated cerebellar
signal abnormality or volume loss, including patients with anti-
Hu, anti-Yo, anti-CV2, anti-GAD, anti-NMDA, anti-GFAP,
anti-VGCC, anti-PD-1, and anti-GQ1B encephalitis (Online

Supplemental Data). Cerebellar abnor-
mality was more common with group 1
than group 2 AIE (Online Supplemental
Data).

White Matter Enhancement. Three of
80 (4%) patients demonstrated white
matter enhancement, including patients
with anti-GFAP and anti-PD-1 enceph-
alitis (Online Supplemental Data). For
anti-PD-1 encephalitis, the white matter
enhancement was cerebellar in location.

Deep Gray Enhancement. One of 80
(1%) patients demonstrated deep gray
enhancement seen in a patient with anti-
LGI1 encephalitis (Online Supplemental
Data).

Perivenular Enhancement. Four of 80 (5%) patients demonstrated
perivenular enhancement, including patients with anti-GAD, anti-
NMDA, and anti-GFAP (Online Supplemental Data).

Leptomeningeal/Cranial Nerve Enhancement. Two of 80 (2.5%)
patients demonstrated leptomeningeal enhancement, both of
whom had anti-GQ1B encephalitis. One demonstrated cranial
nerve enhancement, and the other demonstrated enhancement
along the cerebellar folia in regions of abnormal cerebellar signal
(Online Supplemental Data).

DISCUSSION
In our retrospective study of consecutive patients from our insti-
tution diagnosed with laboratory-confirmed AIE, we found MR
imaging abnormalities present in approximately two-thirds of
patients at the time of symptom onset, and limbic signal abnor-
mality was the most common, seen in 33% of patients. Although
there were many overlapping features among the specific autoan-
tibody subtypes, group 1 antibodies more commonly involved
the brainstem and cerebellum, while group 2 more commonly
demonstrated leptomeningeal enhancement. Certain imaging
findings were seen more commonly with specific antibody sub-
types. Our findings support an imaging framework for suggesting
AIE by imaging and potentially specific AIE subtypes based on
MR imaging findings (Fig 2).26,28,30

The results of our imaging analysis reinforce the findings of
many smaller studies and case reports on specific autoantibod-
ies.4,7,9,10,13,18,20,21,24-27,31 The anti-NMDA receptor antibody was the
most common antibody in our cohort, similar to findings in other
cohort studies.19,27,38 Only 1 patient in the cohort demonstrated sus-
ceptibility artifacts suggestive of hemorrhage, and this was in a
patient with anti-NMDA receptor encephalitis, who developed AIE
after herpes simplex virus encephalitis. This finding reinforces prior
studies and case reports on AIE, which have not described suscepti-
bility artifacts as an imaging feature of AIE; thus, the presence of
susceptibility typically makes AIE a less likely diagnosis.16,32

In our study, 39% of patients had normal MR imaging find-
ings despite antibody-proved AIE. Normal MR imaging findings

FIG 2. Proposed imaging stratification algorithm for patients with suspected AIE. Boldface anti-
bodies belong to the group 1 classification.
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were seen in several AIE subtypes, most commonly anti-NMDA
encephalitis. Prior studies have demonstrated that a subset of
patients with AIE will have normal MR imaging findings despite
clinically-apparent neuropsychiatric disturbances.2 In 1 prior
study, 40% of patients with NMDA receptor encephalitis had
normal MR imaging findings, similar to the results in our
study.19 A separate study analyzing 77 patients with a diverse sub-
set of antibodies found that 63% of patients presented with nor-
mal or nonspecific MR imaging findings at symptom onset.7

Notably, brain MR imaging findings
may initially be normal, and MR imag-
ing changes can develop subsequently,
thus demonstrating the importance of
follow-up imaging in patients with a
suspected diagnosis of AIE.5 Additional
imaging modalities such as PET/CT
and additional imaging sequences such
as arterial spin-labeling perfusion may
be helpful adjuncts in the work-up of
those patients with AIE and otherwise
normal MR imaging findings.33-35

Most important, normal MR imaging
findings do not exclude AIE as a diag-
nosis in the context of appropriate
clinical suspicion, and appropriate lab-
oratory work-up should ensue.

On a group level, our study found a
higher percentage of brainstem and
cerebellar involvement in group 1 AIE.
Although the evaluation of individual
subtypes of AIE was challenging due to
the small number of patients with some
subtypes, a few general trends could be
appreciated. Multiple subtypes demon-
strated limbic involvement, some of
which, including anti-Ma2/Ta, anti-
GAD, and anti-Hu also involved the
brainstem or cerebellum. Anti-CV2
(Fig 3) and anti-LGI1 involved the lim-
bic system, extralimbic cortex, and
deep gray nuclei. Some cases of anti-
NMDA involved all of the following:
limbic, extralimbic cortex, deep gray
nuclei, and brainstem/cerebellum (Fig 4).
Multiple prior case reports and
smaller studies support the conclu-
sions of our study that these subtypes
cause limbic encephalitis, often with
additional involvement.2,6,9,12,23,26,36

Patients with anti-Yo antibody–
associated AIE in our cohort had cere-
bellar signal abnormality and volume
loss (Fig 3), which has been described
in prior articles describing anti-Yo
antibodies as a cause of paraneoplastic
cerebellar degeneration.21,24 Previous
reports of anti-Ma2/Ta describe brain

abnormalities with T2 hyperintensities primarily in the mesial
temporal lobes with occasional involvement of the brainstem
and thalami.13,37

Patients in our cohort with anti-GFAP astrocytopathy demon-
strated periventricular and deep white matter signal abnormality,
with perivenular enhancement in the deep white matter (Fig 5),
consistent with previous review articles and case reports.4,11,25

Patients with anti-GQ1b antibody–associated AIE (Fig 6) were the
only ones in our cohort to demonstrate leptomeningeal and

FIG 3. Imaging findings in examples of group 1 antibody AIE. A, A 65-year-old woman with a his-
tory of ovarian cancer who developed emesis, ataxia, and gait instability. Axial FLAIR images dem-
onstrate enlarged cerebellar folia (large white arrow), compatible with volume loss. Subsequent
work-up revealed anti-Yo encephalitis. B, A 44-year-old woman with 9 months of progressive
ophthalmoplegia, amnesia, mild hemiparesis, and vertigo. Axial FLAIR imaging demonstrates deep
gray and periventricular white matter hyperintensity (white arrows). The patient was subse-
quently diagnosed with anti-CV2 encephalitis.

FIG 4. A 22-year-old man with no major medical history presented with subacute, progressive,
altered mental status and psychiatric symptoms including paranoia and visual and auditory hallu-
cinations. He subsequently developed memory loss and aphasia and was ultimately diagnosed
with anti-NMDA receptor encephalitis. Axial FLAIR images of the patient at 2 different levels are
shown. A, At the level of the temporal horns, there is FLAIR hyperintensity and swelling of bilat-
eral hippocampi and medial temporal lobes (white arrows). B, At the level of the lateral ventricu-
lar bodies, there is FLAIR hyperintensity and swelling of the right insular and superior temporal
cortices (thin white arrows), as well as the right caudate head and putamen (white arrowhead).
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cranial nerve enhancement, consistent with previous descriptions
in the literature.20 Because anti-GQ1b is thought to cause Miller
Fisher syndrome, a variant of Guillain-Barre syndrome affecting
cranial nerves, this imaging feature corresponds to clinical symp-
toms.15 In a study analyzing 15 patients with anti-GQ1b antibod-
ies, 14 of 16 MR imaging examinations demonstrated at least 1
cranial nerve abnormality.20

In keeping with prior studies,26,28,30 most patients with AIE in
our study were women (71%) and young (median age, 36 years).
There was a significantly higher rate of associated malignancy
with group 1 antibodies, in line with the findings in prior litera-
ture.2,38 Patients with group 1 antibodies demonstrated elevated
CSF protein compared with group 2. A prior study investigating
CSF findings in AIE found similar results, with 53% of patients
with group 1 antibodies demonstrating elevated CSF protein ver-
sus 37% of those with group 2 antibodies.39 The predominant
theory for this phenomenon is that CSF protein generally
increases with age, and because patients with group 1 antibodies

typically are older, the increased inci-
dence of elevated CSF protein could be
correlated to increased age.30,39

To our knowledge, this study repre-
sents the largest scientific imaging eval-
uation of a consecutive cohort of
patients with laboratory-proved AIE.
While prior literature has been pub-
lished on individual AIE subtypes, few
articles have studied AIE as a whole
and provided a framework for
approaching the diagnosis by imaging.
However, our study does have several
limitations. While we studied many
cases of AIE in aggregate, there were
few individual cases of rare antibody
subtypes. Our study lacked an age-
matched control group, but age-related
changes were intentionally not scored
in our imaging review. Because the
cohort dates back to 2008, many older
MR images were obtained with 2D
sequences at 1.5T; however, these stud-
ies are of diagnostic quality and remain
consistent with image quality in current
clinical practice. Not all patients had
SWI or postcontrast imaging performed
around the time of diagnosis, limiting
the detection of abnormalities on those
sequences. Additionally, approxi-
mately 15% of patients had received
prophylactic steroid or IV immuno-
globulin therapy before imaging, which
may decrease the severity of the find-
ings seen on MR imaging. Because 41%
of patients in this study had seizures
around the time of imaging, it is possi-
ble that some imaging findings may
represent the manifestation of concur-

rent seizures, particularly cortical- and deep gray–reduced diffu-
sion; however, no patients had imaging abnormalities confined
only to these regions; thus, we believe that most abnormalities
are attributable to the underlying AIE in these cases. Finally,
because we studied only the initial MR images obtained around
the time of symptom onset and not subsequent follow-up imag-
ing, we did not study the evolution of these imaging findings
and whether patients with initial normal MR imaging findings
subsequently developed abnormalities. Future longitudinal,
multicenter studies are needed to increase the follow-up time
and sample size to generate more specific conclusions in this
population.

CONCLUSIONS
In this single-institution study of 85 consecutive patients with
the confirmed diagnosis of AIE, approximately two-thirds had
abnormal findings on brain MR imaging, with limbic signal
abnormality the most common abnormal imaging finding.

FIG 5. A 43-year-old woman with progressive, altered mental status and right-leg and buttock
paresthesia. Subsequent testing revealed anti-GFAP encephalitis. Axial (A) and sagittal (B) postcon-
trast T1-weighted imaging demonstrates linear perivenular enhancement (white arrows) radiating
into the periventricular white matter.

FIG 6. A 20-year-old man with a several-day history of headache and new-onset diplopia with a
subsequent work-up revealing anti-GQ1b encephalitis. Axial (A) and coronal (B) postcontrast T1-
weighted imaging demonstrates leptomeningeal enhancement of the right cerebellar hemisphere
(white arrows).
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Susceptibility artifacts are rarely seen in AIE (only noted in 1
patient in our study); thus, their presence makes AIE less likely.
While we documented certain imaging features to be more fre-
quent in certain subtypes of AIE, in many cases, imaging find-
ings at symptom onset were normal but were still useful to rule
out alternative causes of the patient’s neurologic presentation.
Early identification of neuroimaging features of AIE will lead to
earlier diagnosis, treatment, and potentially improved clinical
outcomes.

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

REFERENCES
1. Ball C, Fisicaro R, Morris L, et al. Brain on fire: an imaging-based

review of autoimmune encephalitis. Clin Imaging 2022;84:1–30
CrossRef Medline

2. Kelley BP, Patel SC, Marin HL, et al. Autoimmune encephalitis:
pathophysiology and imaging review of an overlooked diagnosis.
AJNR Am J Neuroradiol 2017;38:1070–78 CrossRef Medline

3. Glaser CA, Gilliam S, Schnurr D, et al; California Encephalitis
Project, 1998-2000. In search of encephalitis etiologies: diagnostic
challenges in the California Encephalitis Project, 1998-2000. Clin
Infect Dis 2003;36:731–42 CrossRef Medline

4. Theroux LM, Goodkin HP, Heinan KC, et al. Extreme delta brush
and distinctive imaging in a pediatric patient with autoimmune
GFAP astrocytopathy. Mult Scler Relat Disord 2018;26:121–23
CrossRef Medline

5. Abboud H, Probasco JC, Irani S, et al; Autoimmune Encephalitis
Alliance Clinicians Network. Autoimmune encephalitis: proposed
best practice recommendations for diagnosis and acute manage-
ment. J Neurol Neurosurg Psychiatry 2021;92:757–68 CrossRef
Medline

6. Budhram A, Leung A, Nicolle MW, et al. Diagnosing autoimmune
limbic encephalitis. CMAJ 2019;191:E529–34 CrossRef Medline

7. Saraya AW, Worachotsueptrakun K, Vutipongsatorn K, et al.
Differences and diversity of autoimmune encephalitis in 77 cases
from a single tertiary care center. BMC Neurol 2019;19:273 CrossRef
Medline

8. Si Z, Wang A, Liu J, et al. Typical clinical and imaging manifesta-
tions of encephalitis with anti-g -aminobutyric acid B receptor
antibodies: clinical experience and a literature review. Neurol Sci
2019;40:769–77 CrossRef Medline

9. Kotsenas AL, Watson RE, Pittock SJ, et al. MRI findings in autoim-
mune voltage-gated potassium channel complex encephalitis with
seizures: one potential etiology for mesial temporal sclerosis. AJNR
Am J Neuroradiol 2014;35:84–89 CrossRef Medline

10. Wu H, Yu H, Joseph J, et al. Neuroimaging and CSF findings in
patients with autoimmune encephalitis: a report of eight cases
in a single academic center. Neurol Int 2022;14:176–85 CrossRef
Medline

11. Lin J, Lu L, Li J. Typical linear radial periventricular enhancement
in a patient with glial fibrillary acidic protein (GFAP) astrocytop-
athy. Neurol Sci 2022;43:2895–97 CrossRef Medline

12. Zouras S, Stephens JW, Abburu SR, et al. Anti-LGI1 encephalitis
causing faciobrachial dystonic seizures. BMJ Case Rep 2017;2017:
bcr-2017-221089 CrossRef Medline

13. Vogrig A, Joubert B, Maureille A, et al. Motor neuron involvement
in anti-Ma2-associated paraneoplastic neurological syndrome. J
Neurol 2019;266:398–410 CrossRef Medline

14. Compta Y, Iranzo A, Santamaría J, et al. REM sleep behavior disor-
der and narcoleptic features in anti-Ma2-associated encephalitis.
Sleep 2007;30:767–69 CrossRef Medline

15. Saul RF. Neuro-ophthalmology and the anti-GQ1b antibody syn-
dromes. Curr Neurol Neurosci Rep 2009; 379–83 CrossRef Medline

16. Bacchi S, Franke K, Wewegama D, et al. Magnetic resonance imag-
ing and positron emission tomography in anti-NMDA receptor
encephalitis: a systematic review. J Clin Neurosci 2018;52:54–59
CrossRef Medline

17. Ha J, Na BS, Ahn JH, et al.Anti-CV2/CRMP5 paraneoplastic chorea
effectively managed with intravenous amantadine. Tremor Other
Hyperkinet Mov (N Y) 2019;9 CrossRef Medline

18. Wu X, Wang H, Xu G, et al. Anti-CV2 autoimmune encephalitis
with Parkinson-like symptoms and bilateral leukoencephalop-
athy: a case report. Front Neurol 2019;10:1064 CrossRef Medline

19. Gomez-Figueroa E, Garcia-Estrada C, Paredes-Aragon E, et al. Brain
MRI volumetric changes in the follow-up of patients with anti-
NMDAr encephalitis. Clin Neurol Neurosurg 2021;209:106908
CrossRef Medline

20. Lee B, Lee JH, Lim YM, et al. High-resolution MR imaging of cra-
nial neuropathy in patients with anti-GQ1b antibody syndrome. J
Neurol Sci 2021;423:117380 CrossRef Medline

21. Renard D, Taieb G, Briere C, et al. Mild encephalitis/encephalop-
athy with a reversible splenial, white matter, putaminal, and tha-
lamic lesions following anti-Yo rhombencephalitis. Acta Neurol
Belg 2012;112:405–07 CrossRef Medline

22. Li W, Wu S, Meng Q, et al. Clinical characteristics and short-term
prognosis of LGI1 antibody encephalitis: a retrospective case
study. BMC Neurol 2018;18:1–8 CrossRef Medline

23. Neo S, Yeo T, Chen Z, et al. Acute radiological features facilitate
diagnosis and prognosis of anti-N-methyl-D-aspartate receptor
(NMDAR) and anti-voltage-gated potassium channel (VGKC)
encephalitis in adults. J Neurol Sci 2020;419:117216 CrossRef
Medline

24. Endres D, Perlov E, Stich O, et al. Case report: low-titre anti-Yo
reactivity in a female patient with psychotic syndrome and fronto-
parieto-cerebellar atrophy. BMC Psychiatry 2015;15:112 CrossRef
Medline

25. Fang B, McKeon A, Hinson SR, et al. Autoimmune glial fibrillary
acidic protein astrocytopathy: a novel meningoencephalomyelitis.
JAMA Neurol 2016;73:1297–307 CrossRef Medline

26. Swayne A, Warren N, Prain K, et al. An Australian state-based
cohort study of autoimmune encephalitis cases detailing clinical
presentation, investigation results, and response to therapy. Front
Neurol 2021;12:607773 CrossRef Medline

27. Gu Y, Zhong M, He L, et al. Epidemiology of antibody-positive
autoimmune encephalitis in Southwest China: a multicenter study.
Front Immunol 2019;10:2611 CrossRef Medline

28. Wang Y, Miao A, Shi Y, et al. Influencing electroclinical features
and prognostic factors in patients with anti-NMDAR encephalitis:
a cohort follow-up study in Chinese patients. Sci Rep 2020;10:10753
CrossRef Medline

29. Stata Statistical Software: Release 16. 2019. https://www.stata.com/
stata-news/news35-1/updates-to-stata16/. Accessed May 5, 2022

30. Zrzavy T, Höftberger R, Wimmer I, et al. Longitudinal CSF findings
in autoimmune encephalitis: a monocentric cohort study. Front
Immunol 2021;12:646940 CrossRef Medline

31. Shao X, Fan S, Luo H, et al. Brain magnetic resonance imaging
characteristics of anti-leucine-rich glioma-inactivated 1 encephali-
tis and their clinical relevance: a single-center study in China.
Front Neurol 2021;11:618109 CrossRef Medline

32. Vallabhaneni D, Naveed MA, Mangla R, et al. Perfusion imaging in
autoimmune encephalitis. Case Rep Radiol 2018;2018:3538645
CrossRef Medline

33. Bordonne M, Chawki MB, Doyen M, et al. Brain 18F-FDG PET for
the diagnosis of autoimmune encephalitis: a systematic review and
a meta-analysis. Eur J Nucl Med Mol Imaging 2021;48:3847–58
CrossRef Medline

34. Yedavalli VS, Hamam O, Bahouth M, et al. Arterial spin labeling
imaging characteristics of anti-leucine-rich glioma-inactivated 1
encephalitis: a qualitative and quantitative analysis. Front Neurol
2022;13:850029 CrossRef Medline

AJNR Am J Neuroradiol 44:799–806 Jul 2023 www.ajnr.org 805

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/July%202023/0617.pdf
http://www.ajnr.org
http://dx.doi.org/10.1016/j.clinimag.2021.12.011
https://www.ncbi.nlm.nih.gov/pubmed/35101768
http://dx.doi.org/10.3174/ajnr.A5086
https://www.ncbi.nlm.nih.gov/pubmed/28183838
http://dx.doi.org/10.1086/367841
https://www.ncbi.nlm.nih.gov/pubmed/12627357
http://dx.doi.org/10.1016/j.msard.2018.09.015
https://www.ncbi.nlm.nih.gov/pubmed/30245384
http://dx.doi.org/10.1136/jnnp-2020-325300
https://www.ncbi.nlm.nih.gov/pubmed/33649022
http://dx.doi.org/10.1503/cmaj.181548
https://www.ncbi.nlm.nih.gov/pubmed/31085562
http://dx.doi.org/10.1186/s12883-019-1501-5
https://www.ncbi.nlm.nih.gov/pubmed/31694559
http://dx.doi.org/10.1007/s10072-018-3679-5
https://www.ncbi.nlm.nih.gov/pubmed/30671737
http://dx.doi.org/10.3174/ajnr.A3633
https://www.ncbi.nlm.nih.gov/pubmed/23868165
http://dx.doi.org/10.3390/neurolint14010014
https://www.ncbi.nlm.nih.gov/pubmed/35225884
http://dx.doi.org/10.1007/s10072-022-05937-9
https://www.ncbi.nlm.nih.gov/pubmed/35146565
http://dx.doi.org/10.1136/bcr-2017-221089
https://www.ncbi.nlm.nih.gov/pubmed/29103007
http://dx.doi.org/10.1007/s00415-018-9143-x
https://www.ncbi.nlm.nih.gov/pubmed/30498914
http://dx.doi.org/10.1093/sleep/30.6.767
https://www.ncbi.nlm.nih.gov/pubmed/17580598
http://dx.doi.org/10.1007/s11910-009-0055-0
https://www.ncbi.nlm.nih.gov/pubmed/19664367
http://dx.doi.org/10.1016/j.jocn.2018.03.026
https://www.ncbi.nlm.nih.gov/pubmed/29605275
http://dx.doi.org/10.7916/tohm.v0.701
https://www.ncbi.nlm.nih.gov/pubmed/31656691
http://dx.doi.org/10.3389/fneur.2019.01064
https://www.ncbi.nlm.nih.gov/pubmed/31649611
http://dx.doi.org/10.1016/j.clineuro.2021.106908
https://www.ncbi.nlm.nih.gov/pubmed/34488009
http://dx.doi.org/10.1016/j.jns.2021.117380
https://www.ncbi.nlm.nih.gov/pubmed/33677393
http://dx.doi.org/10.1007/s13760-012-0080-7
https://www.ncbi.nlm.nih.gov/pubmed/22577040
http://dx.doi.org/10.1186/s12883-018-1099-z
https://www.ncbi.nlm.nih.gov/pubmed/29980179
http://dx.doi.org/10.1016/j.jns.2020.117216
https://www.ncbi.nlm.nih.gov/pubmed/33171389
http://dx.doi.org/10.1186/s12888-015-0486-x
https://www.ncbi.nlm.nih.gov/pubmed/25963777
http://dx.doi.org/10.1001/jamaneurol.2016.2549
https://www.ncbi.nlm.nih.gov/pubmed/27618707
http://dx.doi.org/10.3389/fneur.2021.607773
https://www.ncbi.nlm.nih.gov/pubmed/33692738
http://dx.doi.org/10.3389/fimmu.2019.02611
https://www.ncbi.nlm.nih.gov/pubmed/31781111
http://dx.doi.org/10.1038/s41598-020-67485-6
https://www.ncbi.nlm.nih.gov/pubmed/31694559
https://www.stata.com/stata-news/news35-1/updates-to-stata16/
https://www.stata.com/stata-news/news35-1/updates-to-stata16/
http://dx.doi.org/10.3389/fimmu.2021.646940
https://www.ncbi.nlm.nih.gov/pubmed/33828556
http://dx.doi.org/10.3389/fneur.2020.618109
https://www.ncbi.nlm.nih.gov/pubmed/33510707
http://dx.doi.org/10.1155/2018/3538645
https://www.ncbi.nlm.nih.gov/pubmed/29854534
http://dx.doi.org/10.1007/s00259-021-05299-y
https://www.ncbi.nlm.nih.gov/pubmed/33677643
http://dx.doi.org/10.3389/fneur.2022.850029
https://www.ncbi.nlm.nih.gov/pubmed/35979060


35. Probasco JC, Solnes L, Nalluri A, et al. Abnormal brain metabo-
lism on FDG-PET/CT is a common early finding in autoimmune
encephalitis. Neurol Neuroimmunol Neuroinflamm 2017;4:e352
CrossRef Medline

36. Heine J, Prüss H, Bartsch T, et al. Imaging of autoimmune encepha-
litis: relevance for clinical practice and hippocampal function.
Neuroscience 2015;309:68–83 CrossRef Medline

37. Dalmau J, Rosenfeld MR. Autoimmune encephalitis update. Neuro
Oncol 2014;16:771–78 CrossRef Medline

38. Rees JH. Paraneoplastic syndromes: when to suspect, how to con-
firm, and how to manage. J Neurol Neurosurg Psychiatry.2004;75
(Suppl 2):ii43–50 CrossRef Medline

39. Hébert J, Gros P, Lapointe S, et al. Searching for autoimmune encephalitis:
beware of normal CSF. J Neuroimmunol 2020;345:577285 CrossRefMedline

806 Gillon Jul 2023 www.ajnr.org

http://dx.doi.org/10.1212/NXI.0000000000000352
https://www.ncbi.nlm.nih.gov/pubmed/28567435
http://dx.doi.org/10.1016/j.neuroscience.2015.05.037
https://www.ncbi.nlm.nih.gov/pubmed/26012492
http://dx.doi.org/10.1093/neuonc/nou030
https://www.ncbi.nlm.nih.gov/pubmed/24637228
http://dx.doi.org/10.1136/jnnp.2004.040378
https://www.ncbi.nlm.nih.gov/pubmed/15146039
http://dx.doi.org/10.1016/j.jneuroim.2020.577285
https://www.ncbi.nlm.nih.gov/pubmed/32563126


ORIGINAL RESEARCH
ADULT BRAIN

Early Detection of Underlying Cavernomas in Patients with
Spontaneous Acute Intracerebral Hematomas

A. Bani-Sadr, O.F. Eker, T.-H. Cho, R. Ameli, M. Berhouma, M. Cappucci, L. Derex, L. Mechtouff, D. Meyronet,
N. Nighoghossian, Y. Berthezène, and M. Hermier

ABSTRACT

BACKGROUND AND PURPOSE: Early identification of the etiology of spontaneous acute intracerebral hemorrhage is essential for
appropriate management. This study aimed to develop an imaging model to identify cavernoma-related hematomas.

MATERIALS AND METHODS: Patients 1–55 years of age with acute (#7 days) spontaneous intracerebral hemorrhage were included.
Two neuroradiologists reviewed CT and MR imaging data and assessed the characteristics of hematomas, including their shape
(spherical/ovoid or not), their regular or irregular margins, and associated abnormalities including extralesional hemorrhage and pe-
ripheral rim enhancement. Imaging findings were correlated with etiology. The study population was randomly split to provide a
training sample (50%) and a validation sample (50%). From the training sample, univariate and multivariate logistic regression was
performed to identify factors predictive of cavernomas, and a decision tree was built. Its performance was assessed using the vali-
dation sample.

RESULTS: Four hundred seventy-eight patients were included, of whom 85 had hemorrhagic cavernomas. In multivariate analysis,
cavernoma-related hematomas were associated with spherical/ovoid shape (P, .001), regular margins (P ¼ .009), absence of extrale-
sional hemorrhage (P ¼ .01), and absence of peripheral rim enhancement (P ¼ .002). These criteria were included in the decision
tree model. The validation sample (n ¼ 239) had the following performance: diagnostic accuracy of 96.1% (95% CI, 92.2%–98.4%),
sensitivity of 97.95% (95% CI, 95.8%–98.9%), specificity of 89.5% (95% CI, 75.2%–97.0%), positive predictive value of 97.7% (95% CI,
94.3%–99.1%), and negative predictive value of 94.4% (95% CI, 81.0%–98.5%).

CONCLUSIONS: An imaging model including ovoid/spherical shape, regular margins, absence of extralesional hemorrhage, and absence
of peripheral rim enhancement accurately identifies cavernoma-related acute spontaneous cerebral hematomas in young patients.

ABBREVIATION: DVA ¼ developmental venous anomaly

Acute spontaneous intracerebral hematomas are frequent
and remain a major cause of morbidity and mortality.1 The

prognosis and treatment depend on the underlying cause of bleed-
ing. In older patients, primary hemorrhages, due to hypertension
or amyloid angiopathy, are the most frequent. The probability of
finding a secondary cause, such as vascular malformations, is
increased in younger patients.

An etiologic work-up based on imaging is advocated in all
patients younger than 55 years of age.2,3 In patients presenting
with acute spontaneous intracerebral hemorrhage, the shape of the
hematoma on imaging performed in the acute phase is correlated
with prognosis: Irregular margins may predict hematoma expan-
sion4 and have been associated with death and major disability.5 In
some instances, the shape of the hematoma may also suggest the
underlying pathology. Lobar intracerebral hemorrhage with finger-
like projections is suggestive of amyloid angiopathy.6 Some imag-
ing features, including mixed-aged blood, mulberry-like clusters,
and a developmental venous anomaly (DVA) in the vicinity of the
hematoma, may suggest an underlying cavernoma. A spherical or
ovoid hematoma has sometimes been reported in hemorrhagic
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cerebral cavernomas.7,8 However, this characteristic is not men-
tioned in the widely used MR imaging classification of cavernomas
described by Zabramski et al,9 and recent reviews on the imaging
of acute spontaneous cerebral hemorrhages did not report it as a
critical finding.10,11 Consequently, the predictive value of a spheri-
cal or ovoid hematoma in diagnosing underlying cerebral caver-
noma is as yet unknown.

We aimed to assess the radiologic characteristics of hemor-
rhagic cerebral cavernomas compared with other etiologies in a
large series of patients 55 years of age or younger presenting with
acute spontaneous intracerebral hematomas. We built and eval-
uated a radiologic model to predict an underlying cavernoma in
case of acute spontaneous intracerebral hematoma.

MATERIALS AND METHODS
We performed a retrospective study in a tertiary hospital (Pierre
Wertheimer Hospital, Hospices de Lyon).

Data Availability Statement
Further anonymized data can be provided to qualified investiga-
tors on request to the corresponding author.

Ethics Statement
The local ethics committee approved the study and waived the
need for informed consent.

Inclusion Criteria
On the basis of our radiology database, we retrieved patients with
a diagnosis of symptomatic spontaneous acute cerebral hemor-
rhage during a 12-year period (January 2010 to December 2021).
We included patients 1 year of age and older and 55 years and
younger presenting with a first episode of acute-to-early subacute
(# 7 days) intracerebral hematoma either on CT or MR imaging.
Admission imaging had to be available on the PACS to allow
multiplanar assessment.

Exclusion Criteria
Patients presenting with intracerebral hematomas lacking imag-
ing data or having poor image quality and no definite or probable
etiology after work-up or with traumatic lesions, known brain
tumors, hematomas following either IV thrombolytic therapy,
interventional neuroradiology, or neurosurgery were excluded.
Patients with hematomas of .7 days and intracerebral hemato-
mas with a largest diameter of ,10 mm were also excluded.

Etiologies of the Hematoma
The final etiologic diagnosis was determined by consensus between
stroke neurologists and neuroradiologists after reviewing all
available etiologic work-ups. Etiologic diagnoses were classified
as follows: cerebral aneurysm, arteriovenous shunt (ie, AVM,
AVF, AVM draining into a DVA), cerebral cavernoma, cerebral
vein thrombosis (ie, direct visualization of thrombi in the cere-
bral venous system on either contrast-enhanced CT or MR
imaging or cerebral angiography), hypertension, probable amy-
loid angiopathy, spontaneous hemorrhagic transformation of
ischemic stroke, reversible vasoconstriction syndrome, posterior
reversible encephalopathy syndrome, pseudoaneurysm in the set-
ting of infective endocarditis, other vasculopathies (ie, Moyamoya,

vasculitis), neoplasms with acute hemorrhagic presentation, and
toxic or coagulation disorders.

For cavernomas, diagnosis was made on the basis of either
histopathology12,13 or follow-up.14 Mixed vascular lesions with
both cavernous components and capillary telangiectasia at histo-
pathology were classified as cavernomas. Follow-up-based diag-
noses were established by consensus after review of the medical
files and required a cerebral angiography with negative findings
and at least 12months of follow-up with a favorable clinical
course and a typical imaging course of cavernoma as previously
described.9,14

Data Collection
Two senior neuroradiologists (A.B.-S., M.H.) reviewed neuroi-
maging examinations (CT scanner, 1.5T or 3T MR imaging scan-
ners) at the acute (ie,#7 days) phase. After undergoing a training
period of 100 cases, blinded to clinical data and final diagnosis,
they reviewed, independently, imaging data of all patients, and
discrepancies were settled by consensus.

They classified hematoma shape as being “spherical/ovoid” or
not (Fig 1) and as having regular or irregular margins according
to the following definition: regular, no angular aspect at any part
of the hematoma border; irregular,$1 angular aspect protruding
from any part of the hematoma (Fig 2). Hematomas with lobu-
lated margins without any angular aspect were considered regular
(Fig 2). Hematoma location was classified as supratentorial lobar,
supratentorial deep, brainstem, cerebellar, or multifocal.

Associated anomalies, including extralesional hemorrhage
(ie, intraventricular, subarachnoid, subdural), peripheral rim
enhancement, evidence of blood-breakdown products of varying
stages, DVA, arteriovenous shunt, and aneurysm, were assessed
after analysis of all available imaging data. Radiologic signs of
small-vessel disease were also evaluated (microbleeds on T2* and
white matter disease with a total Fazekas score of $2 using
FLAIR or CT whenMR imaging was not available15).

Whenever possible, hematoma shape and margins were eval-
uated on T2*-weighted MR imaging performed in the acute phase,
and on T1 and T2 FLAIR sequences when susceptibility artifacts
obscured the margins. Plain CT was used when MR imaging data
were not available. Volumes were obtained by measuring hema-
toma diameters and calculated using the ABC/2 score.16

In case of multiple acute hematomas, the analysis focused on
the largest one.

Baseline demographic and clinical characteristics, including
medications, patient history, and Glasgow Come Scale score were
collected from the medical records, blinded to imaging data.

Statistical Analysis
Data are presented as counts (percentages) for binary variables
and medians (interquartile range) for continuous variables because
none were assumed to have normal distributions. Interrater agree-
ment for radiologic characteristics was assessed using the Cohen k

coefficient. Descriptive statistics were performed using parametric
or nonparametric tests as appropriate. The study population was
randomly split into 2 parts to provide a training sample (50%) and
a validation sample (50%). Using the training sample, we per-
formed univariate logistic regression to evaluate putative predictive
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factors of underlying cavernomas. A multivariable model was sub-
sequently built using a forward selection with a P value threshold
of .05. A decision tree including these variables was constructed
using a recursive partitioning method (package rpart;17 https://
www.rdocumentation.org/packages/rpart/versions/4.1.19). Briefly,
this method recursively assesses all possible splits to provide the
optimal combination to distinguish hemorrhagic cavernomas
from other causes of hematoma. In addition, it is not affected by

multicollinearity effects and correlation among variables. Using
the validation sample, we assessed the performance (accuracy,
sensitivity, specificity, negative and positive predictive values) of
this decision tree by means of a 10-fold cross-validation. The per-
formance of the model was assessed in the whole validation pop-
ulation and among the validation population in patients 18 years
of age or younger.

A 2-sided P value, .05 was considered statistically significant.
All statistical analyses were performed with the R statistical and
computing software, Version 3.2.1 (http://www.r-project.org/).

FIG 1. Assessment of hematoma shape. A, Spherical, acute lobar
hematoma on plain CT of a patient with a pathologically proved
hemorrhagic cerebral cavernoma. B, Spherical lobar hematoma on
T2*-weighted imaging in a patient with pathologically proved hem-
orrhagic cerebral cavernoma. C, Ovoid cerebellar hematoma on
T2*-weighted imaging of a patient with pathologically proved
hemorrhagic cavernoma. D, Plain CT obtained at admission in a
patient with an angiographically proved cerebral AVM. The elon-
gated shape of the hematoma did not fulfill the criteria spherical
or ovoid. Its margins were considered irregular because angular
aspects were present. It was associated with intraventricular hem-
orrhage. E and F, Hemorrhagic cerebral cavernoma. Both plain CT
(D) and T2* MR images (E) were available to assess the hematoma
shape. The hematoma shape was classified as spherical/ovoid on
the basis of MR imaging.

FIG 2. Assessment of hematoma margins. A and B, T1- and T2*-
weighted MR imaging shows a hematoma with regular margins in a
patient with pathologically proved hemorrhagic cavernoma in the
setting of familial cavernomatosis. C and D, T1 and T2*-weighted MR
imaging shows a hematoma in a patient with a pathologically proved
cerebral cavernoma. The lesion was multiloculated with bumpy bor-
ders. The margins were classified as regular because no angular aspect
was present in any part of the lesion. Hematoma with irregular mar-
gins presenting with angular aspects on plain CT (E) and T2*-weighted
MR imaging (F) in 2 patients with arteriovenous shunts proved by cer-
ebral angiography.
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RESULTS
Descriptive Analysis of the Population
During the study period, we identified 618 patients with a sugges-
tion of acute spontaneous intracerebral hematoma based on imag-
ing reports. One hundred forty subjects were excluded from the
study: Thirty-one had unavailable or poor-quality imaging, 23 had
purely extracerebral hemorrhages, 20 had hematomas of .7 days,
4 had infracentrimetric hematomas, 45 had no definite etiology at
work-up, and in 17, the hematoma was not spontaneous (trauma,
surgery, IV thrombolysis). Finally, 478 patients met the inclusion
and exclusion criteria. The patient flowchart is shown in Fig 3.

The median age of the study population was 41 years (inter-
quartile range, 26.0–49.0 years), and 259 (54.2%) were men. The
Online Supplemental Data detail the number of subjects included
for each hematoma etiology and the imaging modalities available
for each.

Among them, 85 patients (17.8%) had hemorrhagic caverno-
mas. The diagnosis of cavernoma was histologically proved in 55
patients, and the remaining 30 patients had at least 12months of
clinical and MR imaging follow-up. Among patients with caver-
nomas, 27 (31.8%) underwent DSA in the acute phase despite
negative findings on noninvasive angiography.

Interrater agreement was good for all radiologic characteris-
tics with a k coefficient ranging from 0.77 to 0.96. Descriptive
clinical and radiologic characteristics of the study population
are presented in the Online Supplemental Data. The following
characteristics of intracerebral hematomas were associated with
cavernomas: spherical or ovoid shape, regular margins, evidence
of blood products of varying ages within the lesion, absence of
extralesional hemorrhage, absence of peripheral rim enhance-
ment, presence of a DVA near the hematoma, smaller hema-
toma volume, and no evidence of microbleed or white matter
disease. Spherical or ovoid hematomas were significantly
smaller (median volume, 6.6mL; interquartile range, 2.3–12.3
mL, versus 21.6mL; interquartile range, 9.0–43.1 mL; P, .001).
Among patients with familial multiple cavernous malformation
syndrome (n ¼ 8), radiologic characteristics did not significantly
differ (all P$ .32) from those of sporadic cavernomas.

Generalized Logistic Regressions
Generalized logistic regressions were performed using the train-
ing sample (n ¼ 239). At multivariate analysis, the following cri-
teria were significantly associated with cavernomatous etiology: a
spherical or ovoid shape, regular margins, absence of extrale-
sional hemorrhage, and absence of peripheral rim enhancement.
These parameters were included in the decision tree.

The Table summarizes crude and adjusted ORs of incorpo-
rated parameters.

Performance of the Decision Tree Model
When we applied it to the validation sample, the decision tree had
the following performance: a diagnostic accuracy of 96.1%, 95%
CI, 92.2%–98.4%; a sensitivity of 98.0%, 95% CI, 95.8%–98.9%;
a specificity 89.5%, 95% CI, 75.2%–97.0%; a positive predictive
value of 97.7%, 95% CI, 94.3%–99.1%; and a negative predictive
value of 94.4%, 95% CI, 81.0%–98.5%.

Figure 4 illustrates the decision tree applied to the validation
sample.

Among the 71 patients 18 years of age or younger, including 16
with hemorrhagic cavernomas, the decision tree had the following
diagnostic performance on the validation sample: a diagnostic ac-
curacy of 96.7% (95% CI, 83.3%–99.9%); a sensitivity of 90.0%
(95% CI, 55.5%–99.8%); a specificity 100% (95% CI, 83.9%–
100%); a positive predictive value of 100% (95% CI, 66.4%–100%);
and a negative predictive value of 95.5% (95% CI, 83.3%–99.9%).

DISCUSSION
Recognizing the underlying etiology of acute spontaneous intra-
cerebral hematomas may be challenging. Cerebral cavernomas
are one of the most frequent causes of spontaneous intraparen-
chymal hematomas in children and young adults.18,19 Our study
based on a large sample size showed that acute hematomas due to
cerebral cavernomas were associated with radiologic characteris-
tics, including a spherical or ovoid shape, regular margins, ab-
sence of extralesional hemorrhage, and absence of peripheral rim
enhancement. Using these characteristics, we built an accurate
radiologic predictive model of hemorrhagic cerebral cavernomas.

Barras et al20 proposed a definition of irregular hematomas,
which demonstrated a usefulness in predicting early hematoma

FIG 3. Flowchart of study population.
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expansion and poor outcome in patients with hemorrhagic
stroke.4,5,20 The definition we used in the present study differed
somewhat from theirs. We assessed hematoma regularity on the
whole hematoma (any section, any multiplanar reconstruction
plane) rather than specifically on the largest hematoma axial sec-
tion; and hematomas with any angular aspect arising from their
surface were considered here as irregular.

Pathogenetic Hypothesis
We hypothesized that the spherical or ovoid shape and regular mar-
gins of hemorrhagic cerebral cavernomas may be due to the pres-
ence of a peripheral capsule or pseudocapsule. This capsule, which
has often been reported previously,21,22 may prevent the extent of
bleeding and may contribute to the low incidence of extralesional
hemorrhages. According to Abe et al,22 the hematomas arising
from cerebral cavernomas often present with a thick capsule, con-
sisting of hyalinized walls and numerous capillaries, and resemble
the capsules of chronic subdural hematomas. Although the patho-
genesis of the hematoma capsules is not well-understood, it is
regarded as the source of intralesional hemorrhage rather than a
secondary change after hemorrhage. Most cavernous malformation
hemorrhages are not overt and are contained within the margins of
the lesion capsule, contrasting with hematomas due to the rupture
of other cerebral vascular malformations.23,24 However, a peripheral
capsule is not always found at the pathologic analysis of hemor-
rhagic cerebral cavernomas.25 Bleeding within a cavernoma is

believed to occur at low pressure at the capillary level.26 Such low
pressure may contribute to explaining why hematomas due to cere-
bral cavernomas are usually less devastating than those occurring at
high pressure, and they typically tend to displace rather than lacer-
ate the surrounding parenchyma.27 In the present study, hematoma
volume was lower in patients with cavernomas, and the clinical sta-
tus assessed by the Glasgow Coma Scale was better than in those
with other etiologies of bleeding.

The differential diagnosis of a spherical or ovoid hemorrhagic
lesion with regular margins mainly includes hemorrhagic neo-
plasms. In agreement with previous reports, we found that the
absence of peripheral rim enhancement following contrast injec-
tion was a useful finding to distinguish cerebral cavernomas from
hemorrhagic tumors.28,29 Rare cases of “encapsulated intracere-
bral hematomas” with a spherical shape and regular margins
have been reported. Most were chronic, sometimes with periph-
eral rim enhancement following contrast injection, and were due
to cavernomas or following radiosurgery for AVMs or, rarely,
aggressive brain tumors.30 In our study, patients with chronic
lesions and those with a previous history of cerebral radiation
therapy were excluded.

Clinical Implications
Accurate early identification of the etiology of acute spontaneous
intracerebral hematomas has several implications. It has a prog-
nostic interest because the morbidity and mortality of cerebral

bleeding due to cavernomas are consid-
ered lower than in the general setting,31

with a 1-month case fatality rate after
intracerebral hemorrhage of 2.0%.32

The risk of early hematoma expansion
may be lower than in other causes of
bleeding. Because cavernomas are angio-
graphically occult malformations, their

Univariate and multivariate logistic regression for the diagnosis of hemorrhagic
cavernomas

Crude OR
(95% CI) P Value

Adjusted OR
(95% CI) P Value

Spherical/ovoid 36.60 (15.89–110.20) ,.001 6.11 (2.64–15.08) ,.001
Regular margins 34.81 (14.99–103.90) ,.001 3.38 (1.44–8.61) .009
Extralesional hemorrhage 0.06 (0.02–0.15) ,.001 0.39 (0.18–0.76) .01
Peripheral rim enhancement 0.18 (0.03–0.53) .009 0.29 (0.13–0.59) .002

FIG 4. Decision tree model applied to the validation sample.
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early recognition may avoid the risks of futile invasive cerebral an-
giography. Conventional angiography is not recommended in the
evaluation of cerebral cavernomas, unless a differential diagnosis
of arteriovenous malformation is being considered.33 Early recog-
nition of symptomatic hemorrhagic cerebral cavernomas may be
useful in the accurate enrollment of patients in future trials testing
drugs to prevent iterative bleeding.34

Limitations of the Study
This study has limitations. Because our series originates from a
third-referral single center with neurosurgical and interventional
neuroradiology facilities, our findings may not be representative
of the general population. Referral bias could have resulted in a
disproportionately high number of patients with vascular malfor-
mations. Because we included patients 55 years of age or younger,
our model may, therefore, not be appropriate in older patients.
The criterion standard for the diagnosis of hemorrhagic cerebral
cavernomas remains histopathology, and in our study, the diag-
nosis was based on such analyses in 55 of 85 patients; in 30
patients, the diagnosis was established by follow-up.

The diagnostic accuracy of our predictive model was not
improved when adding other parameters associated with hemor-
rhagic cavernomas (ie, evidence of blood products of varying
ages within the lesion, presence of a DVA close to the hematoma,
smaller hematoma volume, and no evidence of microbleeds or
white matter disease). However, this issue might be due to the
size of our study population. Indeed, the discovery of a DVA next
to a hematoma should suggest a cavernoma as the etiology of the
hemorrhage, and a DVA may increase the risk of bleeding from
cavernomas.35 The presence of acute hemorrhage might have
obscured mixed-aged blood and DVAs in some cases. Moreover,
we observed that hematomas due to cavernomas were smaller
than in other etiologies, but we could not demonstrate a causal
relationship between hematoma size and shape. Finally, we per-
formed an internal validation but not an external validation. A
large-scale, multicenter, prospective, external validation of our
model is necessary.

CONCLUSIONS
Spontaneous acute intracerebral hemorrhage with spherical or
ovoid shape, regular margins, absence of extralesional hemor-
rhage, and absence of peripheral rim enhancement is highly sug-
gestive of an underlying cerebral cavernoma in patients 55 years of
age or younger. A decision tree including these parameters seems
to have excellent performance and requires further validation
because it may have major implications and prognostic interest in
clinical practice.

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

Perifocal Edema in Patients with Meningioma is Associated
with Impaired Whole-Brain Connectivity as Detected by

Resting-State fMRI
V.M. Stoecklein, S. Wunderlich, B. Papazov, N. Thon, M. Schmutzer, R. Schinner, H. Zimmermann, T. Liebig, J. Ricke,

H. Liu, J.-C. Tonn, C. Schichor, and S. Stoecklein

ABSTRACT

BACKGROUND AND PURPOSE:Meningiomas are intracranial tumors that usually carry a benign prognosis. Some meningiomas cause
perifocal edema. Resting-state fMRI can be used to assess whole-brain functional connectivity, which can serve as a marker for dis-
ease severity. Here, we investigated whether the presence of perifocal edema in preoperative patients with meningiomas leads to
impaired functional connectivity and if these changes are associated with cognitive function.

MATERIALS AND METHODS: Patients with suspected meningiomas were prospectively included, and resting-state fMRI scans were
obtained. Impairment of functional connectivity was quantified on a whole-brain level using our recently published resting-state
fMRI–based marker, called the dysconnectivity index. Using uni- and multivariate regression models, we investigated the association
of the dysconnectivity index with edema and tumor volume as well as cognitive test scores.

RESULTS: Twenty-nine patients were included. In a multivariate regression analysis, there was a highly significant association of dys-
connectivity index values and edema volume in the total sample and in a subsample of 14 patients with edema, when accounting
for potential confounders like age and temporal SNR. There was no statistically significant association with tumor volume. Better
neurocognitive performance was strongly associated with lower dysconnectivity index values.

CONCLUSIONS: Resting-state fMRI showed a significant association between impaired functional connectivity and perifocal edema,
but not tumor volume, in patients with meningiomas. We demonstrated that better neurocognitive function was associated with
less impairment of functional connectivity. This result shows that our resting-state fMRI marker indicates a detrimental influence of
peritumoral brain edema on global functional connectivity in patients with meningiomas.

ABBREVIATIONS: DCI ¼ dysconnectivity index; GLM ¼ generalized linear models; MOCA ¼ Montreal Cognitive Assessment; PTBE ¼ peritumoral brain
edema; rsfMRI ¼ resting-state fMRI; tSNR ¼ temporal SNR

Meningioma is the most common intracranial tumor in adults
with a reported annual incidence rate of 8.81 per 100,000

inhabitants in the United States.1 The clinical course of patients
with meningiomas is usually benign, with long progression-free

survival after surgical resection. Most meningiomas are extra-axial
tumors, even though some grade 2 meningiomas invade the sur-
rounding brain tissue2 and some authors even suggest that in rare
cases, meningiomas can be purely intraparenchymal.3 Even in the
absence of brain invasion, healthy brain tissue can be affected by
the tumor, illustrated by some meningiomas causing formation of
peritumoral brain edema. This suggests that the presence of these
tumors, even though extra-axially located, leads to interaction
between the tumor and the surrounding brain parenchyma. A
number of factors by which meningiomas influence the healthy
brain and cause the formation of peritumoral brain edema (PTBE)
have been discussed in recent years, including the secretion of vas-
cular endothelial growth factor A, matrix metalloproteinases, and
interleukin-6.4 Taken together, there is ample evidence to support
an intricate interaction between meningiomas and healthy brain in
some cases. This notion is reinforced by the finding that neuropsy-
chological deficits are common in patients with meningiomas.
Numerous studies have demonstrated that complex neurocognitive
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functions like attention, memory, or executive functioning are
impaired in patients with meningiomas, indicating that the pres-
ence of a meningioma may disturb the complex neuronal networks
that are the physiologic basis of these functions.5,6

Recently, functional connectivity measured by resting-state
functional MR imaging (rsfMRI) has been suggested as a marker
of disease severity in a cohort of patients with gliomas by our
group.7 RsfMRI exploits the physiologic fluctuations of oxygen-
ated blood in the brain, which reflects neuronal activity, to assess
the functional architecture of the human brain.8,9 The entirety of
functional connections in the brain is often referred to as the
functional connectome. In our aforementioned study,7 it could
be demonstrated that patients with more aggressive gliomas
exhibited more impairment of functional connectivity. This out-
come established the concept that the individual disease burden
of patients with brain tumors can be captured by assessing the
impairment of functional connectivity caused by the tumor, using
rsfMRI. To this end, we developed an imaging tool that quantifies
and visualizes impairment of whole-brain functional connectivity
in the individual patient, called the dysconnectivity index (DCI).7

Quantification was based on the deviation of each individual con-
nectivity profile from the distribution of connectivity profiles of a
healthy reference group.

In the present study, we intended to extend this concept to
patients with suspected meningiomas. Here, it was our goal to
assess whether meningiomas affect functional connectivity and
whether functional connectivity is influenced by factors like tumor
size and the presence of perifocal edema.

MATERIALS AND METHODS
Study Design
Patients with a suspected meningioma on initial contrast-
enhanced MR imaging were prospectively included from January
2017 to March 2021. Patients presented with outside MR imaging
scans to the skull base clinic at Ludwig-Maximilians-University
Hospital. Exclusion criteria were younger than 18 years of age,
previous cranial surgery or radiation therapy, and any contraindi-
cations to MR imaging such as non-MR imaging–safe metal
implants. Patients underwent rsfMRI scanning before craniotomy
and resection of the tumors. A histopathologic diagnosis was
made according to the criteria set forth in the 2016 version of the
World Health Organization grading system.10 Patients under-
went neuropsychological testing on the day of the MR imaging
procedure using the Montreal Cognitive Assessment (MOCA)
test.11 In 2 patients, the MOCA could not be performed because
the test was not available in the respective patient’s native lan-
guage. The study was approved by the local institutional review
board and was performed in accordance with the Declaration of
Helsinki. Written informed consent was obtained from all study
participants.

Scanning Procedure of rsfMRI
RsfMRI was performed as described previously.7 Briefly, acquisi-
tion of the MR imaging data on a 3T scanner (Magnetom Skyra;
Siemens) included two 6-minute runs with a total scanning time
of 12 minutes. Structural MR images were acquired with a sagittal
3D T1WI sequence (radiofrequency pulses and MPRAGE). For

details of the MR imaging protocol, please refer to the Online
Supplemental Data.

Preprocessing
For all scans, the quality control criteria of the mean section-
based temporal signal-to-noise ratio (tSNR). 100 and mean rel-
ative motion,0.5mm were fulfilled.12 Structural MR imaging
data were processed using the FreeSurfer software package,
Version 6.0 (http://surfer.nmr.mgh.harvard.edu). For further
information please refer to the Online Supplemental Data.
Preprocessing of the rsfMRI data sets was performed using
FMRIPrep, Version 20.2.2 (https://fmriprep.org/en/stable/) based
on Neuroimaging in Python (Nipype https://nipype.readthedocs.
io/en/latest/index.html).13 The first 5 functional images were
deleted. The remaining frames were standardized and smoothed
with a 6.0-mm full width at half maximum Gaussian kernel.
MCFLIRT (FSL, Version 5.0.9; https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/MCFLIRT)14 was performed for the subsequent head
motion correction using ICA-AROMA (https://github.com/
maartenmennes/ICA-AROMA).15 Last, nuisance regression, fil-
tering, and detrending were performed.15 Nuisance regression
included regression of the global signal, CSF, and white matter
signal. Filtering comprised high and low band pass filtering,
applying cutoff values of 0.01 and 0.08, respectively. For each sub-
ject, a correlation matrix of the 3352 voxels for the left hemi-
sphere and 3316 voxels for the right hemisphere was calculated
and normalized using z scores.

Calculation of the DCI
The DCI was calculated analogous to methods previously
described by Stoecklein et al.7 Also, see the Online Supplemental
Data. Briefly, connections that diverge beyond a certain threshold
from the distribution of the respective connection in the reference
group were counted as “dysconnected.” The individual patient’s
dysconnectivity count was then summarized in each hemisphere
and normalized to the number of voxels in the respective hemi-
sphere, resulting in the DCI. For each patient, the dysconnectivity
count of each voxel was assigned to the respective voxel. The
resulting map was smoothed using a Gaussian kernel (full width
half maximum ¼ 2 mm) and projected onto each individual
patient’s anatomic space.

Shrinking of the Tumor Area
Meningiomas are almost exclusively extra-axial tumors; therefore,
that the tumor is embedded in the functional architecture of the
brain in a relevant manner is not to be expected. Consequently,
we tried to avoid distortion of the functional connectome by mini-
mizing the nonfunctional tumor area in our data set. The
Advanced Normalization Tools software package (ANTS http://
stnava.github.io/ANTs/) registration is a software tool that uses a
mathematic method for performing deformable image registra-
tion.16 The algorithm optimizes a deformation field that maps
points from one image to the corresponding points in another
image, specifically the anatomic atlas being used. When no lesion
map is provided to the algorithm, the lesional area is automatically
warped and shrunk, resulting in a smaller but potentially impre-
cisely registered lesion area.
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Volumetry
Tumor and edema volume was determined using the Brainlab
Elements software package (Brainlab). Tumor volume was
semimanually segmented by a board-certified radiologist (S.S.)
and a board-certified neurosurgeon (V.M.S.) on the basis of
contrast-enhanced T1WIs. Similarly, edema volume was deter-
mined by semimanual segmentation of T2WIs. Tumor location
was assessed as frontal, temporal, parietal, occipital, or multiple
(meaning that the tumor affects.1 lobe).

Statistical Analysis
Generalized linear models (GLMs) were used to conduct univar-
iate and multivariate correlation analyses. Group comparisons
were calculated using the Mann-Whitney test. P values# .05
were considered significant.

RESULTS
Patient Characteristics
Twenty-nine patients were prospec-
tively enrolled (mean age, 58.2 [SD,
12.3] years; 22 women). The mean age
was higher in patients with PTBE (P ¼
.0014). For details see the Table.

Tumor and Edema Characteristics
Twenty-six patients were diagnosed with
World Health Organization grade 1
tumors; 3 patients, with grade 2 tumors.
The diagnosis of a grade 2 meningioma

was made on the basis of elevated mitotic counts in 2 cases and on
brain infiltration alone in 1 case. Mean tumor volume for all
patients was 24.9 cm3 (range, 2.2–113 cm3). Fifteen patients had
no perifocal edema. In patients who had PTBE (n¼ 14), the mean
edema volume was 50.0 cm3 (range, 3.5–118 cm3). Two of 3
patients with grade 2 tumors had PTBE. In these patients, edema
and tumor volume were not significantly correlated (r ¼ –0.1101,
P ¼ .4903). Tumor volume was higher in patients with PTBE
compared with patients without PTBE (P ¼ .0124, see the Table
for details).

Impaired Functional Connectivity Is Strongly Correlated
with Edema Volume
The univariate GLM revealed a highly significant association of
edema volume and impaired functional connectivity, as indicated
by the DCI (P ¼ .0002). In multivariate GLM analyses adding the
potential confounders age, sex, and tSNR, none of these parame-
ters showed a significant association with the DCI (P ¼ .3920, P ¼
.2583, P ¼ .3559, respectively), while the association between
edema volume and the DCI remained significant (P ¼ .0023, P ¼
.0002, P ¼ .0011, respectively). Thus, this analysis showed that age
did not have a significant influence on the association of PTBE and
impaired functional connectivity even though patients with PTBE
were older than patients without PTBE. Furthermore, a group
comparison between patients without and with PTBE revealed a
significantly higher DCI in the group with PTBE (P¼ .04, Fig 1).

When restricting the analysis to 14 patients with PTBE, we
could grossly replicate our results: Univariate analysis revealed a
significant association of edema volume and the DCI (P¼ .0301).
In multivariate GLM analyses adding age and tSNR, neither of
these parameters showed a significant association with the DCI
(P ¼ .2702 and P ¼ .1718, respectively), while the association
between edema volume and the DCI remained significant (P ¼
.0486 and P ¼ .0487, respectively). Only when adding the poten-
tial confounder sex did the association between edema volume
and the DCI fail to reach significance (P ¼ .0594), while sex itself
also did not show a significant association with the DCI (P ¼
.4545). The analysis was furthermore repeated without the
patients with grade 2 tumors (n ¼ 26). A significant association
of PTBE and the DCI could still be demonstrated (P¼ .0002).

Abnormal Functional Connectivity Is Not Correlated with
Tumor Volume
Tumor volume was not significantly associated with the DCI, nei-
ther in a univariate analysis (P ¼ .2345) nor in the multivariate

Patient characteristics
Parameter No PTBE PTBE Significance

Age (mean 6 SEM) (yr) 53 6 2.6 66 6 2.9 P ¼ .0014
Sex 2 Male, 13 female 5 Male, 9 female P ¼ .21
Tumor volume (mean 6 SEM) (cm3) 15.0 6 3.7 35.56 8.2 P ¼ .0124
Tumor location
Frontal 6 6 P ¼ .97
Temporal 5 4
Parietal 3 0
Occipital 1 1
Multiple lobes 0 3

Note:—SEM indicates standard error of the mean.

FIG 1. Comparison of the DCI in patients without and with PTBE.
The left column shows the mean (SD) in patients without PTBE (n ¼
15) compared with the mean (SD) in patients with PTBE (right col-
umn, n¼ 14) (*P¼ .04, Mann-Whitney test).
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GLM adding age, sex, and tSNR (P ¼ .7771, P ¼ .2094, P ¼
.6843, respectively), even though patients with PTBE were found
to have larger tumors. Furthermore, multivariate analyses did not
reveal a significant association of tumor volume and tumor loca-
tion with the DCI (P ¼ .4846 and P ¼ .9228, respectively), while
the association between edema volume and the DCI remained
significant (P ¼ .0005 and P ¼ .0023, respectively) when adding
these parameters to the model. Analogously, in 14 patients with
PTBE, when we added tumor volume to the model, the associa-
tion between edema volume and the DCI remained significant
(P ¼ .0309), while no association between tumor volume and the
DCI could be detected (P¼ .4623).

Association of Abnormal Functional Connectivity and
Cognitive Performance
Most interesting, we found a significant negative association
between abnormal connectivity and the MOCA test results (P ¼
.0023), which stayed significant even after controlling for age, sex,
and tSNR (P¼ .0223, P¼ .0010, P¼ .0112, respectively), indicating

that a higher DCI is associated with
impaired neuropsychological perform-
ance. Along these lines, the MOCA
showed a significant negative correlation
with PTBE (r¼ –0.5572, P¼ .0025).

Individual Connectome Maps
Figure 2 shows representative examples
of individual connectome maps in
patients with meningiomas. Figure 2A
displays the connectome map of a
patient with a large tumor with exten-
sive PTBE. Here, widespread abnormal
connectivity in both hemispheres is
demonstrated. Figure 2B depicts the
connectome map of a patient with a
small meningioma that still causes
extensive PTBE. Widespread abnor-
mal connectivity in both hemisphere is
also demonstrated. Figure 2C, on the
other hand, shows the connectome map
of a patient with a large meningioma
without PTBE. Here, only very limited
abnormal connectivity adjacent to the
tumor is observed.

DISCUSSION
We present a prospective study of
patients with newly diagnosed meningi-
omas. We found that there is a positive
association between edema volume and
impairment of functional connectivity.
We did not find, however, an associa-
tion between tumor volume and abnor-
mal functional connectivity. We also did
not find substantially abnormal func-
tional connectivity in patients without
perifocal edema, irrespective of tumor

size. Taken together, it appears that substantial interaction between
meningioma and healthy brain parenchyma indicated by perifocal
edema is necessary for disturbances in connectivity to occur. A
possible functional significance for this finding in patients with
meningiomas is suggested because abnormal functional connectiv-
ity was associated with worse neuropsychological performance as
indicated by the MOCA test scores.

These findings could open new avenues of research and possibly
lay the foundation for new treatment rationales in patients with me-
ningiomas. We found that the presence of PTBE in patients with
meningiomas caused damage to global functional connectivity. This
finding might indicate that the biochemical interaction between
surrounding healthy brain and tumor, which leads to edema forma-
tion, also has functional implications for the whole brain. Taken to-
gether this gives rise to the question of how this observed effect of
damaged functional connectivity in the whole brain of patients with
substantial perifocal edema is mediated. Exactly how PTBE in
patients with meningiomas arises is still a matter of intense debate.
Many possible causes for edema formation have been discussed in

FIG 2. Individual connectome maps in patients with meningiomas. A, Connectome map of a
patient with a large meningioma (contrast-enhanced T1WI, first image from the left) with exten-
sive PTBE (T2WI, second image from the left). Connectome analysis shows extensive impairment
of functional connectivity in widespread brain regions in both hemispheres (third and fourth
images from the left). B, Connectome map of a patient with a small meningioma (contrast-
enhanced T1WI, first image from the left), which still causes extensive PTBE (T1WI, second image
from the left). Connectome analysis shows extensively impaired connectivity in the whole brain
with a focus on regions with PTBE (third and fourth images from the left). C, Connectome map
of a patient with a large meningioma (contrast-enhanced T1WI, first image from the left) without
PTBE (T2WI, second image from left). Connectome analysis shows minimal disturbance of func-
tional connectivity adjacent to the tumor (third and fourth images from the left).
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the past; eg, dysfunction of the glymphatic system of the brain has
recently been implicated in edema formation.17

It is becoming clearer, however, that increased proinflamma-
tory cytokines play an important role in the formation of perifo-
cal edema. Interleukin-6, which has a prominent role in the
regulation of inflammatory processes,18 has been described as a
relevant factor in the development of PTBE. It was found that the
expression of interleukin-6 was 7-fold higher in tumor cells from
meningiomas with perifocal edema.19 Furthermore, a number of
other cytokines such as chemokine 12 and transforming growth
factor b are being produced in the tumor microenvironment.4

This finding goes to show that meningiomas with PTBE might
trigger immunological activity of the host. It is possible that this
immunologic activity, in turn, could have a proinflammatory
effect in the whole brain.

This change in the inflammatory status of the brain could lead
to altered brain function. There is ample evidence to support sys-
temic inflammation altering functional connectivity in the brain. It
could be shown, for example, that the infusion of low doses of lipo-
polysaccharide, which triggers systemic inflammation with a subse-
quent increase of systemic interleukin-6, led to major changes in
functional connectivity as determined by rsfMRI.20 Furthermore, a
recent study that investigated the link between systemic inflamma-
tion and depression found that functional connectivity was altered
in patients with depression, depending on systemic inflamma-
tion.21 It appears obvious from these studies that there is an effect
of systemic inflammation on brain function that is reflected in
altered functional connectivity. A similar effect might occur in our
patient cohort because of the local proinflammatory milieu caused
by the tumor. This could constitute a pathophysiologic link
between PTBE and damaged whole-brain functional connectivity.

Additionally, edema is likely to interfere with local blood circu-
lation and thus with the blood oxygen level–dependent signal per
se, possibly accounting for a fraction of the effect that we have
observed. Our data suggest that edema affects functional connec-
tivity on a more global level. This suggestion can be substantiated
by the fact that disruption of functional connectivity was also
observed in the nonlesional hemisphere, as seen in Figs 2A, -B. If
there was only a local effect of blood oxygen level–dependent sig-
nal distortion, one would expect that disruption of functional con-
nectivity would be limited to the lesional hemisphere.

The observation that whole-brain functional connectivity is
altered in patients with meningiomas with substantial PTBE leads
to the question of whether this finding has importance for neuro-
cognitive function in these patients. It has been shown in a previ-
ous study that the presence of PTBE is associated with worse
postoperative cognitive function in patients with meningiomas.22

This finding indicates that PTBE has detrimental effects on neuro-
cognition, even though this study was limited by the small sample
size with no preoperative data available. An additional study look-
ing at patients with meningiomas preoperatively, however, also
found that PTBE has a detrimental effect on neurocognition when
patients with and without edema were compared.23 In summary,
there is evidence in the literature that PTBE leads to cognitive
impairment that goes beyond what would be expected from mass
effect alone. These results support the findings of our study,22,23 in
which impaired global functional connectivity was associated

with PTBE in patients with meningiomas. Furthermore,
impaired functional connectivity was associated, in our study,
with decreased neurocognitive performance. We did not, how-
ever, find a correlation between tumor size and impaired func-
tional connectivity. This result implies that even very small
meningiomas that cause the formation of substantial PTBE also
cause impaired functional connectivity with ensuing detrimen-
tal effects on neurocognition.

Taken together, our findings suggest that the abnormal func-
tional connectivity associated with PTBE observed in our study
could have pathophysiologic significance for the development of
neurocognitive impairment in patients with meningiomas.
Further prospective studies to test whether functional connectiv-
ity improves after resection and consecutive regression of PTBE
and whether this improvement is associated with better neuro-
cognitive function seem warranted and have been currently
launched at our department.

Limitations
A potential limitation of our study is that our method for meas-
uring functional connectivity in patients with intracranial tumors
was originally developed for application in patients with intra-axial
tumors. To compensate for this shortcoming, we developed a
method to computationally remove the tumors from the imaging
space and compute abnormal functional connectivity only in the
nontumoral areas of the brain. It cannot be fully excluded that this
automated “shrinking” of tumors is a potential cause of errors, eg,
by removing nontumoral areas from the imaging space and thus
underestimating the degree of damage to functional connectivity.
Furthermore, age, sex, tumor volume, and functional data quality
(assessed by tSNR) constitute potential confounders. However, in
multivariate analyses including these potential confounders, PTBE
remained a significant factor for an elevated DCI. Furthermore, we
failed to observe a statistically significant association between tu-
mor size as well as age and impairment of functional connectivity,
even though patients in the PTBE group were older and had larger
tumor volume (Table). Our data thus support the notion that the
presence of edema alone, irrespective of tumor size and patient
age, is an indicator of pathophysiologic processes, which have an
impact on functional connectivity. As a note of caution, we would
like to point out that dysconnectivity is calculated in gray matter
only but might partially spill into white matter areas in individual
dysconnectivity maps due to resolution and smoothing effects.

CONCLUSIONS
We present a prospective study in a cohort of patients with me-
ningiomas with and without perifocal edema. We found that
functional connectivity is more impaired in patients with edema,
independent of tumor size and other potentially confounding fac-
tors. We were also able to demonstrate that less impairment of
functional connectivity was associated with better neuropsycho-
logical performance. This finding indicates a possible role for our
rsfMRI marker as an indicator of pathophysiologic processes
with an impact on cognition in patients with meningiomas.

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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Exploratory Multisite MR Spectroscopic Imaging Shows
White Matter Neuroaxonal Loss Associated with

Complications of Type 1 Diabetes in Children
L.Y. Cai, C. Tanase, A.W. Anderson, N.J. Patel, C.A. Lee, R.S. Jones, L.M. LeStourgeon, A. Mahon, I. Taki, J. Juvera,

S. Pruthi, K. Gwal, A. Ozturk, H. Kang, A. Rewers, M.J. Rewers, G.T. Alonso, N. Glaser, S. Ghetti, S.S. Jaser,
B.A. Landman, and L.C. Jordan

ABSTRACT

BACKGROUND AND PURPOSE: Type 1 diabetes affects over 200,000 children in the United States and is associated with an
increased risk of cognitive dysfunction. Prior single-site, single-voxel MRS case reports and studies have identified associations
between reduced NAA/Cr, a marker of neuroaxonal loss, and type 1 diabetes. However, NAA/Cr differences among children with
various disease complications or across different brain tissues remain unclear. To better understand this phenomenon and the role
of MRS in characterizing it, we conducted a multisite pilot study.

MATERIALS AND METHODS: In 25 children, 6–14 years of age, with type 1 diabetes across 3 sites, we acquired T1WI and axial 2D
MRSI along with phantom studies to calibrate scanner effects. We quantified tissue-weighted NAA/Cr in WM and deep GM and
modeled them against study covariates.

RESULTS:We found that MRSI differentiated WM and deep GM by NAA/Cr on the individual level. On the population level, we found
significant negative associations of WM NAA/Cr with chronic hyperglycemia quantified by hemoglobin A1c (P, .005) and a history of di-
abetic ketoacidosis at disease onset (P, .05). We found a statistical interaction (P, .05) between A1c and ketoacidosis, suggesting that
neuroaxonal loss from ketoacidosis may outweigh that from poor glucose control. These associations were not present in deep GM.

CONCLUSIONS: Our pilot study suggests that MRSI differentiates GM and WM by NAA/Cr in this population, disease complica-
tions may lead to neuroaxonal loss in WM in children, and deeper investigation is warranted to further untangle how diabetic
ketoacidosis and chronic hyperglycemia affect brain health and cognition in type 1 diabetes.

ABBREVIATIONS: DKA ¼ diabetic ketoacidosis; HbA1c ¼ hemoglobin A1c; MRSI ¼ magnetic resonance spectroscopic imaging; T1D ¼ type 1 diabetes

Type 1 diabetes (T1D) affects almost 1.7 million individuals,
including .200,000 children and adolescents in the United

States.1 With time, children with T1D may experience declines
in cognitive functions such as memory, attention, and problem
solving.2 These deficits, in turn, may impair subsequent T1D
management, leading to further worsening of glycemic control

and additional T1D complications.2 Thus, the public health
implications of understanding and preventing cognitive decline
in this population are considerable.3

Prior neuroimaging studies have uncovered structural brain
changes in T1D populations. Poor glycemic control has been nega-
tively correlated with GM and WM growth in children with
T1D.4,5 Furthermore, hippocampal changes have been found in
children with dysglycemia, some of which were hypothesized to
reflect a response to injury, such as disruption of normal prun-
ing.6,7 T1D and hyperglycemia have also been negatively associated
with localized DTI microstructural measures of brain health.8

Received February 18, 2023; accepted after revision May 3.

From the Department of Biomedical Engineering (L.Y.C., A.W.A., B.A.L.), Vanderbilt
University Institute of Imaging Science (A.W.A., B.A.L.), and Department of Electrical
and Computer Engineering (B.A.L.), Vanderbilt University, Nashville, Tennessee;
Departments of Psychiatry and Behavioral Sciences (C.T.) and Psychology (A.M., S.G.),
University of California, Davis, Davis, California; Departments of Radiology and
Radiological Sciences (A.W.A., S.P., B.A.L.), Pediatrics (N.J.P., R.S.J., S.S.J., L.C.J.), Neurology
(C.A.L., L.C.J.), Medicine (L.M.L.), and Biostatistics (H.K.), Vanderbilt University Medical
Center, Nashville, Tennessee; Department of Pediatrics (I.T., A.R., M.J.R.), Barbara Davis
Center (G.T.A.), and Department of Psychiatry (J.J.), University of Colorado Anschutz
Medical Campus, Aurora, Colorado; and Departments of Radiology (K.G., A.O.) and
Pediatrics (N.G.), University of California Davis Health, University of California Davis
School of Medicine, Sacramento, California.

This work was conducted, in part, by using the resources of the Advanced
Computing Center for Research and Education at Vanderbilt University, Nashville,
Tennessee and was supported by the National Institutes of Health (under award
numbers 1U34DK123895-01, U34DK123894-01, and T32GM007347) and by the
National Science Foundation under award number 2040462.

The content is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health or the National
Science Foundation.

Please address correspondence to Leon Y. Cai, Medical-Image Analysis and Statistical
Interpretation Lab, 400 24th Ave S, FGH 369, Vanderbilt University, Nashville, TN
37212; e-mail: leon.y.cai@vanderbilt.edu; @LeonCai

Indicates open access to non-subscribers at www.ajnr.org

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7895

820 Cai Jul 2023 www.ajnr.org

https://orcid.org/0000-0002-5812-5397
https://orcid.org/0000-0002-4592-6451
https://orcid.org/0000-0002-5701-6463
https://orcid.org/0000-0001-7230-3068
https://orcid.org/0000-0003-1378-1320
https://orcid.org/0000-0002-0005-0679
https://orcid.org/0000-0002-4035-0852
https://orcid.org/0000-0001-7737-8034
https://orcid.org/0000-0003-4958-7212
https://orcid.org/0000-0001-6876-4021
https://orcid.org/0000-0002-2992-9273
https://orcid.org/0000-0002-5676-761X
https://orcid.org/0000-0002-7958-7662
https://orcid.org/0000-0001-5733-2127
https://orcid.org/0000-0001-7240-0415
mailto:leon.y.cai@vanderbilt.edu
https://mobile.twitter.com/LeonCai
http://www.ajnr.org


Prior studies have also identified similar regional changes in brain
function. Differences in activation across the cingulum, hypothala-
mus, cortex, deep GM nuclei, and other regions have been
observed with regard to changes in working memory and visual
and motor processes as well as T1D severity.9-12 Taken together,
these studies suggest that not meeting glycemic targets in T1D may
be associated with regional changes in brain structure and function
but do not directly assess neuronal health or neurochemistry.
Thus, the mechanism underlying these changes remains unclear.

Changes to neurochemistry can be measured using MRS.
Specifically, the ratio of NAA to Cr (NAA/Cr) is thought to reflect
neuronal density and health, with decreasing NAA/Cr values
reflecting a decline in normal metabolic functioning and neuronal
loss. Prior MRS studies suggest that T1D and/or episodes of dia-
betic ketoacidosis (DKA) may contribute to reduced NAA/Cr.13-15

Additionally, associations between reduced NAA/Cr in the frontal
regions and reduced cognitive performance have been detected in
typically developing children.16 However, these studies have largely
been limited to case reports or single-site, single-voxel studies, and
studies have yet to investigate differences across children with vari-
ous T1D complications or be integrated with regions or tissues
defined on structural MR imaging to explore differences localized
to different parts of the brain.13-15,17

Thus, to further understand the effects of T1D on the brain
and the role of MRS and MR imaging in characterizing them
across different tissue regions, we conducted a multisite pilot
study using tissue-weighted 2D magnetic resonance spectro-
scopic imaging (MRSI) in hopes of motivating larger neuroimag-
ing studies of this population. We hypothesized that children
with T1D and increased exposure to hyperglycemia, indicated by
higher hemoglobin A1c (HbA1c), would exhibit lower NAA/Cr
compared with children with T1D with less exposure to hypergly-
cemia. Furthermore, we hypothesized that a history of DKA may
contribute to these differences and explored whether this finding
may be localized to certain tissues or regions across the brain.

MATERIALS AND METHODS
Study Cohort and Imaging Acquisitions
We imaged 25 children 6–14 years of age with T1D with no con-
traindications to MR imaging or other major medical conditions

across 3 sites: A, B, and C. We acquired
3D T1WI and 2D chemical shift MRSI.
At site A, all images were acquired on a
3T Achieva scanner (Philips Healthcare);
at site B, on a 3T Tim Trio scanner
(Siemens); and at site C, on a 3T
Magnetom Skyra scanner (Siemens).
We also recorded each participant’s sex,
age at imaging, duration of T1D
(defined as time between diagnosis and
imaging), whether they presented in
DKA at diagnosis, HbA1c assessed once
within 3 months of imaging, and race.
All HbA1c measurements were obtained
with point-of-care tests conducted at
regular diabetes clinic visits except for 1
participant at site A whose HbA1c value
was obtained with venipuncture.

T1WI was acquired at 1.0-mm isotropic resolution with
TE/TR ¼ 2.9/6310ms at site A and 3.5/2500ms at sites B and C.
MRSI was acquired with 2D point-resolved spectroscopy sequen-
ces in an axial slice at the level of the basal ganglia with suppression
bands placed around the skull. Images at site A were acquired with
20 � 24 voxels with TE/TR ¼ 144/2000ms at 9.58 � 9.58 � 15
mm resolution. Images at sites B and C were acquired with 16 �
16 voxels with TE/TR ¼ 135/1690ms at 12.5 � 12.5 � 10 mm re-
solution. The full MRSI parameters are available in the Online
Supplemental Data.

Written informed consent and assent was provided by guardi-
ans and participants, respectively. This study was approved by
the Institutional Review Boards at all sites.

Computing Regionally Weighted Metabolite Ratios
Overall, we used the following: 1) regional segmentations of dif-
ferent tissues derived from T1WI, 2) removed voxels with lipid
interference, 3) computed regionally weighted spectra for each
participant, and 4) computed metabolite ratios per participant
per region.

First, T1WI was segmented using the spatially localized atlas
network tiles framework followed by a manual review for quality
to obtain a segmentation of the brain, the WM, and 6 deep GM
nuclei: right and left caudate, basal ganglia (globus pallidus and
putamen), and thalami (Online Supplemental Data).18

Second, we excluded MRSI voxels in the brain with large sig-
nal interference from lipids. For each participant, we computed
the real spectrum for each MRSI voxel within the brain and fit it
between 1.8 and 0.2 ppm with a line of best fit. We then com-
puted the root mean square error between the spectrum and the
line for each voxel and identified and excluded outliers as those
voxels with errors 1.5 times the interquartile range above the 75th
or below the 25th percentile.19

Third, using the T1WI segmentations and 2D MRSI slabs, we
computed regionally weighted spectra for each participant using
a weighted average approach (Fig 1). Any given region defined
on T1WI overlapped a number of MRSI voxels, indicating that
the spectrum for that region was a combination of signals from
the overlapping MRSI voxels. Thus, for a region, r, we computed

FIG 1. Illustrated MRSI workflow. After acquiring 2D MRSI and an associated T1WI-based segmen-
tation, one spectrum for each region was generated by combining the spectra for all overlapping
voxels in a weighted average based on overlap contribution (Equation). The regionally-weighted
spectra were subsequently fit using LCModel to compute metabolite peaks, resulting in one
metabolite ratio computed per participant per region. Of note, the pictured MRSI grid is pro-
vided only for illustrative purposes and does not represent collected data.
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the spectrum of that region, sr, by taking a weighted average of
the signals from the overlapping MRSI voxels, si, as shown in the
Equation, where vr is the total volume of region r overlapping the
MRSI slab and vir is the volume of region r overlapping the ith
MRSI voxel.

sr ¼
X

i

vir
vr
si:

We focused on WM and deep GM regions and visualized the
percentage contribution of each MRSI voxel to the resultant spec-
trum of these tissues as well as the analogous tissue volume frac-
tions in a representative participant (Fig 2). The tissue volume
fraction for MRSI voxel i was computed as vir=v

i, where vi is the
volume of MRSI voxel i itself. Cortical GM was not analyzed to
avoid artifacts from suppression bands placed around the skull.

Fourth, the weighted average spectra for each region for each
participant in the time domain were passed into LCModel
(http://s-provencher.com/lcmodel.shtml) basis-fitting software to
compute metabolite ratios (Fig 1 and Online Supplemental Data).20

TE-specific 3T basis sets provided by LCModel were used to com-
pute the NAA/Cr from the spectra for each region. Notably, the
NAA peaks used for ratio computation were themselves computed
from the sum of the NAA and N-acetyl aspartylglutamate peaks fit
with LCModel. Similarly, the Cr peaks were computed from the
sum of the Cr and phosphocreatine peaks. This decision was made
in line with recommendations from LCModel because it is difficult
to separate NAA from N-acetyl aspartylglutamate and Cr from
phosphocreatine at 3T. Furthermore, the ratios were filtered on the
basis of the %SD metric of the constituent peaks computed by
LCModel before analysis. Briefly, %SD is a contrast-to-noise metric
representing the Cramér-Rao lower bounds of estimated SDs of the
peak fits. All peaks with a %SDof .20% and any associated ratios
were removed from consideration, in line with recommendations
from LCModel that the %SD threshold be no greater than 20%.

Calibrating Metabolite Ratios among Sites
As detailed in the Online Supplemental Data, we calibrated site-
wise differences in TE/TR and observed scanner differences to
compare NAA/Cr across sites, in line with prior work noting the

need for multisite MRS harmonization, especially with scanners
from multiple vendors (Online Supplemental Data).21-23 Briefly,
a Braino MRS phantom (GE Healthcare) was scanned at each site
using the same site-specific protocols. We identified the NAA
and Cr peaks in the center voxels of the phantom within the VOI
with LCModel. We computed the ratio of the median NAA to
median Cr values to obtain a site-specific correction factor. For
each site, the NAA/Cr ratios computed from participant imaging
were subsequently divided by the site’s correction factor to nor-
malize among sites.

Associations of NAA/Cr with Complications of T1D
To investigate tissue-weighted associations of NAA/Cr with
T1D complications on the population level, we regressed the
calibrated ratios in the WM and deep GM against study demo-
graphics in a forward model selection process, evaluating the
Akaike Information Criterion, adjusted coefficients of determi-
nation (R2), effect sizes, and P values. Specifically, we investi-
gated the relationship of chronic hyperglycemia, DKA, and their
interaction with NAA/Cr and subsequently added additional
covariates to identify the presence of other effects. Race was
omitted due to sample-size limitations. All models included an
intercept term that is not presented.

RESULTS
Study Cohort and Regionally Weighted Spectra
The demographics of our study cohort stratified by site are
reported in Table 1. The sites were reasonably balanced overall,
given this small pilot study, but some differences existed by site,
particularly the duration of T1D and DKA at onset. To account
for these differences, we calibrated site-wise differences and used
statistical models that included these covariates.

The resultant spectra for the WM and deep GM as well as the
deep GM split into 6 nuclei are shown via means and 95% confi-
dence intervals across participants (Fig 3). All deep GM spectra
have little-to-no lipid interference after voxel exclusion, though
the WM spectra have some. This finding is logical because WM
extends closer to pericranial fat than deep GM structures do.
However, this interference in WM does not qualitatively impact
the NAA peaks (2.0 ppm). We also observed that the NAA and
Cr (3.0 ppm) peaks demonstrate consistent morphology across
participants. We counted the median number of excluded voxels
per MRSI image to be 5, indicating roughly,5% excluded voxels
per participant. Last, the median number of voxels used in WM
ranged from 120 to 130, and in deep GM as a whole, it ranged
from 30 to 40. Overall, these spectra were found acceptable for
further NAA/Cr analysis.

Tissue-Weighted Differences in Metabolite Ratios
To investigate NAA/Cr differences by tissue, we plotted the ratios
across participants in the WM, 6 deep GM nuclei, and deep GM
as a whole (Fig 4A). We investigated regional differences with
pair-wise Wilcoxon signed-rank tests after false discovery rate
multiple comparison correction and without calibration because
the comparisons were matched within participants and not
pooled across sites.

FIG 2. Maps of weights used to compute weighted average spectra
for WM and deep GM in a representative participant. Each voxel is
colored to represent its percent contribution to the tissue-weighted
spectra as well as the corresponding voxel-wise volume fraction in
parentheses.
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NAA/Cr in the WMwas significantly higher than in deep GM
generally (P, .005) and in the caudate and basal ganglia specifi-
cally (P, .005 bilaterally) (Fig 4B). We also found differences
between the WM and right thalamus (P, .05) (Fig 4B). This dif-
ference was not recapitulated on the left, but significant differen-
ces were not found between the left and right thalamus (Fig 4C).
Additionally, left-right symmetric differences were present in
deep GM nuclei, with increasing NAA/Cr from the caudate to
the basal ganglia (P, .05 on the right and P¼ .082 on the left) to
the thalamus (P, .005 bilaterally) (Fig 4D). These results suggest
that our methodology identified tissue-weighted differences in
NAA/Cr matched within each participant on the individual level
and that these differences are largely left-right symmetric.

Associations of NAA/Cr with Complications of T1D
The forward model selection results are reported in Table 2. In
the WM, we identified a statistically significant negative associa-
tion between HbA1c and NAA/Cr, suggesting that elevated
HbA1c is associated with decreased NAA/Cr. We also found
large changes in the HbA1c and DKA effects with the addition of
an interaction term between HbA1c and DKA status: Both effect
sizes increased dramatically, the DKA effect became significant,
and the interaction term nearly cancelled out the HbA1c effect.
Additionally, these glycemic effects alone resulted in the model

with the lowest Akaike Information Criterion and highest
adjusted R2. The addition of the age, sex, and duration covariates
did not improve the Akaike Information Criterion or noticeably
change identified effects, suggesting that these additional covari-
ates did not capture meaningful variance otherwise. In deep GM,
no analogous associations in NAA/Cr or drops in the Akaike
Information Criterion were identified as more terms were added.
Similar findings were observed in a secondary sensitivity analysis
with an expanded model selection process incorporating all com-
binations of variables.

We visualized the WM model with the lowest Akaike
Information Criterion in Fig 5. The negative HbA1c effect iden-
tified is visually present when considering all sites both together
and separately. We also observed the DKA and interaction
effects, recognizing small sample sizes and potential confound-
ing by site. For instance, the participants from site C had higher
NAA/Cr values, but none had DKA at onset, whereas the partic-
ipants from site B had lower NAA/Cr values but most had DKA
at onset. At site A, where 50% of participants had DKA at onset,
no qualitatively appreciable difference in NAA/Cr with DKA
was found. These qualitative findings were supported quantita-
tively when a fixed site effect was added to the models in a sec-
ondary sensitivity analysis. The relationship of the glycemic
effects to each other remained but were reduced in magnitude

and lost significance, as expected.
Additionally, in secondary analyses
considering the sites separately, similar
trends were observed albeit without sta-
tistical significance due to further
reduced sample sizes, also as expected.

Taken together, these results suggest
that T1D effects in NAA/Cr were meas-
urable across sites but potentially at a
magnitude smaller than the site effects.
Specifically, NAA/Cr in WM decreased
both with increasing HbA1c and with
DKA, consistent with neuroaxonal loss.

Table 1: Cohort demographics by site

Site A Site B Site C Overall
Sample size (No.) 10 11 4 25
Age (yr) (mean) 10.6 (SD, 1.1) 10.5 (SD, 2.7) 8.5 (SD, 1.3) 10.2 (SD, 2.0)
Sex, female (No.) 7 (70%) 5 (45%) 3 (75%) 15 (60%)
Duration (yr) (mean) 2.6 (SD, 2.3) 4.6 (SD, 3.3) 0.3 (SD, 0.1) 3.1 (SD, 3.0)
HbA1c (%) (mean) 9.5 (SD, 3.2) 8.5 (SD, 1.9) 6.2 (SD, 0.9) 8.5 (SD, 2.6)
DKA at onset (No.) 5 (50%) 9 (82%) 0 (0%) 14 (56%)
Race (No)
White 7 (70%) 8 (73%) 4 (100%) 19 (76%)
Black/African American 2 (20%) 1 (9%) 0 (0%) 3 (12%)
Multiracial (black/white) 0 (0%) 1 (9%) 0 (0%) 1 (4%)
Other 1 (10%) 1 (9%) 0 (0%) 2 (8%)

FIG 3. Mean regionally weighted spectra with 95% confidence intervals across participants from 0.2 to 4.0 ppm. Spectra were extracted for
each region for each participant from LCModel and plotted after baseline subtraction. a.u. indicates arbitrary units.
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However, the HbA1c effect was reduced in the presence of DKA,
suggesting that reductions in NAA/Cr due to DKA may outweigh
those due to increased HbA1c.

DISCUSSION
MRSI Image Processing in Children with T1D
We found 2D MRSI to be an effective tool for identifying localized
tissue-weighted NAA/Cr differences in children with T1D across
multiple sites. On an individual level, we identified higher NAA/Cr
in the WM than in deep GM, consistent with prior studies in
healthy adults.24 On the population level, we found negative associ-
ations with complications of T1D in WM, specifically reduced
NAA/Cr with chronic hyperglycemia and DKA, as discussed in
following sections.

In children with T1D, MRS has
been used as single-voxel spectros-
copy in single-site case reports.13-16

Single-voxel spectroscopy has the
benefit of allowing investigators to
place a voxel in tissue as desired to
measure metabolite ratios in a single
location in the brain with higher sig-
nal-to-noise ratios.25 However, this
approach makes it difficult to re-
solve tissue or region differences in
metabolite ratios across the brain
with a single acquisition or to retro-
actively analyze other locations that
were not prospectively defined.25

We demonstrate that 2D MRSI,
even with a lower signal-to-noise ra-
tio than single-voxel spectroscopy,
when combined with weighted sig-
nal averaging, overcomes these limi-

tations in pediatric T1D samples at multiple sites. This suggests
that future, large-scale, multisite MRS studies that are better
equipped to sample diverse participants from this population can
benefit from 2D imaging.

As it stands, there is no widely accepted methodology for
identifying region-specific metabolite ratios from 2D MRSI,
largely due to 3 key challenges. The first is accounting for partial
volume effects among different brain tissues. The second is
accounting for magnetic field inhomogeneities, eddy currents,
and other nonlinearities that may exist across large structures or
spatial dependencies like those due to chemical shift displace-
ment. The third is accounting for noise that can exist in every sin-
gle step of MRSI analysis, including signal acquisition, frequency
transformation, spectral baseline modeling, basis fitting, and peak
computation. Existing techniques using linear regression or

Table 2: Effect sizes, Akaike Information Criterion, and adjusted R2 for forward model selec-
tion of NAA/Cr in WM and deep GM with T1D covariates
Tissue HbA1c DKA HbA1c x DKA Age Sex Duration Akaike aR2

WM –0.086a – – – – – 17.581 0.291
–0.080b –0.095 – – – – 19.083 0.273
–0.171a,c –1.142b,c 0.130b,c – – – 15.373c 0.394c

–0.169a –1.156b 0.131b –0.009 – – 17.298 0.365
–0.187a –1.209b 0.141b –0.001 0.175 – 17.086 0.389
–0.187a –1.267b 0.144b –0.005 0.189 0.012 18.799 0.362

Deep GM –0.016c – – – – – –29.356c 0.061c

–0.018 0.034 – – – – –27.785 0.034
–0.027 –0.065 0.012 – – – –26.087 –0.001
–0.029 –0.043 0.010 0.011 – – –24.800 –0.023
–0.027 –0.035 0.009 0.010 –0.018 – –22.922 –0.075
–0.028 –0.086 0.011 0.007 –0.005 0.011 –22.194 –0.079

Note:—The en dash indicates that term was not included in model; aR2, adjusted R2.
a P, .005.
b P, .05.
cModel with lowest Akaike Information Criterion.

FIG 4. Differences in NAA/Cr in T1D by region. A, The uncalibrated NAA/Cr ratios from the regionally weighted spectra are shown across par-
ticipants. B, P values of statistical comparisons between WM and deep GM as a whole and the individual deep nuclei. C, P values of contralateral
comparisons in deep GM nuclei. D, P values of ipsilateral comparisons in deep GM nuclei. Statistical significance between regions was deter-
mined with pair-wise Wilcoxon signed-rank tests after false discovery rate correction (en dash indicates not tested; ns, not significant; single as-
terisk, P, .05; double asterisks, P, .005; triple asterisks, P, .0005). RC indicates right caudate; RBG, right basal ganglia; RTH, right thalamus; LC,
left caudate; LBG, left basal ganglia; LTH, left thalamus; DGM, deep GM.
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source separation methods have primarily focused on overcom-
ing partial volume effects.24,26,27 However, we note that these
techniques are performed later in the MRSI workflow and risk
compounding and propagating noise, yielding measurements
with reduced meaning. Thus, we propose first performing the
weighted averaging operation in the signal domain without
explicit partial volume modeling to exchange increased tissue
specificity for reduced noise artifacts. Accordingly, we emphasize
that the results reported here are “weighted” by tissue as opposed
to being absolutely “specific” to tissue. We note that this design
choice was made in large part due to considerations for noisy and
variable data that may arise from multisite studies. Furthermore,
we note that no approach has yet successfully modeled spatial
inhomogeneities, dependencies, and nonlinearities. Thus, in the
future, we hope for sequences with higher signal-to-noise ratios
and to extend this idea of regional mapping in the signal domain
with posterior matrix inversions to better incorporate partial vol-
ume effects and to add direct consideration of spatial nonlinear-
ities, extending emerging methodologies.24,26,27

When computing metabolite ratios with LCModel, we leveraged
“default” 3T basis sets provided by LCModel instead of computing
“custom,” scanner-specific sets using pulse sequences and envelope
parameters.28,29 This design choice was made for the following rea-
sons: 1) to simplify both the present and future studies across multi-
ple sites where MRSI pulse sequences and envelope parameters
may not be readily available or reliably queried from scanners (as
was the case for sites B and C presently); 2) because custom basis
sets leveraging techniques like density operator simulation or the
Versatile Simulation, Pulses, and Analysis (VeSPA; https://www.
opensourceimaging.org/project/vespa-versatile-simulation-pulses-
analysis/) toolkit primarily impact multiplet signals, whereas NAA
and Cr are largely singlet;28-30 and 3) because initial attempts using
these custom sets did not dramatically affect results.

We used data frommultiple sites acquired with different TE/TRs
to maximize the sample size available for analysis. Thus, this
approach required empiric calibration for site-wise effects via
phantom studies for this pilot study. However, scanner calibra-
tion is an open problem, and many other calibration options
exist. Careful consideration of site-wise effects should be used in
future studies, including the use of matched TE/TR acquisitions
and scanner hardware when possible.

WMNAA/Cr and Chronic Hyperglycemia
We found a negative association betweenWMNAA/Cr and hyper-
glycemia, as measured by HbA1c, that was not present in the deep

GM. HbA1c is an average measure of
chronic glucose control in the 3 months
preceding the measurement.31 Thus, we
interpret this negative association as evi-
dence that prolonged hyperglycemia is
associated with neuroaxonal loss in WM
diffusely in children with T1D. This find-
ing builds on prior DTI studies in this
population that have suggested a relation-
ship between hyperglycemia and WM
biomarkers and represents a novel explo-
ration of diffuse WM neurochemistry, as
opposed to focal investigations performed
in prior single-voxel MRS studies.8,13-16

While small sample sizes can pro-
duce underpowered or overfit models,

we are reassured that this effect was significant throughout the
forward model selection process and was not suppressed by addi-
tional covariates. Furthermore, we found that the best model iden-
tified through model selection explained roughly 40% of the
variance in the data, indicating high explainability in a noisy sys-
tem with a small sample size. Thus, we hope these small-scale, ex-
ploratory results serve as evidence to motivate larger multisite
studies to elaborate on these findings. Notably, larger-scale studies
should further investigate the clinical implications of these find-
ings and their associations with cognitive outcomes. Additionally,
given that HbA1c is an average measurement of blood sugar
across time, future studies could clarify which aspects of glycemic
variability are most impactful, including time spent in the target
glucose range, daily excursions, pre- and postprandial levels, and
the number of hyper- or hypoglycemic episodes.32 Inclusion of
continuous glucose monitoring data may allow these effects to be
characterized.

We note the absence of an age effect in our results. Prior MRS
studies have established age effects in NAA and Cr at low TEs
(around 30ms) in children.33 However, different TEs, such as the
long TEs used presently (.100 ms), affect different peaks differ-
ently, and changing NAA and changing Cr do not equate to
changing NAA/Cr, especially in a small sample. Thus, to balance
the need for modeling age against the differences between metab-
olite- and ratio-based analyses as well as the uncertainties of MRS
at different TEs, we included age as a variable during model selec-
tion as opposed to explicitly acquiring a control group for age in
this pilot study.

WMNAA/Cr and DKA
We found throughout the model selection process that partici-
pants with DKA at disease onset had a decreased WM NAA/Cr,
similar to the HbA1c effect, and that the HbA1c effect was muted
in the presence of DKA. However, we found that these effects
were only revealed when considered jointly with and in the con-
text of HbA1c via inclusion of an interaction term between the
two. DKA is a well-known complication of T1D, marked by an
acute elevation of blood sugar to dangerous levels coupled with
the onset of acidosis due to the development of ketones, potential
cerebral edema, and other metabolic changes.34 Thus, these asso-
ciations suggest that WM neuroaxonal integrity may be diffusely
affected by episodes of DKA in a manner that outweighs chronic
changes from prolonged hyperglycemia.

FIG 5. Associations of NAA/Cr in WM with T1D complications. The calibrated NAA/Cr ratios in
WM are shown plotted against HbA1c, DKA status, and their interaction. Data points are colored
by site with the symbol denoting the participant’s DKA status.
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As mentioned previously, the primary limitation to this inter-
pretation is the potential confounding by site. Differences in
DKA frequency by site as well as site effects that may be larger in
magnitude than glycemic effects make it difficult to untangle the
two. Another limitation is that patients with frequent episodes of
DKA may also have higher HbA1c levels.35 Moreover, due to the
multifactorial nature of DKA, it is unclear which of its aspects
may be contributing to these findings. Furthermore, we investi-
gated the presence of DKA at the onset of T1D, but due to sample
size limitations, we were not able to account for DKA severity or
subsequent episodes.

In short, we recognize that neurophysiologic changes in T1D
are multifactorial and did not account for all possible variables in
this pilot study. We note that this limitation is common in other
neuroimaging studies examining brain structure and function in
T1D, including those with larger sample sizes.36 One large-scale
study in which the number of DKA episodes, severity of DKA,
hyperglycemia, hypoglycemia, and duration of T1D were simul-
taneously accounted for only considered behavioral outcomes
without neuroimaging.37 Despite our small sample size, however,
we found significant effects that were not suppressed, even as
additional covariates were added. Thus, these small-scale associa-
tions support that larger studies of WM health in T1D should do
the following: 1) consider interactions between acute T1D com-
plications, like DKA, and chronic glucose control, and 2) take
into account balanced DKA groups per site and rigorous harmo-
nization of different acquisition and scanner effects, as mentioned
previously.

Last, we note that both the DKA and HbA1c effects were seen
only in the WM and not in GM. This finding is consistent with
other studies that have found reductions in WM volume in chil-
dren 6months after DKA and reductions inWM structural integ-
rity.38-40 Thus, we would expect NAA/Cr to be reduced in WM
related to neuroaxonal loss. Other studies have also found reduc-
tions in GM volume in individuals with T1D, and it has been pos-
ited that patients with long-standing T1D may have partial
neuronal loss or dysfunction related to their disease.41,42 Our
findings may indicate that cerebral WM is more vulnerable to
glycemic injury, and we suspect that a reduction in GM NAA/Cr
would also be seen if our participants had long-standing T1D.
Alternatively, the absence of effects in GM may simply be related
to the small sample size in this pilot study.

CONCLUSIONS
Our pilot study represents a step toward understanding the neu-
rophysiology underlying brain changes in T1D, elucidating its
relationship to complications of T1D, and characterizing how
MRSI and MR imaging may be integrated to monitor brain
health. For instance, studies have shown alterations in cerebral
WM structure and reduced WM volume in children with T1D
using structural and diffusion tensor imaging and that these WM
changes are associated with reduced neurocognitive scores.43-45

Thus, there are clear clinical ramifications for this work, and
using MRSI adds to our understanding of potential mechanisms
of injury. Furthermore, neuroimaging is not currently part of the
monitoring algorithm for individuals with T1D. However, assess-
ment for subtle neurologic injury with MR imaging of the brain

is recommended at least once in childhood and once in adult-
hood in a different chronic illness in which WM injury may lead
to changes in clinical care.46 One can thus envision how assessing
neuroaxonal loss or dysfunction might be clinically relevant for
T1D.

We present a novel exploration of tissue-weighted MRSI in
children with T1D and a first attempt to untangle the effects of
DKA and chronic hyperglycemia on neuronal integrity in differ-
ent tissues across the brain in this population. We found that
MRSI differentially identified NAA/Cr in T1D by tissue and com-
plications of T1D were associated with markers of neuroaxonal
loss in WM. Our study has 3 key limitations: 1) reduced tissue-
specificity and spatial homogeneity in exchange for tissue-weight-
ing with improved signal-to-noise, 2) reduced power due to lim-
ited sample sizes, and 3) large site effects. However, the notable
public health implications for this population and our preliminary
findings motivate the need for higher signal-to-noise 2D MRSI
sequences and innovative analysis methods that explicitly consider
partial volume effects and spatial nonlinearities. Moreover, these
new methods should be leveraged in large-scale, harmonized mul-
tisite MRSI and MR imaging studies to better understand and
monitor changes in brain neurochemistry and neurocognition in
children with T1D.

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

BACKGROUND AND PURPOSE: Retinoblastoma is the most common primary intraocular tumor in childhood. Intra-arterial chemother-
apy is becoming the standard of care for both first-line and rescue therapy, thus improving survival rates and decreasing the adverse
effects of retinoblastoma treatment. Cardiorespiratory adverse events during general anesthesia for intra-arterial chemotherapy, including
decreased lung compliance and bradycardia, have been described, but data regarding associated factors are still lacking. We aimed to
assess the characteristics of patients and procedures associated with cardiorespiratory events during intra-arterial chemotherapy.

MATERIALS AND METHODS: We performed a prospective monocenter observational study in children diagnosed with retinoblas-
toma undergoing intra-arterial chemotherapy under general anesthesia. The occurrence of cardiorespiratory events was registered.
We also assessed clinical and procedural characteristics potentially associated with these events.

RESULTS: A cardiorespiratory event was observed in 22 (12.5%) procedures, predominantly a decrease in tidal volume observed in 16
(9%) procedures. The median age was lower in the procedures with a cardiorespiratory event (20.43 [SD, 11.76] months versus 30.11
[SD, 24.17] months) (P, .05). Other variables such as bilateral disease or a previous intra-arterial chemotherapy treatment were not
associated with the occurrence of a cardiorespiratory event.

CONCLUSIONS: In children undergoing intra-arterial chemotherapy for retinoblastoma treatment, cardiorespiratory events were
observed in 12.5% of procedures. Lower age was associated with this complication. Although predominantly mild, these events
should have prompt diagnosis and treatment to prevent further deterioration and worse outcomes.

ABBREVIATIONS: EtCO2 ¼ end-tidal CO2; IAC ¼ intra-arterial chemotherapy; MAC ¼ minimum alveolar concentration; SpO2 ¼ saturation of peripheral oxygen

Retinoblastoma is the most common primary intraocular tumor
in childhood, occurring mostly in children younger than 2years

of age. If diagnosed early, the survival rate reaches near 100% in high-
income countries.1 During the past decades, retinoblastoma treatment
has markedly advanced with a paradigm change from external beam
radiation and systemic chemotherapy to more selective local thera-
pies, increasing cure rates and decreasing adverse effects.2

Ophthalmic artery chemosurgery—also known as superselective
ophthalmic artery chemotherapy—is a type of intra-arterial

chemotherapy (IAC) and represents one of the treatment modalities
for first-line or rescue therapy.3 It involves the insertion of a micro-
catheter into the ophthalmic artery to deliver chemotherapy directly
to the affected eye. Chemotherapy is delivered in high doses directly
to the tumor, resulting in less systemic adverse effects and higher
eye-salvage rates, becoming the standard of care in many centers.4

IAC is usually performed with the patient under general anes-
thesia, and adverse reactions involving the cardiac and respiratory
systems have been consistently demonstrated.5-10 Those cardiorespir-
atory events are probably secondary to an autonomic reflex whose
mechanism remains to be elucidated. A broad spectrum of clinical
manifestations can be observed such as an abrupt decrease in lung
compliance, bradycardia, and cardiac arrest, thus posing specific chal-
lenges for anesthesiologists. Early detection and prompt treatment are
of utmost importance in preventing further deterioration.10

Although some groups have reported these adverse cardiores-
piratory reactions, associated factors remain to be demonstrated.
We designed this study to describe our experience and assess the
characteristics of patients and procedures associated with these
cardiorespiratory events recorded during IAC.
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MATERIALS AND METHODS
This prospective, observational, monocenter study was conducted in
a pediatric cancer center from March 2020 to December 2021. This
center is a reference hospital for retinoblastoma treatment. This
study was approved by the local research board (EXT 008/2019) and
the local Ethics Committee (CAAE. 28598120.5.00005505) and reg-
istered at ClinicalTrials.gov (NCT04451304). Informed consent was
obtained from the parents or guardians and children when appro-
priate. We enrolled consecutive children who underwent IAC for
retinoblastoma under general anesthesia.

IAC was performed in children with retinoblastoma as first-line
therapy or rescue therapy after local treatment or systemic chemo-
therapy. The choice of IAC drugs was based on disease severity and
included combinations of melphalan, topotecan, and carboplatin.

Anesthesia
IAC was performed with the patient under general anesthesia in
an operating room with angiography. Induction was accom-
plished with IV propofol or inhaled sevoflurane, and all patients
had their tracheas intubated with an appropriate tube size. Other
anesthetics choice, including a muscle relaxant, was at the discre-
tion of the attending anesthesiologist. Maintenance was accom-
plished with oxygen 50%, air, and sevoflurane 1.0–1.5 minimum
alveolar concentration (MAC) adjusted for age. Atropine was not
prophylactically administered. Mechanical ventilation was set in
a pressure-control mode to a volume of 8–10mL/kg with positive
end-expiratory pressure of 5 cm H2O. The respiratory rate was
adjusted to achieve an end-tidal CO2 (EtCO2) of 35mmHg.

The electrocardiogram, peripheral oxygen saturation, EtCO2,
and sevoflurane were continuously monitored. Noninvasive
blood pressure was measured at 3-minute intervals.

Procedure
IAC was performed by a single experienced interventional neurora-
diologist. With the patient under general anesthesia, an ultrasound-
guided puncture of the common femoral artery was performed,
and a 3F pediatric arterial sheath was introduced into the arterial
lumen. A flow microcatheter of 1.2 or 1.5F with a microguide of
0.07 or 0.08 inch (Balt, Montmorency, France) was guided into the
ICA under fluoroscopy and then to the ostium of the ophthalmic ar-
tery. As per protocol, the microcatheter was navigated into the oph-
thalmic artery. In case of a difficult approach to the ophthalmic artery
ostium, the microcatheter was retrieved under roadmaps. After we
ensured the correct microcatheter tip position with fluoroscopic con-
firmation by injecting iodine contrast media, chemotherapy was
infused slowly. Systemic IV heparinization with an initial heparin
bolus of 75 IU/kg was performed. When infusion was complete, the
microcatheter and the arterial introducer were removed, and local
hemostasis was achieved by manual compression for 5minutes at the
puncture site, followed by a pressure bandage for 4hours. The patient
remained in rest for 4–6 hours with the lower limbs in extension and
was discharged from the hospital after this period.

Variables Collected
We collected demographic data and previous therapeutic inter-
ventions for retinoblastoma, including previous IAC, and data
regarding anesthesia techniques and drugs. Data related to IAC

were also registered such as catheter size and chemotherapy
drugs. We collected vital signs and respiratory parameters at the
following moments: immediately before femoral puncture, im-
mediately after internal carotid catheterization, and during the
cardiorespiratory event if observed.

Cardiorespiratory events were defined as any unexpected car-
diac or respiratory event requiring treatment during IAC. We
assessed the presence of decreased lung compliance (character-
ized by an abrupt decrease in tidal volume); hypoxia (a decrease
in saturation of peripheral oxygen [SpO2] of.10% from baseline
or decrease in SpO2 of , 90%); slow-rising nonplateauing cap-
nography; hypotension (a decrease in systolic blood pressure of
. 20%); bradycardia (a decrease in heart rate of. 20%); and car-
diac arrest. Events occurring during anesthesia induction or
emergence were not considered. If .1 event occurred concomi-
tantly, all of them were registered. In the cases in which cardior-
espiratory events were observed, we registered the time and the
treatment to alleviate the symptoms.

Statistical Analysis
On the basis on the literature5-10 and a previous retrospective
pilot study with 100 cases at our institution, the expected percent-
age of cardiorespiratory events in this population was set at 10%.
Considering the number of patients required for a logistic regres-
sion analysis with a minimum of 2 covariates in the model, we
estimated that 200 patients were required to obtain 20 adverse
cardiorespiratory events.

For descriptive purposes, categoric variables were presented
through relative and absolute frequencies. According to their dis-
tributions, continuous variables were described as means and
SDs or median and interquartile ranges. Normality was evaluated
through skewness, kurtosis, and graphical methods.

Children with and without cardiorespiratory events were
compared using the Pearson x 2 test, the Fisher exact test, the
Welch 2-sample t test, or the Wilcoxon rank-sum test, as appro-
priate. To identify independent predictors of the cardiorespira-
tory event, we performed a multivariable analysis using logistic
regression based on prior knowledge and the results of univariate
analysis. The following variables were considered a priori for
inclusion in the multivariable models: age, previous procedures,
catheter size, bilaterality, and procedural duration. The catheter
size was strongly correlated with age, so the catheter size (consid-
ered a confounder) was excluded from the multivariable model.
The results were expressed as ORs with 95% CIs.

Patients older than 84months of age could be considered out-
liers (n ¼ 9), so we repeated the analyses excluding them. The
results were similar to those with the full sample, which was
maintained as the primary analysis.

All analyses were 2-sided, and the final P values, .05 were
considered significant. All analyses were performed in SPSS sta-
tistical software (Version 26.0; IBM) or R statistical and comput-
ing software (http://www.r-project.org/).

RESULTS
We included 175 treatment sessions (11 bilateral) in 71 children
during the study period. In 96 (55%) procedures, the children were
female. Overall, the mean age was 29 (SD, 23.21) months. In 22
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procedures, we observed a cardiorespiratory event, and they
occurred in children significantly younger (20.43 [SD, 11.76]
months) than those without this complication (30.11 [SD, 24.17]
months) (P, .05). This significant difference was not observed in
the variable weight (Table 1). Figure 1 demonstrates the predicted
risk of a cardiorespiratory event based on age. For a previous respi-
ratory history or symptoms such as upper respiratory tract infec-
tion in the past 15days, we did not find a difference between
patients with or without cardiorespiratory events (Table 1).

In 23 (15%) procedures, children were premedicated to alleviate
anxiety. The drug was predominantly midazolam. In 151 proce-

dures (88%), children received sevoflurane inhalational induc-
tion combined with a propofol bolus and a fentanyl bolus. The

total fentanyl mean dose was 3.6 (SD, 3.3) mcg/kg. A single dose
of muscle relaxant was administered to facilitate intubation in

83 (48%) procedures. Anesthesia maintenance was achieved
with sevoflurane 1.0–1.5 MAC. The mean IAC duration was 80

minutes (interquartile range, 70.00–95.00 minutes), while the
mean anesthesia duration was 130.00 minutes (interquartile

range, 115.00–150.00 minutes), with no difference observed
between patients with or without cardiorespiratory events

(Online Supplemental Data).

The most frequent cardiorespiratory event was a decrease in

tidal volume, observed in 16 (9%) procedures. This event was pri-

marily treated by improving ventilation with manual or mechani-

cal increases in inspiratory pressure as well as discontinuing the

catheterization maneuver. Other cardiorespiratory events and

interventions are described in Table 2. Hemodynamic complica-

tions such as hypotension or bradycardia were less common. In

addition, none of the procedures were interrupted and postponed

due to these complications.
Baseline vital signs, measured just before femoral puncture,

were similar among patients with or without cardiorespiratory

events. Vital signs, EtCO2, and tidal volume variations before and

during the cardiorespiratory event are presented in Fig 2.
Cardiorespiratory events occurred predominantly during in-

ternal carotid artery catheterization—primarily in the supracli-

noid and carvernous segments—in 14/22 (64%) procedures,

followed by ophthalmic artery catheterization in 3/22 (14%) and

chemotherapy administration in 4/22 (18%) procedures.
In this study, the median number of previous procedures for

IAC was 2.00 (interquartile range, 0.00–3.00). Having undergone
a previous IAC did not differ between patients with a cardiorespir-

atory event (19, 86%) and without this
complication (106, 72%). Among the
patients with a cardiorespiratory event,
3/22 had never undergone an IAC.

The logistic regression model showed

an association between lower age and

the cardiorespiratory event, though it

was not statistically significant. IAC du-

ration, bilateral procedure, and previous

IAC were not predictive variables in this

model (Table 3).

DISCUSSION
In this study, a cardiorespiratory event
was observed in 12.5% of procedures in
children with retinoblastoma under-
going IAC. These complications were
primarily mild and had a rapid resolu-
tion. The median age was lower in the
patients with a cardiorespiratory event.
Other variables such as bilateral disease

Table 1: Clinical and demographic characteristics

Characteristic Overall (n = 175)a
No Cardiorespiratory

Event (n = 153)a
Cardiorespiratory Event

(n = 22)a P Valueb

Female sex 96 (55%) 82 (54%) 14 (64%) .376
Age (m) 28.93 (23.21) 30.11 (24.17) 20.43 (11.76) .004
Weight (kg) 13.00 (10.00–15.65) 13.00 (9.90–16.00) 11.30 (10.00–14.50) .228
Bronchial hyperreactivity 19 (11%) 19 (12%) 0 (0%) .136
Rhinitis 1 (1%) 1 (1%) 0 (0%) ..999
Previous bronchiolitis 5 (3%) 5 (3%) 0 (0%) ..999
Upper respiratory tract infections,15 days 8 (5%) 8 (5%) 0 (0%) .598
Parental smoking 9 (5%) 7 (5%) 2 (9%) .315
No clinical history 137 (78%) 117 (76%) 20 (91%) .169

a Data are No. (%), mean (SD), median (25th–75th percentiles).
b Determined by the Pearson x 2 test; Welch 2-sample t test; Fisher exact test; Wilcoxon rank-sum test.

FIG 1. Predicted risk of a cardiorespiratory event based on age.
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or a previous IAC treatment were not associated with the occur-
rence of a cardiorespiratory event.

Severe cardiorespiratory events during IAC were demon-
strated in 2011 when Gobin et al10 described reflex broncho-
spasm during artery catheterization. Lately, some authors have
reported an incidence of 10%–25% of severe cardiorespiratory
events.5,7,8,10 In this study, all procedures were performed by a
single experienced interventional neuroradiologist who has per-
formed .1500 IAC procedures in children with retinoblastoma.
We believe this long learning curve may have contributed to our inci-
dence in the lower range (12.5%), particularly if mechanoreceptors

play a role in triggering cardiorespiratory events. In our center,
anesthesiologists are also trained and experienced in this specific
procedure. Therefore, the team can diagnose such complications
early, preventing further deterioration.10

We found an association between younger age and cardiorespir-
atory events, which was different from the results in other studies.8

The older median age of our population (29 versus 20months) may
have led to this finding. Considering that this complication is prob-
ably an autonomic reflex response, such as the trigeminal-cardiac
and oculorespiratory reflexes, a higher resting vagal tone in young
children may justify this finding. The lack of association between
weight and a cardiorespiratory event reinforces the role of auto-
nomic immaturity in the occurrence of this complication.

Some authors have proposed a sensitization of the reflex arc
mechanism because patients present with this complication only
in the second or subsequent procedures.5 In our study, this com-
plication occurred in 3 of the 22 patients who had never under-
gone this treatment before. This finding is in line with findings in
a previous case series.11

In common with Philiips et al5 and Gobin et al,10 cardiorespira-
tory events occurred predominantly during carotid, at the supracli-
noid and cavernous segments, and ophthalmic catheterization. We
did not observe an association between the type of event (respiratory
or cardiovascular) and the catheter site at themoment it was detected.

The protective role of a high anesthetic depth on the occur-
rence of autonomic reflexes is well-established.12,13 However, Nghe
et al8 observed a high incidence (20%) of serious cardiorespiratory
events during IAC, despite deep anesthesia. Unfortunately, we did
not assess the depth of anesthesia in this study, though patients
received standardized sevoflurane maintenance with 1.0–1.5 MAC
adjusted for age.

The cardiorespiratory events were predominantly an abrupt

decrease in lung compliance followed by a mild decrease in the

SpO2 treated with manual positive pressure with resolution in sec-

onds or a fewminutes. None of the IACs were interrupted and post-

poned after a severe cardiorespiratory
event, different from the situation in

other case series.5,8

This study confirms earlier findings
that may help to predict cardiorespira-
tory events during IAC, such as the
most probable moment (carotid and
ophthalmic catheterization). Therefore,
anesthesiologists can be aware and
ready to treat this potentially life-threat-
ening condition. The lower age in
patients who developed this event and a
trend toward an association between
lower age and the event also help to
identify patients at risk.

Some limitations of this study are in-
herent to its observational nature, so we
cannot assume the associated factor as
causative. Additionally, we believe anes-
thesia management may affect the inci-
dence of cardiorespiratory events, and
the lack of anesthesia standardization in
our studymay hamper its reproducibility.
A clinical trial testing the effect of a

Table 2: Adverse cardiorespiratory events and treatment during
intra-arterial chemotherapy

Events and Treatment
Characteristic (n ¼ 175)a

Uneventful 153 (87%)
Reduced tidal volume (.10% from baseline) 16 (9%)
SpO2 drop (.10% or below 90% even if transient) 7 (4%)
Change in the capnography curve to an ascending
pattern

3 (2%)

Hypotension 5 (3%)
Bradycardia 2 (1%)
Cardiorespiratory arrest 0 (0%)
Treatment (n ¼ 22)a

Manual ventilation 13 (59%)
Increased inspiratory pressure 8 (36%)
Increase in FiO2 12 (55%)
Crystalloid bolus 5 (23%)
Atropine 0 (0%)
Epinephrine 4 (18%)
Propofol bolus 2 (9%)
Increased sevoflurane 0 (0%)
Interruption of the procedure 1 (5%)
Neuromuscular blocker administration 0 (0%)
Spontaneous resolution 2 (9%)

Note:–FiO2 indicates fraction of inspired oxygen.
a Data are No.

FIG 2. Vital signs and respiratory parameters measured before (immediately before femoral
puncture) and during the cardiorespiratory event. BPM indicates beats per minute.
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neuromuscular blockade on the incidence of cardiorespiratory
events would also provide further elucidation about cause-effect
mechanisms.

CONCLUSIONS
In children undergoing IAC for retinoblastoma treatment, cardior-
espiratory events were observed in 12.5% of procedures. Lower
ages were associated with this complication occurrence. Although
predominantly mild and with a rapid resolution, these events
should have prompt diagnosis and treatment to prevent further
deterioration and worse outcomes.

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

Correlation between Multiparametric MR Imaging and
Molecular Genetics in Pontine Pediatric High-Grade Glioma

V. Rameh, S. Vajapeyam, A. Ziaei, P. Kao, W.B. London, S.J. Baker, J. Chiang, J. Lucas, C.L. Tinkle,
K.D. Wright, and T.Y. Poussaint

ABSTRACT

BACKGROUND AND PURPOSE: Molecular profiling is a crucial feature in the “integrated diagnosis” of CNS tumors. We aimed to
determine whether radiomics could distinguish molecular types of pontine pediatric high-grade gliomas that have similar/overlap-
ping phenotypes on conventional anatomic MR images.

MATERIALS AND METHODS: Baseline MR images from children with pontine pediatric high-grade gliomas were analyzed.
Retrospective imaging studies included standard precontrast and postcontrast sequences and DTI. Imaging analyses included me-
dian, mean, mode, skewness, and kurtosis of the ADC histogram of the tumor volume based on T2 FLAIR and enhancement at
baseline. Histone H3 mutations were identified through immunohistochemistry and/or Sanger or next-generation DNA sequencing.
The log-rank test identified imaging factors prognostic of survival from the time of diagnosis. Wilcoxon rank-sum and Fisher exact
tests compared imaging predictors among groups.

RESULTS: Eighty-three patients had pretreatment MR imaging and evaluable tissue sampling. The median age was 6 years (range, 0.7–17 years);
50 tumors had a K27M mutation in H3-3A, and 11, in H3C2/3. Seven tumors had histone H3 K27 alteration, but the specific gene was
unknown. Fifteen were H3 wild-type. Overall survival was significantly higher in H3C2/3- compared with H3-3A-mutant tumors (P ¼ .003) and
in wild-type tumors compared with any histone mutation (P ¼ .001). Lower overall survival was observed in patients with enhancing tumors
(P ¼ .02) compared with those without enhancement. H3C2/3-mutant tumors showed higher mean, median, and mode ADC_total values
(P, .001) and ADC_enhancement (P, .004), with lower ADC_total skewness and kurtosis (P, .003) relative to H3-3A-mutant tumors.

CONCLUSIONS: ADC histogram parameters are correlated with histone H3 mutation status in pontine pediatric high-grade glioma.

ABBREVIATIONS: DIPG ¼ diffuse intrinsic pontine glioma; DMG ¼ diffuse midline glioma; HGG ¼ high-grade glioma; IDH ¼ isocitrate dehydrogenase; OS ¼
overall survival; PG ¼ postgadolinium; pHGG ¼ pediatric-type high-grade glioma

D iffuse intrinsic pontine glioma (DIPG) is defined as an
expansile T1-hypointense, T2-hyperintense nonenhancing

pontine tumor involving at least 50% of the ventral pons and
engulfing the basilar artery.1-3 These tumors were reclassified in

the 2021 World Health Organization classification of CNS
tumors, emphasizing that molecular features are as essential as
histology in diagnosing pontine tumors.3,4 Numerous molecular
changes of clinicopathologic utility were incorporated, and the
designation of a subset of tumors formerly called DIPG as H3
K27–altered diffuse midline glioma highlights the importance of
this mutation in defining a disease entity.2,3

Pontine H3 K27–altered diffuse midline glioma (DMG) is an
aggressive pediatric-type high-grade glioma (pHGG) with a me-
dian age at diagnosis of 6–7 years and a poor prognosis, with
,10% overall survival (OS) of.2 years.5-7 The diagnosis has his-
torically been based on clinical and MR imaging characteristics.1

Surgery was not considered an option due to the location and
infiltrative nature of the tumor, and biopsy was uncommonly
performed after weighing risks and benefits.8

Recently, feasible and safe biopsies and postmortem examina-
tions have led to a greater understanding of the unique genetic
profiles of these tumors and the consequent identification of new
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potential therapeutic targets.9-11 Specifically, the somatic muta-
tions of histone H3 genes (H3-3A and H3C2/3), leading to their
protein products H3.3 and H3.1, respectively, and the substitu-
tion of a lysine for methionine have been identified. Up to 90% of
pontine high-grade gliomas (HGGs) have an H3 mutation, with
�65% in H3-3A and �25% in H3C2/3. Approximately 10% of
pontine HGGs lack an H3 mutation.5,10,12-14 Advances in “liquid
biopsy,” namely the ability to detect these mutations in circulat-
ing tumor DNA or CSF tumor DNA, may enable noninvasive
testing of molecular profiling in DMG and longitudinal monitor-
ing when the patient is on therapy.15,16

Prior investigators identified certain MR imaging features associ-
ated with worse prognosis in pontine HGGs, such as shorter survival
in patients with lower mean ADC histogram values, a lower Cho/Cr
ratio onMRS, and the presence of the H3 K27 alteration.17-19

It is now increasingly understood that different genomic alter-
ations in histone H3 isoforms result in tumors with variable
behavior and clinical prognosis, including differences between
H3C2/3- andH3-3A-mutant tumors.20-22

To date, few studies have elucidated these differences using radio-
genomic methods. This emerging technique uses primarily pretreat-
ment baseline multiparametric MR imaging features and correlates
themwith pathologic andmolecular data obtained from a specific tis-
sue biopsy site.12,18,23-26 Furthermore, a more recently described,
multimodel approach proposed the use of MR imaging radiomics
and clinical data to predict at least 1 of 3 important mutations (H3.1,
ACVR1, and TP53) in pontine pHGGs. This efficient model can be
used with the absence of data on biopsy and/or genetic results.27

In this study, we correlated different baseline MR imaging fea-
tures and OS in pontine pHGG subtypes with molecular parameters
using ADC histogram analyses in a large cohort of children newly
diagnosed with pontine HGGwho underwent tissue sampling.

MATERIALS AND METHODS
Subjects
This was a retrospective study approved by the institutional
review board and performed in accordance with the Declaration
of Helsinki. All consecutive patients who were clinically diag-
nosed with DIPG or pontine DMG at the time of presentation at
St. Jude Children’s Research Hospital between 2002 and 2019 and
had postmortem or biopsy data and baseline MR images were
included. Each patient underwent histologic tumor evaluation at
postmortem examination following unsuccessful therapy and/or
stereotactic biopsy before initiation of treatment, with the choice
of biopsy site left to the neurosurgeon’s discretion.

Immunohistochemistry or next-generation DNA sequencing
or both were used to identify histone H3 mutations, as previously
described.28 We defined 4 H3 mutation groups: 1) H3-3A K27-
mutant; 2) H3C2-/H3C3 K27-mutant; 3) H3 K27-mutant, specific
genes were unknown; and 4) H3 wild-type. The latter may include
pHGG (DMG, H3 K27–altered, subtype H3 wild-type with
EZHIP overexpression, and pHGG, H3 wild-type and isocitrate
dehydrogenase [IDH] wild-type) or adult-type diffuse glioma
(astrocytoma, IDH mutant and glioblastoma, IDH wild-type).3

Overall survival was measured for all patients, calculated as the
length of time from diagnosis to death and/or the last follow-up.

Imaging Analysis
Baseline MR imaging of the brain was used for analysis as previ-
ously described.24 MR imaging examinations were performed
primarily (94%) on Siemens MR imaging scanners and the
remaining on GE Healthcare scanners. Scanner details are pro-
vided in the Online Supplemental Data. The protocol included
sagittal T1, axial T2, precontrast axial T2 FLAIR, axial DTI, and
postgadolinium (PG) 3D T1.

Volumetric analysis of the tumor was obtained by generating
3D ROIs on a Vitrea workstation (Canon Medical) using Vital
3D Medical Imaging software (Access Radiology) on the ana-
tomic sequences. This procedure was performed on the T2
FLAIR imaging by delineating the abnormal T2-hyperintense sig-
nal seen in the pons. When T2 FLAIR was unavailable, this pa-
rameter was estimated using a 2D T2 TSE sequence. The volume
of enhancing tumor was assessed on the PG 3D T1 sequence.

ADC maps from the DTI data were generated on the scanner
in most cases and off-line using OsiriX (Pixmeo SARL) when
scanner-generated ADC maps were not available. To generate the
ADC histogram, we registered ADC maps to the anatomic
sequence of interest (T2 FLAIR or T2 and PG T1) using tools
from the FSL library (http://www.fmrib.ox.ac.uk/fsl),29 previously
described by Poussaint et al.17 In summary, b ¼ 0 (and subse-
quently the ADC map) was transformed into the space of the
anatomic sequences, and 3D ROIs were created using the thresh-
olding feature in Fiji (http://fiji.sc),30 an Open Source (https://
opensource.org/) distribution of Java modules along with
ImageJ software (National Institutes of Health). Values from
every pixel in the tumor volume from the ADC map were then
extracted, and histograms were generated. Within each tumor,
values of the mean, SD, median, mode, skewness, and kurtosis
of the ADC histogram for the total tumor volume (referred to
as ADC_total) and the enhancing tumor volume (referred to
as ADC_enhancement) were used for statistical analysis. The
choice of these ADC histogram metrics was based on previous
studies.14,19

Statistical Analysis
Clinical and demographic variables were summarized using de-
scriptive statistics. Continuous measures were summarized using
medians and ranges. Categoric measures were summarized using
frequencies and proportions. Kaplan-Meier curves of OS were
generated, and point estimates of OS 6 standard error were pre-
sented at 6, 12, and 18months. The histone H3 mutation groups
were tested for association with OS using a log-rank test.
Continuous variables (mean ADC_total, median ADC_total,
mode of ADC_total, mean ADC_enhancement, and median
ADC_enhancement) were dichotomized on the median value
and tested for association with OS using a log-rank test. The
Wilcoxon rank-sum test was used to compare continuous imag-
ing predictors between categoric end points of the histone muta-
tion groups. The Fisher exact test was used to compare categoric
imaging predictors (presence/absence of tumor volume enhance-
ment versus molecular subgroup). Two-sided P values # .05
were considered statistically significant. Given the hypothesis-
generating nature of these analyses, no adjustment for multiple
hypothesis testing was performed. R statistical and computing
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software Version 3.5.0 (http://www.r-project.org) and SAS
Version 9.4 (SAS Institute) were used for statistical analyses.

RESULTS
Patient Population Characteristics
There were 305 consecutively treated children with suspected
pontine pHGG. Eighty-three patients met the eligibility crite-
ria with MR imaging features of pontine pHGG on pretreat-
ment MR imaging and evaluable tissue sampling. Of the 83
patients in the study, biopsy samples were obtained from 26
patients, and postmortem material, from 50 patients for
genetic testing. Of these, 73 patients had evaluable DTI data at
baseline (Online Supplemental Data) and were included for
all ADC histogram analyses. In addition, 29 of 73 patients
were treated during the study time period (September 2002 to
December 2009).

The median age and follow-up time were 6 years (range, 0.7–
17 years) and 10.3months (range, 2.3–76.2months), respectively.

The cohort consisted of 43 (52%) male and 40 (48%) female
patients, of whom 23 (28%) were nonwhite. H3 K27–altered
tumors were categorized as follows in Table 1: H3-3A (n ¼ 50;
60%), H3C2/3 (n ¼ 11; 13%), H3-mutant specific gene unknown
(n¼ 7; 8%), and wild-type (n¼ 15; 18%).

Histone Mutation, Overall Survival, and ADC Histogram
Metrics
The mean OS at 12months for all patients was 37% [SD, 5.5%]
(Online Supplemental Data).

Children with H3C2/3-mutant tumors (n ¼ 11) had signifi-
cantly higher OS compared with those with H3-3Amutation (n¼
50) (73% [SD, 13.4%] versus 17 [SD, 5.6%] at 1 year, respectively;
P ¼ .003) (Online Supplemental Data and Fig 1A). Those patients
with H3 wild-type HGG tumors (n ¼ 15) had significantly higher
OS compared with H3C2/3- and H3-3A-mutant tumors (63%
[SD, 13.3%] versus 32% [SD, 5.8%] at 1 year, respectively; P ¼
.001) (Online Supplemental Data and Fig 1B).

The OS was significantly lower in patients with enhancing
tumors compared with patients whose tumors showed no
enhancement (29% [SD, 6.5%] versus 56% [SD, 10%] at 1 year,
respectively; P¼ .02) (Online Supplemental Data).

However, there was no statistical association between histone
H3 mutation groups and the presence of enhancement: P¼ .2 for
the association of enhancement and histone mutations (H3-3A
versus H3C2/3) and P ¼ .7 for the association of enhancement
with any histone mutation versus wild-type.

When we compared group median values, the H3-3A-mutant
group (n¼ 46) demonstrated lower values of mean ADC_total (P,

.001), median ADC_total (P , .001), mode ADC_total (P , .001),
mean (PG) ADC_enhancement (P ¼ .004), median (PG)
ADC_enhancement (P¼ .003), and mode (PG) ADC_enhancement
(P ¼ .002) compared with the H3C2/3-mutant group (n ¼ 9)
(Table 2 and Fig 2A). Skewness ADC_total (P ¼ .003) and kurto-
sis ADC_total (P¼ .002) were significantly higher inH3-3A- ver-
susH3C2/3-mutant tumors (Table 2 and Fig 2B).

There was no significant difference in ADC histogram metrics
between H3 wild-type (n ¼ 12) and mutant tumors (n ¼ 61),
even though the survival of patients with wild-type tumors was
significantly longer (Table 3).

Histone Mutation and Tumor Volume
The total tumor volume varied among mutation groups; how-
ever, these differences did not meet statistical significance (P ¼
.2 and 0.8, respectively) (Tables 2 and 3). No significant differ-
ences in the volume of tumor enhancement were identified
between the various mutational profiles (H3-3A versus H3C2/3
(P ¼ .6) and any histone H3 mutation versus wild-type (P ¼ .4)
(Tables 2 and 3).

DISCUSSION
Advances in genomic and epigenetic analyses have led to an
improved understanding of the clinical and biologic behavior of
pontine HGGs.13 The discovery of histone H3 mutations in 70%–
84% of pontine pHGGs was an important turning point in our
understanding of this tumor.10,31-33 Clinicoradiologic and prog-
nostic criteria were then refined with histone H3 genotyping
because mutations in the H3-3A- and H3C2/3 genes correlate
with different phenotypical and biologic behaviors and differen-
ces in OS.20,25 Prior work by Jaimes et al24 demonstrated differen-
ces in ADC histogram parameters and enhancement among
various histone mutations of pontine HGG. This radiogenomic
tool offers a framework for differentiating these alterations non-
invasively and, most important, identifying those that have a
worse overall survival. In this study, we examined whether radio-
mics could distinguish among molecular subtypes of pontine
pHGG with similar/overlapping phenotypes on conventional
anatomicMR images and with ADC histogram parameters.17,18,24

ADC values in this study were all derived from DTI data rather
than routine clinical DWIs.

Correlations among ADC values, tumor cellularity, and
response to treatment in low-grade and high-grade pediatric brain
tumors have been previously studied.34-36 The ADC histogram is a
valuable tool for describing diffusion characteristics in the total tu-
mor volume on T2 FLAIR and postcontrast T1-weighted images.

Table 1: Baseline characteristics of patients with pontine pHGG
(n = 83)

Patient Characteristic
No. (%) or Median

(Range)
Sex
Male 43 (52)
Female 40 (48)
Race
White 60 (72)
Black 19 (23)
Other 4 (5)
Age at registration (yr) 6 (0.7–17)
Histone mutation status
H3-3A 50 (60)
H3C2/3 11 (13)
Wild-type 15 (18)
H3 K27–altered, specific gene unknown 7 (8)
Presence of enhancement
Yes 54
No 25
Unknown 4
Median follow-up time of surviving
patients (mo)

10.3 (2.3–76.2)
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Key ADC histogrammetrics found to correlate with survival, treat-
ment response, and mutational status are the mean, SD, median,
mode, skewness, and kurtosis of the ADC histogram for the total
tumor volume and the enhancing tumor volume.17,24 This study
focuses on those ADC metrics in our statistical analyses to limit
the number of comparisons, thereby increasing statistical power.
Poussaint et al17 previously studied the correlation between ADC
histogram metrics and progression-free survival in patients with
pontine HGGs. Although tumor molecular characteristics were
not studied in the aforementioned work, the authors found 2 peak
histogram distributions (unimodal and bimodal), with the unimo-
dal peak increased skewness likely due to increasing cellularity.

Poussaint et al also reported that the mean ADC was lower in chil-
dren with shorter survival. Chen et al37 found a negative correla-
tion between fractional anisotropy and survival, and although the
correlation between ADC histograms and tumor profiles was not
studied, one may extrapolate that lower ADC values correlated
with more aggressive tumor behavior.

Castel et al20 reported that MR imaging features correlated
histologically with extensive extracellular edema, present primar-
ily within H3C2/3- compared with H3-3A-mutant tumors. ADC
values were lower in H3-3A-mutant tumors, concurring with this
work. This may be attributed to the differences in the oncogenic
mechanisms of these alterations. Jaimes et al24 suggested that

FIG 1. Differences in OS between variant histone profiles. A, Kaplan-Meier curves of a patient’s OS by histone H3 mutation: H3-3A (n ¼ 50) ver-
sus H3C2/3 (n ¼ 11). B, Kaplan-Meier curves of OS for patients with tumors with histone H3 mutation (H3-3A, H3C2/3, and H3-mutant, specific
gene unknown) (n¼ 68) versus H3 wild-type (n¼ 15) tumors.
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increased cellularity was the reason for the increased kurtosis and
skewness in H3-3A-mutant tumors compared with H3C2/3-mu-
tant tumors.

Calmon et al12 also reported that H3C2/3-mutant tumors
had higher ADC values than H3-3A-mutant tumors in 27
patients who underwent pretreatment MR imaging and biopsy
for their pontine pHGGs. They also hypothesized that H3C2/
3-mutant tumors demonstrated increased extracellular edema
due to ion channel gene downregulation.12 A higher positive
nuclear density was noted relative to H3C2/3-mutant tumors,
which they postulated may be secondary to interstitial edema
differences. However, they did not perform quantitative analy-
sis of the edema, and their study focused on only the biopsied
sample of the tumor and not the total tumor volume.
Furthermore, the H3C2/3- and H3-3A-mutant tumors showed
associated histologic differences, with the former containing
mesenchymal glioblastoma subtypes and astroglial cells and
the latter containing proneural glioblastoma multiforme and
oligodendrocytic signatures.20

Our analysis of ADC histogram metrics in H3-3A-mutant
pontine pHGGs demonstrates significantly lower mean and
median ADC values of total tumor volume with higher skew-
ness and kurtosis than the H3C2/3-mutant tumors, concurring
with the findings of Jaimes et al.24 Our study reports no signifi-
cant difference between ADC histogram metrics of wild-type
and H3 K27–mutant profiles, consistent with the study pub-
lished by Jaimes et al and Castel et al.38 This result is likely
related to the similar biologic phenotype of these 2 profiles
with the loss of H3 K27 trimethylation. In addition, the hetero-
geneous nature of these tumors may also be a valid contribu-
tor. Pertinent to this study, Aboian et al18,26 previously found
no statistically significant association between the MR imaging
characteristics of pontine wild-type or H3 K27–altered HGGs,
specifically edema, enhancement, necrosis, and the infiltrative
nature of the tumors.

Piccardo et al22 found a statistical correlation between MR
imaging parameters such as DWI, spectroscopy, and perfusion
in pontine HGGs. Significantly lower ROI ADC values were
found in H3 K27–altered tumors compared with H3 wild-type.

Their sample size was small and included HGGs in all loca-
tions, not just the pons. Furthermore, all the H3 K27–altered
tumors included in their 22-patient cohort were H3-3A-
mutant.

As mentioned previously and similar to the results pub-
lished by Khuong-Quang et al,32 we found that children with
H3 wild-type HGGs have significantly higher OS compared
with those with H3-3A- and H3C2/3-mutant tumors. We also
found that children with H3C2/3-mutant tumors had signifi-
cantly higher OS than those with an H3-3A mutation. This
finding is concordant with the work of Castel et al,20 which
demonstrated that OS differs significantly between histone H3
alterations. H3C2/3-mutant tumors have an overall better
prognosis because they tend to metastasize less frequently and
may respond better to radiation therapy.

Similar results were reported in the studies by Calmon et al12

and Jaimes et al,24 who studied 27 and 50 patients with DIPGs,
respectively. Additionally, patients with H3C2/3-mutant tumors
tended to present at a younger age, approximately 2 years
younger than patients withH3-3A-mutant tumors.12

In our cohort, enhancement was associated with a signifi-
cantly worse OS, confirming previous studies.17,24 However, the
total tumor volume seen on T2 FLAIR or volume of enhance-
ment was not significantly associated with OS. Similar to findings
of Jaimes et al24 and Calmon et al,12 differences in enhancing vol-
umes were higher, though not significantly, in H3C2/3- com-
pared with H3-3A-mutant tumors, with the latter carrying a
worse prognosis. This finding is likely multifactorial and may be
explained by higher microvascular density and perhaps increased
vascular/contrast leakage in H3C2/3, though also not statistically
significant, and may not adequately reflect the internal milieu in
these tumors.12

Our study has several limitations. All of the tumors in our
cohort are pontine pHGGs, and future work will have to
include HGGs in other locations. While our sample size is the
largest to date to study associations of ADC histogram metrics
with histone H3 gene alterations in pontine HGGs, these
results should be validated in larger, prospective studies, given
the breakdown in histone-altered tumor subsets. Second, we

Table 2: Association of measures of continuous imaging features with variant histone H3–altered tumors

Imaging Metric
H3-3A H3C2/3

P ValueaNo. Median (Range) No. Median (Range)
ADC total (�10–6 mm2/s)
Mean 46 1227.51 (538.06–1710.88) 9 1586.56 (1224.37–1797.58) .001
Median 46 1185 (532–1755) 9 1654 (1215–1842) .001
Mode 46 1168.14 (450.92–1902.53) 9 1703.88 (1263.52–1961.24) .001
Skewness 38 0.91 (�0.49–2.16) 9 –0.20 (�0.89–0.88) .003
Kurtosis 38 1.57 (�0.60–9.71) 9 0.40 (�0.78–1.79) .002
ADC_enhancement (�10–6 mm2/s)
Mean 33 1138.81 (689.44–1509.96) 7 1390.54 (1033.58–1898.26) .004
Median 33 1085 (667–1532) 7 1364 (995–1890) .003
Mode 33 1012.56 (577.86–1617.56) 7 1393.38 (966.31–1746.86) .002
Skewness 31 1.27 (�0.56–2.82) 7 0.52 (�0.71–2.61) .1
Kurtosis 31 2.08 (�0.94–13.03) 7 0.85 (�0.84–9.09) .3
FLAIR/T2/T1 PG volume (�103 mm3)
FLAIR/T2 44 35.75 (7.97–77.53) 10 41.10 (22.84–77.57) .2
Enhancing 32 1.90 (0.07–14.10) 9 5.04 (0.04–8.25) .6

aWilcoxon rank-sum test.
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did not perform a direct correlation to the histologic data or
include advanced imaging techniques such as perfusion in our
multiparametric MR imaging analysis. Third, we did not test
for EZHIP overexpression and IDH1/2mutations in our tumor
samples and did not perform DNA methylation profiling for
tumor subtyping; therefore, we cannot distinguish different
tumor subtypes in our H3 wild-type category. Finally, the studies
in this retrospective analysis were performed during 18 years and
on multiple scanners at the same institution. ADC values have
been found to be fairly consistent across scanner types and
strengths in both in vivo39 and in phantom studies,40 and the

ADC values found in this study are consistent with those in the
literature.17,24 However, the possible variability of ADC values
derived from DTI data frommultiple scanners may still be a limi-
tation of this study.

Future work may incorporate machine learning algorithms on
large data sets to expand our knowledge of the biologic features
of these tumors. Wagner et al41 found radiomics features on
standard MR imaging that were associated with progression-free
survival in pediatric diffuse pontine glioma not based on muta-
tional status. Future applications could incorporate mutational
analyses in a larger data set.

FIG 2. Differences in ADC histogram parameters among histone H3 K27–altered tumors. H3-3A-mutant tumor (A) shows lower ADC_total
mode (1252.531 � 10–6 mm2/s), higher ADC_total skewness (0.673), and higher ADC_total kurtosis (2.721) relative to H3C2/3-altered tumor (B)
(ADC_total mode: 1703.875 � 10–6 mm2/s; ADC_total skewness: �0.231; and ADC_total kurtosis: 0.399). H3-3A-mutated tumor (A) shows lower
mean (PG) ADC_enhancement (1216.092 � 10 mm2/s), median (PG) ADC_enhancement (1206 � 10–6 mm2/s), and mode (PG) ADC_enhancement
(1103.723 � 10–6 mm2/s), relative to H3C2/3-mutated tumor (B): mean (PG) ADC_enhancement (1461.677 � 10–6 mm2/s), median (PG)
ADC_enhancement (1500� 10–6 mm2/s), and mode (PG) ADC_enhancement (1665.322� 10–6 mm2/s). A, A 3-year-old girl with H3-3A-mutant dif-
fuse midline glioma and OS¼ 217 days. B, An 8-year-old girl with H3C2/3-mutant diffuse midline glioma and OS¼ 761 days.
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CONCLUSIONS
MR imaging features, including ADC histogram metrics, are dif-
ferent across H3C2/3-, H3-3A-mutant, and H3 wild-type pontine
HGGs. Future advances in noninvasive imaging approaches will
seek to improve our understanding of the biology and physiology
of these aggressive tumors and will help prognosticate survival.
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T2-FLAIR Mismatch Sign in Pediatric Low-Grade Glioma
M.W. Wagner, L. Nobre, K. Namdar, F. Khalvati, U. Tabori, C. Hawkins, and B.B. Ertl-Wagner

ABSTRACT

BACKGROUND AND PURPOSE: No qualitative imaging feature currently predicts molecular alterations of pediatric low-grade glio-
mas with high sensitivity or specificity. The T2-FLAIR mismatch sign predicts IDH-mutated 1p19q noncodeleted adult gliomas with
high specificity. We aimed to assess the significance of the T2-FLAIR mismatch sign in pediatric low-grade gliomas.

MATERIALS ANDMETHODS: Pretreatment MR images acquired between January 2001 and August 2018 in pediatric patients with pe-
diatric low-grade gliomas were retrospectively identified. Inclusion criteria were the following: 1) 0–18 years of age, 2) availability of
molecular information in histopathologically confirmed cases, and 3) availability of preoperative brain MR imaging with non-motion-
degraded T2-weighted and FLAIR sequences. Spinal cord tumors were excluded.

RESULTS: Three hundred forty-nine patients were included (187 boys; mean age, 8.7 [SD, 4.8] years; range, 0.5–17.7 years). KIAA1549–B-Raf
proto-oncogene (BRAF) fusion and BRAF p.V600E mutation were the most common molecular markers (n ¼ 148, 42%, and n ¼ 73,
20.7%, respectively). The T2-FLAIR mismatch sign was present in 25 patients (7.2%). Of these, 9 were dysembryoplastic neuroepithelial
tumors; 8, low-grade astrocytomas; 5, diffuse astrocytomas; 1, a pilocytic astrocytoma; 1, a glioneuronal tumor; and 1, an angiocentric gli-
oma. None of the 25 T2-FLAIR mismatch pediatric low-grade gliomas were BRAF p.V600E–mutated. Fourteen of 25 pediatric low-grade
gliomas with the T2-FLAIR mismatch sign had rare molecular alterations, while the molecular subtype was unknown for 11 tumors.

CONCLUSIONS: The T2-FLAIR mismatch sign was not observed in the common molecular alterations, BRAF p.V600E–mutated and
KIAA1549-BRAF fused pediatric low-grade gliomas, while it was encountered in pediatric low-grade gliomas with rare pediatric mo-
lecular alterations.

ABBREVIATIONS: DNET ¼ dysembryoplastic neuroepithelial tumor; pLGG ¼ pediatric low-grade glioma; RAS/MAPK ¼ RAS-mitogen-activated protein kinase;
TKDD ¼ tyrosine kinase domain duplication

Pediatric low-grade gliomas (pLGGs) are the most common
pediatric brain tumors, accounting for approximately 40%

of all pediatric brain tumors.1,2 They are a heterogeneous group
of tumors classified by the World Health Organization as grade
1 or 2.3 Molecular profiling studies have identified genetic
events in pLGGs involving the RAS-mitogen-activated protein
kinase (RAS/MAPK) pathway.4 Most commonly, these are events
involving B-Raf proto-oncogene (BRAF) or germline neurofibro-
matosis 1 (NF1) alterations.5,6 Rarer alterations affect RAS/MAPK
signaling, including fibroblast growth factor receptor (FGFR)1/2/3,
ROS1, and non-RAS/MAPK alterations, such as MYB, MYBL1,
IDH1, and others.1,4 To date, no qualitative imaging features exist
predicting any of the pLGG molecular alterations with high sensi-
tivity or specificity.

In 2017, Patel et al7 described the T2-FLAIR mismatch sign in
a sample of 125 adult lower-grade gliomas to predict IDH-mutated
1p19q noncodeleted gliomas with high specificity. It is defined by
hyperintense signal on T2-weighted sequences and hypointense
signal on FLAIR sequences with a hyperintense peripheral rim.
This imaging feature has since gained increasing attention in adult
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neuroradiology due to the wide availability of T2-weighted and
FLAIR sequences. Currently, there is only anecdotal evidence of
the T2-FLAIR mismatch sign in the pediatric population. In 2019,
Johnson et al8 reported 5 false-positive instances of T2-FLAIRmis-
match, 4 of which occurred in children and 3 of which were neo-
plastic. These included a pilomyxoid astrocytoma, a H3K27M-
mutant midline glioma, and a low-grade astrocytoma with an
MYB rearrangement.8 To our knowledge, no prior study has sys-
tematically investigated the occurrence of the T2-FLAIR mismatch
sign in pLGG.

We therefore aimed to assess the occurrence of the T2-FLAIR
mismatch sign in pLGG in a large pediatric institutional cohort.

MATERIALS AND METHODS
Patient Sample
This retrospective study was approved by the local institutional
review board (The Hospital for Sick Children, Toronto). Because
of the retrospective nature of the study, informed consent was
waived by the local research ethics board. All patients were iden-
tified from the electronic health record database between January
2001 and August 2018. Patient inclusion criteria were the follow-
ing: 1) 0–18 years of age, 2) the availability of molecular informa-
tion in histopathologically confirmed pLGG as defined by Louis
et al,9 and 3) the availability of preoperative brain MR imaging
with non-motion-degraded T2-weighted and FLAIR sequences.
Spinal cord tumors were not included in this study.

Molecular Analysis
BRAF fusion status was determined using an nCounter Metabolic
Pathways Panel (NanoString Technologies) or fluorescence in
situ hybridization, while the BRAF p.V600E mutation was deter-
mined using immunohistochemistry or droplet digital polymer-
ase chain reaction. Additional alterations were detected by RNA
panel sequencing as previously described.4 For most patients,
molecular analysis was performed with formalin-fixed paraffin-
embedded tissue that was obtained at the time of the tissue
sampling.

MR Imaging
All patients underwent MR imaging of the brain at 1.5T or 3T
across various vendors (Signa, GE Healthcare; Achieva, Philips
Healthcare; Magnetom Skyra, Siemens). The standardized
sequence protocol at our institution included the following
sequences: a sagittal 3D T1-weighted sequence with axial and
coronal reformats, an axial DWI, an axial and/or coronal FLAIR
sequence, an axial and/or coronal and/or sagittal T2-weighted
sequence, an axial SWI or multiplanar gradient recalled acquisi-
tion, a gadolinium-based contrast agent–enhanced axial 3D T1-
weighted sequence with coronal and sagittal reformats, and a
gadolinium-based contrast agent–enhanced axial or coronal T1-
weighted spin-echo sequence. All MR imaging data were
extracted from the PACS, de-identified for further analyses, and
transferred to an off-line workstation.

Analysis of the Study Cohort and Statistical Analysis
Two pediatric neuroradiologists (M.W.W. with 4 years of experi-
ence after a pediatric neuroradiology fellowship and B.B.E.-W.

with .15 years of postfellowship experience) reviewed baseline
brain MR images of all included patients, blinded to clinical and
molecular data. Signal characteristics of brain tumors were
reviewed, and the presence of the T2-FLAIR mismatch sign was
noted on the basis of the description by Jain et al.10 Additionally,
images were reviewed for the presence of hemosiderin on SWI
and multiplanar gradient recalled sequences. Decisions were
reached in consensus.

Descriptive statistical analyses were performed using the
Statistical Package for the Social Sciences software (SPSS), Version
18 (IBM). For baseline characteristics, continuous data were pre-
sented using mean (SD), and categoric data were presented using
integers and percentages.

RESULTS
Patient Demographics, Histopathologic Diagnoses, and
Molecular Markers
A total of 389 MR images of 389 patients were available for analy-
sis. Of these, 40 MR images were excluded due to a nonavailable
FLAIR sequence (n ¼ 28), posttherapeutic status (n ¼ 5), tumor
extending into the cervical cord (n ¼ 3), nonavailable molecular
information (n ¼ 2), a nonavailable T2-weighted sequence (n ¼
1), and motion degradation of the FLAIR sequence (n ¼ 1). The
inclusion criteria were fulfilled by 349 patients (187 boys, 53.6%).
The mean age at the time of diagnosis was 8.7 (SD, 4.8) years
(range, 0.5–17.7 years).

The sample consisted of biopsy-proved pilocytic astrocytomas
(n¼ 151), low-grade astrocytomas (n¼ 66), gangliogliomas (n¼
43), dysembryoplastic neuroepithelial tumors (DNETs) (n ¼ 24),
diffuse astrocytomas (n ¼ 22), pilomyxoid astrocytomas (n ¼
11), pleomorphic xanthoastrocytomas (n ¼ 7), oligodendroglio-
mas (n ¼ 7), glioneuronal tumors (n ¼ 5), angiocentric gliomas
(n ¼ 5), desmoplastic infantile gliomas (n ¼ 2), neurocytomas
(n ¼ 2), mixed tumor components (n ¼ 2), gangliocytoma (n ¼
1), and polymorphous low-grade glioneuronal tumor of the
young (n ¼ 1). There were no IDH-mutant 1p/19q noncodeleted
gliomas.

KIAA1549-BRAF fusion was the most common molecular
marker (n ¼ 148). Less common alterations were BRAF p.V600E
mutation (n ¼ 73), FGFR1 tyrosine kinase domain duplication
(TKDD) (n ¼ 7), NF1 (n ¼ 11), FGFR1-TACC1 fusion (n ¼ 6),
alterations in FGFR2 (n ¼ 6), MYB (n ¼ 5), MYBL1 (n ¼ 4),
FGFR1-N546K (n ¼ 1), mutation of IDH1 (n ¼ 3), alteration of
MET N375S (n ¼ 2), QKI-RAF1 (n ¼ 2), BRAF V600ins (n ¼ 2),
FGFR1 deletion (n ¼ 1), FGFR4 (n ¼ 1), BRAF D594N and
KRAS Q61R (n ¼ 1), BRAF-FAM131B (n ¼ 1), CLCN6-BRAF
(n ¼ 1), FYCO-RAF1 (n ¼ 1), fusion of GOPC-ROS1 (n ¼ 1),
alterations in KIT V825I (n ¼ 1), KRAS-Q22K (n ¼ 1), MAP2K1
(n ¼ 1), MET H1112Y (n ¼ 1), MID1-NTRK2 (n ¼ 1), mutation
ofMYB-QKI (n ¼ 1), fusion of PDGFB-LRP1 (n ¼ 1), and altera-
tion of PDGFRA-K385M (n ¼ 1), PIK3CA Q60K (n ¼ 1), RET
D892N (n¼ 1), SF3B1-NTRK2 (n¼ 1), TAX1BP1-BRAF (n¼ 1),
FGFR1-K654N, T656P (n ¼ 1), and FGFR1-K646E (n ¼ 1). A
total of 56 children with pLGG had incomplete test panels. Of
those, 50 were negative for KIAA1549-BRAF fusion, while no test
result was available for 6 tumors. Fifty-three were negative for the
BRAF p.V600E mutation, while no test result was available for 3
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tumors. Last, 52 were negative for both FGFR1-N546K alteration
and mutation of IDH1, while no test result was available for 4
tumors, respectively.

Analysis of T2-FLAIR Mismatch Sign
The T2-FLAIR mismatch sign was observed in 25 of 349 patients
with pLGG (7.2%). Seventeen patients were boys (68%). The
mean age was 8.3 (SD, 4.8) years (range, 1–16 years). The T2-
FLAIR mismatch sign was encountered in the frontal lobe (n ¼
10), temporal lobe (n ¼ 7), parietal lobe (n ¼ 3), thalamus (n ¼
2), brainstem (n ¼ 2), and intraventricularly (n ¼ 1). Of the 25
pLGGs with the T2-FLAIR mismatch sign, 9 were DNETs (36%),

8 were low-grade astrocytomas (32%), 5 were diffuse astrocyto-
mas (20%), 1 was a pilocytic astrocytoma (4%), 1 was a glioneuro-
nal tumor (4%), and 1 was an angiocentric glioma (4%).

In relation to all patients reviewed, the T2-FLAIR mismatch
sign was found in 9 of 24 DNETs (37.5%), 5 of 22 diffuse astrocy-
tomas (22.7%), 1 of 5 glioneuronal tumors (20%), 1 of 5 angio-
centric gliomas (20%), 8 of 66 low-grade astrocytomas (12.1%),
and 1 of 151 pilocytic astrocytomas (0.7%).

In relation to all patients reviewed, the T2-FLAIR mismatch
sign was found in 3 of 4 MYBL1 pLGGs (75%, Fig 1), 2 of 7
FGFR1-TKDD pLGGs (28.6%), 2 of 6 FGFR1-TACC1 pLGGs
(33.3%, Fig 2), 1 of 5 MYB pLGGs (20%), 1 of 1 FGFR4 pLGGs
(100%, Fig 3), 1 of 1 GOPC-ROS1 pLGGs (100%), 1 of 3 IDH1
pLGGs (33.3%), 1 of 2 MET N375S pLGGs (50%), 1 of 1 MYB-
QKI pLGG (100%, Fig 4), and 1 of 1 PDGFB-LRP1 pLGG
(100%). Among the 11 tumors with incomplete test panels, all
were negative for the BRAF p.V600E mutation, FGFR1-N546K
alteration, and a mutation of IDH1. Nine of 11 tumors were also
negative for KIAA1549-BRAF fusion, while no test result was
available for 2 tumors.

Notably, no pLGG with the T2-FLAIR mismatch sign was
BRAF p.V600E–mutated, and at least 23 of 25 tumors with a T2-
FLAIR mismatch sign were also negative for KIAA1549-BRAF
fusion (Online Supplemental Data). The Online Supplemental
Data show the distribution of the histopathologic diagnoses of
the pLGGs with a T2-FLAIR mismatch sign according to their
molecular markers.

No abnormal susceptibility was found in any of the 25 pLGGs
with the T2-FLAIR mismatch sign.

DISCUSSION
Using a large institutional cohort, we aimed to assess the occur-
rence of the T2-FLAIR mismatch sign in pLGGs and its relation to
histopathologic and molecular markers. We found the T2-FLAIR
mismatch sign to be absent in KIAA1549-BRAF–fused and BRAF
p.V600E–mutated pLGGs. The sign was more commonly noted in
rare molecular markers including MYBL1 pLGG, FGFR1-TKDD
pLGG, FGFR1-TACC1 pLGG, MYB pLGG, FGFR4 pLGG,
GOPC-ROS1 pLGG, IDH1 pLGG,MET N375S pLGG,MYB-QKI
pLGG, and PDGFB-LRP1 pLGG. Fifty-six tumors had incomplete
test panels. However, the most common molecular alterations

FIG 1. A 13-year-old boy with a left temporal diffuse astrocytoma
with an MYBL1 alteration and T2-FLAIR mismatch sign. A, axial FLAIR
and B, coronal T2.

FIG 2. A 10-year-old girl with a midline low-grade astrocytoma with
FGFR1-TACC fusion and the T2-FLAIR mismatch sign. A, axial FLAIR
and B, coronal T2.

FIG 4. A 2-year-old boy with a brainstem low-grade astrocytoma
with MYB-QKI fusion and the T2-FLAIR mismatch sign. A, axial FLAIR
and B, axial T2.

FIG 3. A 9-year-old boy with a left temporal DNET with an FGFR4
alteration and the T2-FLAIR mismatch sign. A, axial FLAIR and B, sagit-
tal T2.
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(KIAA1549-BRAF fusion and BRAF p.V600E mutation) in addi-
tion to FGFR1-N546K alteration and mutation of IDH1 were
excluded in almost all tumors. Of these 56 tumors, 11 (19.6%)
demonstrated the T2-FLAIR mismatch sign.

In their recent meta-analysis, Do et al11 systematically reviewed
the predictive accuracy of the T2-FLAIR mismatch sign in 1342
adults (age range, 19–82 years) with low-grade gliomas. The sign
was found to have a pooled sensitivity of 40% and pooled specificity
of 100% for IDH-mutant, 1p/19q noncodeleted low-grade gliomas.
While the sign has been established in the adult neuroradiology lit-
erature, to our knowledge, its significance has never been assessed
in a pediatric brain tumor cohort, likely due to greater diversity of
histopathology, imaging morphology, and tumor location of pediat-
ric gliomas compared with adult IDH-mutant, 1p/19q noncodeleted
low-grade gliomas reported by Patel et al.7

The mismatch sign is less frequently encountered in the pedi-
atric age group. However, there is anecdotal evidence of a false-
positive T2-FLAIR mismatch sign in children. A prior report by
Johnson et al8 mentioned a false-positive T2-FLAIR mismatch
sign in the following: 1) a pilomyxoid astrocytoma in a 2-year-old
child, 2) a non-neoplastic lesion (heterotopic gray matter) in a
12-year-old child, 3) a H3K27M-mutant midline glioma in a 14-
year-old adolescent, and 4) a low-grade astrocytoma harboring
MYB rearrangement in an 18-year-old individual. In addition,
Kalelioglu et al12 reported the T2-FLAIR mismatch sign in 1 of 2
pediatric-type diffuse low-grade gliomas with a MYB/MYBL1
alteration. In our cohort of 352 pLGGs, we found 25 tumors with
a T2-FLAIR mismatch (7.1%). This finding raises the question of
the significance of the sign in the pediatric population. Unlike
Johnson et al, we did not find the sign in pilomyxoid astrocyto-
mas, but we observed the T2-FLAIR mismatch sign in 1 of 5
pLGGs with MYB and 3 of 4 pLGGs with a MYBL1 rearrange-
ment. MYB and MYBL1 serve as transcriptional regulators im-
portant for cell proliferation and differentiation.1 They are
hypothesized to reflect a single tumor entity13 and represent a
distinct group within the pediatric-type diffuse low-grade gliomas
in the 2021 WHO Classification of Tumors of the Central Nervous
System.3 Furthermore, the T2-FLAIR mismatch sign was present
in 2 of 7 FGFR1-TKDD pLGGs (28.6%) and 2 of 6 FGFR1-TACC1
fusion pLGGs (33.3%), which represented 2 diffuse astrocytomas
and 2 low-grade astrocytomas histopathologically.

Other rare pLGG subtypes demonstrating the T2-FLAIR mis-
match sign included the following molecular markers: FGFR4
alteration (DNET), GOPC-ROS1 fusion (pilocytic astrocytoma),
MET N375S alteration (DNET), IDH1 mutation, MYB-QKI
fusion, and PDGFB-LRP1 fusion (all low-grade astrocytomas).
Regarding the commonly encountered histopathologic tumor
types in pLGG, only 1 of 151 pilocytic astrocytomas (0.7%), 8 of
66 low-grade astrocytomas (12.1%), and none of 43 ganglioglio-
mas demonstrated the T2-FLAIR mismatch sign. Instead, rarer
histopathologies were enriched when encountering the T2-
FLAIR mismatch sign, including 9 of 24 DNETs (37.5%), 5 of 22
diffuse astrocytomas (22.7%), 1 of 5 glioneuronal tumors (20%),
and 1 of 5 angiocentric gliomas (20%). The rarity of the T2-
FLAIR mismatch sign in common histologic tumor and molecu-
lar subtypes of pLGG suggests its potential as a diagnostic indica-
tor for uncommon pLGG types.

Prior reports on IDH-mutant, 1p/19q noncodeleted low-grade
gliomas in adults have demonstrated a strong association between
the T2-FLAIR mismatch sign and intratumoral microcystic com-
ponents.7,14-16 This association can likely be attributed to the very
long T1- and T2-relaxation times, which are the underlying MR
imaging signal characteristics of the mismatched area.17 Of our
25 pLGGs with T2-FLAIR mismatch, 9 were DNETs, a tumor en-
tity known to demonstrate a microcystic pattern histologically.18

It is difficult to say whether the microcystic pattern is related to
the presence of the sign in other cases of our cohort, including
low-grade, diffuse, and pilocytic astrocytomas and glioneuronal
and angiocentric gliomas. The answer would require a histopa-
thologic analysis of these cases beyond the scope of this study.
While the underlying histopathologic characteristics of the T2-
FLAIR mismatch sign in rare pLGG remain to be elucidated, we
did not find the T2-FLAIR mismatch in the 2 most common
types of molecular alterations of pLGG, KIAA1549-BRAF fusion
and BRAF p.V600E mutation.

Several limitations need to be considered when interpreting
the results of our study. First, 2 expert readers subjectively
assessed the MR images in consensus, blinded to the molecular
marker. Second, there were relatively few pLGGs with rare mo-
lecular markers in our sample. Consequently, the significance of
the T2-FLAIR mismatch sign in GOPC-ROS1, IDH1, MET
N375S, MYB-QKI, and PDGFB-LRP1 requires further clarifica-
tion. Third, 56 tumors had incomplete test panels. Of these, 11
demonstrated the T2-FLAIR mismatch sign. While it would be
interesting to know whether there are rare pLGG molecular sub-
types present in this group, we were able to exclude the most
common molecular alterations (KIAA1549-BRAF fusion and
BRAF p.V600E mutation) in addition to the FGFR1-N546K alter-
ation and the mutation of IDH1. Additional molecular analysis in
the future may help elucidate the significance of the sign in rare
subtypes of pLGG.

CONCLUSIONS
In a large institutional cohort of patients with pLGG, we assessed
the occurrence of the T2-FLAIR mismatch sign and its relation to
histopathologic and molecular markers. We found that the T2-
FLAIR mismatch sign is absent in KIAA1549-BRAF–fused and
BRAF p.V600E–mutated pLGG. The sign was encountered in rare
molecular markers of pLGG, including MYB/MYBL1, MYB-QKI,
FGFR1-TKDD, FGFR1-TACC1, FGFR4, IDH1, GOPC-ROS1,MET
N375S, and PDGFB-LRP1. Due to the rarity of the T2-FLAIR mis-
match sign in common histologic tumor types and molecular sub-
types of pLGG, it could serve as a diagnostic marker for infrequent
pLGG types.

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

Development of an Ultrasound Scoring System to Describe
Brain Maturation in Preterm Infants

A. Stein, E. Sody, N. Bruns, and U. Felderhoff-Müser

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral maturation in preterm infants predominantly occurs postnatally, necessitating the develop-
ment of objective bedside markers to monitor this process. This study aimed to develop a straightforward objective Ultrasound
Score of Brain Development to assess cortical development in preterm infants.

MATERIALS AND METHODS: A total of 344 serial ultrasound examinations from 94 preterm infants born at # 32 weeks of gesta-
tion were analyzed to identify brain structures suitable for a scoring system.

RESULTS: Among 11 candidate structures, 3 cerebral landmarks were selected due to their correlation with gestational age: the inter-
opercular opening (P, .001), the height of the insular cortex (P, .001), and the depth of the cingulate sulcus (P, .001). These struc-
tures can be easily visualized in a single midcoronal view in the plane through the third ventricle and the foramina of Monro. A
score point from 0 to 2 was assigned to each measurement, culminating in a total score ranging from 0 to 6. The Ultrasound
Score of Brain Development correlated significantly with gestational age (P, .001).

CONCLUSIONS: The proposed Ultrasound Score of Brain Development has the potential for application as an objective indicator
of brain maturation in correlation with gestational age, circumventing the need to rely on individual growth trajectories and per-
centiles for each specific structure.

ABBREVIATIONS: b ¼ regression coefficient; DOL ¼ day or days of life; J ¼ Youden index; PMA ¼ postmenstrual age; ROC ¼ receiver operating charac-
teristic; SD ¼ standard deviation; USBD ¼ Ultrasound Score of Brain Development

Cerebral ultrasound in premature infants is a well-established
bedside technique and is suitable for serial noninvasive and

cost-effective examinations in clinical routine. Existing prenatal1-6

and postnatal ultrasound7-14 studies as well as MR imaging
studies15,16 have described postnatal brain development using
growth trajectories of cerebellar diameter, corpus callosum length,
and corpus callosum-fastigium length. To distinguish among dif-
ferent postmenstrual ages (PMAs), one should select anatomic
structures that either exhibit significant developmental changes
apart from growth or only appear at a later PMA. Fetal ultrasound
studies2,17-19 have established a well-defined temporal sequence of
cortical sulcal development. Opercularization with formation of
the Sylvian fissure as a 3D process has also been extensively
described in prenatal ultrasound studies.6,17-21

Although several of these studies7,18,19,22-24 proposed scoring
systems, all studies used semiquantitative or pictorial approaches.
Van der Knaap et al23 suggested a scoring system to describe sul-
cal development from a V-shaped pit to a stage in which the sul-
cus is deeper than wide in a postnatal MR imaging study in
neonates of.30weeks’ PMA. This score was adapted for intrau-
terine 2D and 3D ultrasound by Pistorius et al18 and for postnatal
MR imaging by Ruoss et al.22 Postnatal standard transfontanellar
ultrasound views differ from transabdominal axial prenatal views.
Thus, Klebermass-Schrehof et al7 used 3D techniques to adapt
this score for postnatal ultrasound.

Our goal was to develop a practical and objective scoring sys-
tem based on 2D assessment of cerebral anatomic structures in
standard transfontanellar planes, which can be applied in routine
serial postnatal ultrasound examinations to characterize postnatal
brain development in accordance with PMA.

MATERIALS AND METHODS
Study Participants
In this retrospective study, 458 preterm infants born #32 1 0/
7weeks’ PMA at the University Hospital Essen between May 2009
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and September 2013 were eligible (Fig 1). We excluded 334
infants due to factors potentially influencing brain development,
such as intraventricular or intracerebral hemorrhage, cystic peri-
ventricular leukomalacia, hydrocephalus, congenital infection,
cerebral malformation, chromosomal or syndromal disorder,
death during first hospital stay, or transfer to or from another
clinic (outborn infants). The quality of archived ultrasound exami-
nations was assessed on the basis of the correct identification of
landmarks, symmetry of the required plane, and clear identifica-
tion of the selected candidate structures. Scans from 30 infants
were excluded because .2 of the selected cortical structures in all
planes could not be identified and measured. To increase the num-
ber of scans and the range of PMAs, we included multiple scans of
an individual patient if they were five to nine days apart, resulting
in 344 cranial ultrasound examinations of 94 preterm infants (48
male, 46 female; mean birth weight ¼ 1034 [SD, 349] g, range ¼
340–1810 g) for analysis with a range from 231 3/7weeks at birth
to a corrected age of 391 1/7weeks. The total number of ultra-
sound scans per patient varied from 1 to 8.

The estimated date of delivery was determined by the obstetri-
cian using an ultrasound measurement of crown rump length dur-
ing first-trimester fetal ultrasound. Gestational age was confirmed

by fetal ultrasound at hospital admission
for impending prematurity. There were
no cases of unknown or uncertain gesta-
tional age in our cohort, but the accu-
racy of first-trimester dating varied
from60.5 to61weeks.

To exclude the potential influence of
the postnatal clinical course on the results,
we repeated the analysis by including
only 1 scan per patient between the first
and third days of life (DOL), which was
available for 90 patients. Patient charac-
teristics are summarized in Table 1.

Cranial Ultrasound
All cranial ultrasound examinations
were conducted as part of a local rou-

tine monitoring protocol for preterm infants of #321 0/7weeks
PMA during the following timeframes: DOL 1, 3, 5, 7, 14
(62 days), 21 (62 days), and 28 (62 days) and every 14 days
(62 days) thereafter until 361 0/7weeks’ PMA (62 days).
Additional examinations were performed as clinically indicated.
Each examination was conducted by an experienced pediatrician
as is standard in Germany, through the anterior fontanelle using
a vector 7.5-MHz transducer (Acuson Sequoia 512; Siemens).
Archived examinations were retrieved from magneto-optical
discs and reopened on the ultrasound machine. A selection of 11
different candidate structures derived from previous studies on
cortical development was identified and measured in the archived
images in standard midsagittal and midcoronal planes (Fig 2).
These planes are well-defined to allow reliable identification of the
selected structures. Linear measurements of the height of the insu-
lar cortex were compared with measurements along the circumfer-
ence (2 and 3 in Fig 2). A mean value was used for measurements
of the same structure from the left and right hemispheres.
Obviously asymmetric coronal images were excluded. The score
was not designed to detect asymmetry in development.18 All meas-
urements were performed by a single observer blinded to the
PMA.

FIG 1. Flowchart of patient recruitment.

Table 1: Patient characteristics
Variable Patients (n = 94)

Sex (No.) Male 48
Female 46

PMA at birth (weeks)a Mean 27.8 (SD, 2.2)
Range (min–max) 231 3/7 to 321 0/7

PMA at time of scan (weeks) Mean 30.9 (SD, 3.4)
Range (min–max) 231 4/7 to 391 1/7

Birth weight (g) Mean 1034 (SD, 349)
Range (min–max) 340–1810

Birth weight percentile , 3rd (No.) (%) 3 (3.2%)
3rd to 10th (No.) (%) 16 (17.0%)

Head circumference at birth (cm) Mean 25.3 (SD, 2.7)
Range (min–max) 18.4–31.0

Head circumference at birth percentile , 3rd (No.) (%) 2 (2.1%)
3rd to 10th (No.) (%) 21 (22.3%)

Note:—Min indicates minimum; max, maximum.
a PMA at birth was determined by ultrasound measurement of fetal crown rump length in the first trimester.
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Statistical Methods
Data analysis and graphic display generation were conducted
using SPSS (release 28 for Mac; IBM) and Excel (release 16.53
for Mac; Microsoft). Linear regression of a selected cortical
structure measurement with PMA was described by the
Pearson correlation coefficient (R), regression coefficient (b ),
and 95% confidence interval. P values, .05 were considered
statistically significant. Mean values, SDs, ranges, and inter-
quartile ranges were used as appropriate. Regression curve
analyses and receiver operating characteristic (ROC) curves
with the Youden index (J) were used to identify and confirm
cutoff values for the selected structures contributing to the
score.

Development of the Ultrasound Score of Brain Development
The Ultrasound Score of Brain Development (USBD) aimed to
discriminate among different PMAs using the state of cortical
development. We sought to separate PMAs in 2-week incre-
ments by choosing staggered cutoff points for measurements of
the selected structures. Structures were deemed suitable if

measurements demonstrated a clear
progression in cortical development
with a steep linear regression.

Ethics Approval
The study obtained approval from the
local ethics committee of the University
Duisburg-Essen (15–6268-BO).

RESULTS
Correlation of the 11 Candidate
Structures with PMA
The thickness of the corpus callosum
measured in the midcoronal view or at
the body in the midsagittal view did not
show a significant correlation with
PMA when analyzing only scans from

DOL 1–3. All other measurements correlated significantly with
PMA (P, .001, Table 2), regardless of whether only scans from
DOL 1–3 or all available scans were included. The curved and
straight measurements of the insular cortex in the midcoronal
view correlated equally well.

Development of the USBD
We selected 3 measurements with the highest correlation coeffi-
cients and steep regression curves for the score: the interopercular
opening (R ¼ 0.74), the height of the insular cortex (R ¼ 0.85),
and the depth of the cingulate sulcus (R¼ 0.83). These structures
are depicted in the midcoronal plane at the level of the foramina
of Monro (1, 3, and 7 in Fig 2A), where the insular region devel-
ops from a U-shape to a T-shape with closure of the interopercu-
lar opening (Fig 3). This plane allows minimal variation in
ventral or dorsal displacement of the ultrasound probe, is easily
identified, and offers the additional advantage of comparing
measurements of the left and right hemispheres in a single view.
On the basis of the analysis of the 25th and 75th percentiles
(Fig 4) and of ROC curves with the Youden index, cutoff values

FIG 2. Ultrasound identification of the structures evaluated for the USBD in an infant with a PMA of 26weeks. A, Midcoronal view at the level
of the foramina of Monro: interopercular opening* (1), height of the insular cortex—curved measurement (2) and straight measurement* (3),
depth of the Sylvian fissure (4), thickness of the corpus callosum (5), height of the cingulate gyrus (6), depth of cingulate sulcus* (7). B, Midsagittal
view: circumferent length of corpus callosum (8), thickness of corpus callosum (midsagittal) at the genu (9a) and at the body (9b), and height of
cingulate gyrus (10). Asterisks indicate structures selected for the USBD (bold lines, A).

Table 2: Linear regression analysis of the measured structure and PMA at time of scan

No. R b P Value
Interopercular openinga 343 –0.74 –0.06 ,.001
Height of insular cortex, curved measurement 343 0.84 0.09 ,.001
Height of insular cortex, straight measurementa 343 0.85 0.09 ,.001
Depth of Sylvian fissure 341 0.19 0.06 ,.001
Thickness of CC (midcoronal) 342 0.26 0.003 ,.001
Height of cingulate gyrus (midcoronal) 313 0.72 0.06 ,.001
Depth of cingulate sulcusa 315 0.83 0.05 ,.001
Circumferent length of CC 311 0.68 0.17 ,.001
Thickness of CC (midsagittal)
Genu 335 0.32 0.01 ,.001
Body 339 0.18 0.002 ,.001

Height of cingulate gyrus (midsagittal) 260 0.44 0.02 ,.001
Total USBD (all scans) 312 0.88 0.43 ,.001
Total USBD (DOL 1–3) 87 0.76 0.41 ,.001

Note:—No. indicates the number of scans in which the structure could be measured; CC, corpus callosum.
a Structures selected for the USBD.
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for the selected structures at a given PMA were identified. Each
individual structure could then be scored from 0 to 2, adding to a
total score of 0–6 (Table 3).

Cutoff Points for the Interopercular Opening. One scan could
not be evaluated for the interopercular opening due to subopti-
mal image quality. Only 10 infants were scanned at younger than
25weeks, with greater variability between measurements. Cutoff
points for this age range could not be reliably analyzed using
ROC curves. The interopercular opening is the only one of the 3
structures suitable for separation at an early PMA because the
cingulate sulcus is not visible yet and the height of the insular cor-
tex is not well-defined due to its U-shape. Seventy percent of the
infants at a PMA below 25weeks had an interopercular
opening of $0.55 cm. A score point of 0 was therefore assigned
to infants with an interopercular opening of $0.55 cm, which
applied to 45 of 343 scans.

Complete closure of the Sylvian fissure was defined as an
interopercular opening of ,0.15 cm. Complete closure of the
Sylvian fissure was achieved at the 25th percentile in scans from
30weeks’ PMA and at the 75th percentile in scans from 33weeks’
PMA. After closure of the Sylvian fissure, this structure can no
longer be used to distinguish different PMAs. An interopercular
opening of ,0.15 cm identifies infants with a PMA of .30 1

6/7weeks with a sensitivity of 0.83 and a specificity of 0.76 (J ¼

0.59). Two score points were assigned to 167 of 343 scans accord-
ingly. A score point of 1 was assigned to the remaining 131 of 343
scans.

Cutoff Points for the Height of the Insular Cortex. Three scans
could not be evaluated for the insular cortex due to suboptimal
image quality. Growth of the insular cortex to a height.1.25 cm
was achieved at the 25th percentile in scans from 29weeks’ PMA
and at the 75th percentile in scans from 31weeks’ PMA. The cut-
off value of . 1.25 cm accurately identified infants with a PMA
of .28 1 6/7 weeks with a sensitivity of 0.90 and a specificity of
0.84 (J ¼ 0.74). In 143 of 341 scans, the height of the insular cor-
tex was#1.25 cm, and 0 score points were assigned.

Measurements of $1.75 cm were reached at the 25th percen-
tile in scans from 35weeks’ PMA and at the 75th percentile in
scans from 38weeks’ PMA. The cutoff value of $1.75 cm accu-
rately identified infants with a PMA of .34 1 6/7 weeks with a
sensitivity of 0.78 and a specificity of 0.90 (J ¼ 0.68). A score

FIG 4. Scatterplot of measurements of selected structures for the USBD and trajectories with 25th and 75th percentiles, regression curves, and
selected cutoff values for USBD marked as lines. A, Interopercular opening. B, Height of insular cortex. C, Depth of cingulate sulcus in the mid-
coronal plane.

Table 3: USBDa

Score Points 0 1 2
Interopercular opening (cm) $ 0.55 0.15–0.54 , 0.15
Height of insular cortex (cm) # 1.25 1.26–1.74 $ 1.75
Depth of cingulate sulcus (cm) , 0.10 0.11–0.44 $ 0.45

a Score points from each structure add to a total score, which can range from a mini-
mum of 0 points to a maximum of 6 points (a higher total score reflects a higher PMA).

FIG 3. Progression of opercularization with lengthening of insular cortex and closure of interopercular opening in the midcoronal view at differ-
ent PMAs. A, PMA 221 6/7weeks. B, PMA 301 0/7weeks. C, PMA 341 2/7weeks.
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point of 2 was assigned to 29 of 341 scans accordingly. A score
point of 1 was assigned to the remaining 169 of 341 scans.

Cutoff Points for Depth of the Cingulate Sulcus. Twenty-nine
scans could not be evaluated for the cingulate sulcus due to insuffi-
cient image quality. The first appearance of the cingulate sulcus
(defined as a depth .0.10 cm) was at the 25th percentile in scans
from 25weeks’ PMA and at the 75th percentile in scans from
28weeks’ PMA. The cutoff value of 0.10 cm accurately identifies
infants with a PMA of .25 1 6/7 weeks with a sensitivity of 0.91
and a specificity of 0.89 (J ¼ 0.80). A score point of 0 was assigned
to 43 of 315 scans. Before the appearance of the cingulate sulcus, it
cannot be used to discriminate among different PMAs.

A depth of $0.45 cm was achieved at the 25th percentile in
scans from 31weeks’ PMA and at the 75th percentile in scans
from 34weeks’ PMA. The cutoff value of 0.45 cm accurately iden-
tifies infants with a PMA above 331 6/7weeks with a sensitivity
of 0.89 and a specificity of 0.78 (J ¼ 0.67). A score point of 2 was
assigned to 110 of 315 scans accordingly. A score point of 1 was
assigned to 162 of 315 scans.

In summary, the selected cutoff points should separate infants at
approximately 24 and 30weeks’ PMA by the interopercular opening,
at 28 and 34weeks’ PMA by the height of the insular cortex, and at
25 and 33weeks’ PMA by the depth of the cingulate sulcus.

Total Score Points in the Final USBD. A total USBD could be cal-
culated in 312 of 344 scans. Table 4 lists means, SDs, and ranges
of PMA for each score point of the USBD. To identify the poten-
tial impact of postnatally altered brain maturation compared with
intrauterine life, we conducted a sensitivity analysis including
only scans on DOL 1–3 at a PMAof #32weeks at the time of
scan. In 90 scans that fulfilled these criteria, no infant scored 5 or
6 and only 6 infants reached a score of 4 (mean PMA= 31.2 [SD,
0.9]weeks; range¼ 291 4/7 to 321 1/7weeks).

Correlation of USBD and PMA. The USBD correlated signifi-
cantly with PMA (R¼ 0.88, P, .001, Fig 5). The USBD increases
by 0.43 (95% CI, 0.41–0.46) points per 1 week increase of PMA.
Contrariwise, a 1-point increase of the USBD reflects 1.8weeks or
12.6 days of increase in PMA (95% CI, 1.66–1.87) until the USBD
reaches a maximal value of 6 at a mean PMA of 36.1 [SD,
1.6]weeks. In the sensitivity analysis of scans on DOL 1–3, we
found a similar correlation (R ¼ 0.76, P, .001) and an 0.41-
point increase of the USBD per 1-week increment of PMA (95%
CI, 0.33–0.48). A 1-point increase in the USBD reflects 1.4weeks
or 10days of increase in PMA (95% CI, 1.17–1.68).

DISCUSSION
This study presents the development of a novel bedside ultra-
sound scoring system for assessing brain maturation in very pre-
term infants. Currently, in clinical practice, this result is achieved
only through subjective estimation. We identified 3 easily meas-
urable landmark structures in a standard transfontanellar mid-
coronal plane, each exhibiting distinct phases of maturation: the
interopercular opening, the height of the insular cortex, and the
depth of the cingulate sulcus. By combining thresholds for meas-
urements of these 3 structures into a single score, we achieved
reliable discrimination of brain maturation with a precision of
approximately 2 weeks’ PMA per 1-point increase of the score.
The developmental stages observed in this study align with the
existing literature, though very few ultrasound studies on post-
natal cerebral development in preterm infants have focused on
sulcal development and opercularization.7,24,25

In our cohort, closure of the Sylvian fissure occurred at a
mean PMA of 32.1 (SD, 2.3)weeks, which concurs with the ana-
tomic study by Goldstein et al26 demonstrating closure of the
middle operculum at 32–35weeks and completed development
of the Sylvian fissure at a PMA of 32.5weeks.

We observed the first visibility of the cingulate sulcus at a
mean PMA of 26.5 (SD, 1.8)weeks, with the 25th and 75th per-
centile at 25 and 28weeks. In prenatal ultrasound studies,2,18 the
first shallow indentation was found slightly earlier at a mean
PMA of 24weeks, with the 25th and 75th percentiles at 23 and
26weeks. Our findings are consistent with those of Slagle et al,25

who described the first appearance on postnatal ultrasound at a
mean of 26weeks and an increasing depth in the midcoronal
view with gestational age. Ruoss et al22 reported the first visibility
of the cingulate sulcus in early postnatal MR imaging at a higher
PMA around 28–33weeks.

Antonio et al27 suggested that assessing the cingulate sulcus
and structures on the lateral surface on the brain, particularly oper-
cularization forming the Sylvian fissure, provides reliable indicators
of PMA. Our choice of these 3 structures for measurements is fur-
ther supported by Murphy et al,24 who demonstrated that the sulci
with the most distinctive and consistent changes with advancing
PMA were the cingulate sulcus in the midsagittal plane and the
closure and infolding of the lateral sulcus in the midcoronal plane.

Incorporating these 3 robust measurements into a single score
and dividing the score categories into easily memorizable thresholds
offer the potential for this score to become a useful bedside tool for
assessing the state of brain maturation with reasonable accuracy. The
USBD exhibits a linear relationship with PMA from 22 to 36weeks’
PMA. On reaching its maximum value of 6 around 36weeks PMA,
it is no longer suitable for describing further brain development.

The score was developed in infants without acquired or con-
genital brain anomalies, limiting its routine use in preterm infants
with these conditions. Nonetheless, the USBD can be applied for
both cross-sectional and longitudinal ultrasound purposes in pre-
mature infants, independent of growth trajectories and percentiles
for each individual structure. Longitudinal measurements could
provide valuable early bedside evidence of delayed cerebral devel-
opment resulting from postnatal complications during this vul-
nerable period of rapid brain maturation. This result has already
been demonstrated in intrauterine studies of Sylvian fissure and

Table 4: PMA mean and range for each USBD score value

Score
No. of Scans with
Score Assigned

PMA (Weeks)
(mean)

PMA (Weeks)
(range)

0 20 25.8 (SD, 1.4) 231 4/7 to 291 0/7
1 25 26.9 (SD, 1.6) 231 5/7 to 291 5/7
2 53 28.9 (SD, 1.3) 251 0/7 to 321 0/7
3 56 30.4 (SD, 1.5) 271 0/7 to 351 0/7
4 67 32.1 (SD, 1.6) 271 1/7 to 361 0/7
5 67 34.4 (SD, 1.9) 301 2/7 to 391 1/7
6 24 36.1 (SD, 1.6) 331 2/7 to 391 1/7
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cingulate sulcus development, which are components of the
USBD.

A major limitation of our study was its retrospective design,
which relied on the quality of archived ultrasound scans. Thirty-
two scans had to be excluded from analysis because they were not
performed specifically for measuring and symmetric visualization
of the selected structures. This exclusion specifically limited the
interpretation of the first appearance of the cingulate sulcus and
therefore calculation of the USBD. We included only preterm
infants born at or below 32weeks’ PMA because they are rou-
tinely monitored by a standard ultrasound protocol.

The number of scans at earlier than 25weeks’ PMA was lim-
ited and exhibited considerable variability in measurements. To
increase the total number of available scans, we included serial
scans from infants because the number of suitable patients was
limited due to the single-center design. However, the correlation
of the 3 selected structures as well as the USBD with PMA
remained significant when only scans from DOL 1–3 were ana-
lyzed. Inter- and intrarater reproducibility and validity of the pro-
posed scoring system should be determined in future prospective
studies. These studies should encompass a more diverse cohort,
including a larger number of infants with higher and lower
PMAs at birth. Application of the USBD in different cohorts of
infants with cerebral injury or other insults with an effect on cere-
bral development will assess its suitability for early bedside detec-
tion of disturbances in brain development.

CONCLUSIONS
This study introduces a novel, pragmatic bedside ultrasound
scoring system to assess brain maturation in very preterm infants.
By incorporating measurements of 3 easily identifiable landmark
structures in a single ultrasound plane, our scoring system
achieves reliable discrimination of brain maturation with a

precision of approximately 2 weeks’ PMA. The developmental
stages observed are consistent with the existing literature. This
scoring system has the potential to become a useful bedside tool
for accurately assessing brain maturation in preterm infants.

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

Predicting Drug Treatment Outcomes in Childrens with
Tuberous Sclerosis Complex–Related Epilepsy: A Clinical

Radiomics Study
Z. Hu, D. Jiang, X. Zhao, J. Yang, D. Liang, H. Wang, C. Zhao, and J. Liao

ABSTRACT

BACKGROUND AND PURPOSE: Highly predictive markers of drug treatment outcomes of tuberous sclerosis complex–related epilepsy
are a key unmet clinical need. The objective of this study was to identify meaningful clinical and radiomic predictors of outcomes of
epilepsy drug treatment in patients with tuberous sclerosis complex.

MATERIALS AND METHODS: A total of 105 children with tuberous sclerosis complex–related epilepsy were enrolled in this retro-
spective study. The pretreatment baseline predictors that were used to predict drug treatment outcomes included patient demo-
graphic and clinical information, gene data, electroencephalogram data, and radiomic features that were extracted from pretreatment
MR imaging scans. The Spearman correlation coefficient and least absolute shrinkage and selection operator were calculated to select
the most relevant features for the drug treatment outcome to build a comprehensive model with radiomic and clinical features for
clinical application.

RESULTS: Four MR imaging–based radiomic features and 5 key clinical features were selected to predict the drug treatment out-
come. Good discriminative performances were achieved in testing cohorts (area under the curve ¼ 0.85, accuracy ¼ 80.0%, sensi-
tivity ¼ 0.75, and specificity ¼ 0.83) for the epilepsy drug treatment outcome. The model of radiomic and clinical features
resulted in favorable calibration curves in all cohorts.

CONCLUSIONS: Our results suggested that the radiomic and clinical features model may predict the epilepsy drug treatment out-
come. Age of onset, infantile spasms, antiseizure medication numbers, epileptiform discharge in left parieto-occipital area of elec-
troencephalography, and gene mutation type are the key clinical factors to predict the epilepsy drug treatment outcome. The
texture and first-order statistic features are the most valuable radiomic features for predicting drug treatment outcomes.

ABBREVIATIONS: ASM ¼ antiseizure medication; AUC ¼ area under the receiver operating curve; EEG ¼ electroencephalography; GLCM ¼ gray-level co-
occurrence matrix; GLDM ¼ gray-level dependence matrix; GLRLM ¼ gray-level run-length matrix; GLSZM ¼ gray-level size zone matrix; LASSO ¼ least abso-
lute shrinkage and selection operator; TSC ¼ tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is a rare autosomal domi-
nant disorder caused by loss-of-function mutations of the

TSC1 or TSC2 genes, which can affect multiple organ systems1

and is frequently associated with tumors of the brain, skin, heart,
lungs and kidneys, seizures, and TSC-associated neuropsychiatric
disorders, including autism spectrum disorder and cognitive dis-
ability.2 Epilepsy is the most common and clinically challenging
symptom of TSC, affecting approximately 85% of patients,3,4 of
which nearly two-thirds have the first seizure in the first year of
life.5,6

The goal of treatment in TSC is to prevent or control seizures
as soon as possible after TSC diagnosis, which will improve cog-
nitive neurodevelopment and enhance the quality of life.3 The
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classic treatment for epilepsy is antiseizure medication (ASM).7

However,.50% of patients with TSC will develop drug-resistant
epilepsy,8,9 and diagnosing it may take a long time.10 Therefore,
there is an urgent need to investigate the predictive biomarkers
for the effectiveness of ASM treatment for patients with epilepsy.

Nervous system manifestations can be observed in almost all
cases of TSC, and MR imaging is a technique used routinely to
diagnose TSC.11 Cortical tubers are major TSC-related brain
manifestations, which show abnormal high or low signals in
FLAIR sequences.12 In addition, FLAIR imaging is widely used to
study the epileptogenic zone13 and epilepsy mechanism of TSC.14

Jesmanas et al9 reported that MR imaging–defined tuber types
were found to be associated with early seizure onset in TSC. In
addition, lesion location and type of information features in MR
imaging have been shown to be associated with the outcomes of
epilepsy drug treatment.10 However, the features of MR imaging
were typically extracted manually, and the description of these
features was usually qualitative, subjective, and nonspecific.

Radiomics is an emerging research branch in the field of med-
ical imaging, which aims to extract mineable high-dimensional
data from clinical images.15,16 Radiomics capture tissue and
lesion characteristics, such as heterogeneity, texture, and shape
and can be used alone or in combination with demographic, his-
tologic, genomic, or proteomic data to solve clinical problems.17

Radiomic analyses have been successfully applied to predict the
type of tumor-related epilepsy or epilepsy presentation18-22 and
treatment outcomes for cancer.23-27 Thus, a noninvasive bio-
marker based on radiomic analyses that can predict the drug
treatment outcome in patients with TSC would be valuable.

In this study, we used FLAIR scans to extract radiomic fea-
tures including shape, first-order statistics, and textural features
that are associated with the drug treatment outcome in patients
with TSC. Moreover, we constructed a machine learning model
to investigate how accurately we can predict the drug treatment
outcome in patients with TSC using radiomic and clinical
information.

MATERIALS AND METHODS
Patients
A total of 105 patients with TSC at Shenzhen Children’s
Hospital between January 2013 and September 2018 were con-
secutively enrolled in this retrospective study, and informed
consent was obtained from all patients before the study. The
protocols were approved by the Ethics Committee of Shenzhen
Institutes of Advanced Technology, Chinese Academy of
Sciences. We included patients who met the following criteria:
1) They had undergone FLAIR MR imaging before ASM treat-
ment, 2) electroencephalography (EEG) was recorded on admis-
sion or as an outpatient, 3) they had ASM treatment for at least
1 year, and 4) the ages at MR imaging were younger than
6months.

Drug treatment outcome was defined according to the Gül
Mert et al6 and was recorded as controlled or uncontrolled.
Patients were considered as controlled if they had not had clinical
seizures for at least 1 year. Uncontrolled patients had at least 1
seizure in the past year. Data were randomly split into a training
data set (n ¼ 75) and an independent test data set (n ¼ 30). We

used stratified random sampling to ensure the same class ratios
for every set. There was no patient overlap between the training
and test sets. The training data set was used to derive clinical and
radiomic predictors of epilepsy; then, the classification perform-
ance of these predictors was internally validated on the test data
set.

Data of 59 routine clinical variables were collected, including
patient information, such as sex, age, typical symptoms of TSC,
and examination results, as well as TSC1 and TSC2 gene test
results and EEG features and so forth. This study further used the
clinical and MR imaging data of all enrolled cases. The flow chart
of the study is illustrated in Fig 1.

Image Acquisition
All MR imaging examinations were performed using a Magnetom
Trio 3T scanner (Siemens) with an 8-channel receive-only
head coil acquisition. The FLAIR parameters were as follows:
TR ¼ 9000ms, TE ¼ 132ms, TI ¼ 2600ms, flip angle ¼ 150°,
FOV ¼ 230� 194 mm2, voxel size ¼ 0.7� 0.7� 6.0 mm3, and
matrix ¼ 320� 224. The MR imaging data were stored in
DICOM format.

Image Processing and Segmentation
In neuroimaging studies, the ROIs are located in the brain tissue.
Therefore, we removed the nonbrain tissue in MR imaging using
a deep learning model.28

ROIs of the cortical tubers and migration lines were manually
drawn by 2 neuroradiologists with .15 years of experience who
were blinded to clinical data using open-source software (ITK-
SNAP, Version 3.8.0; http://www.itksnap.org). ROIs were merged
when the difference between the individual ROIs determined by
the 2 neuroradiologists was ,5%. When there was a.5% differ-
ence between these 2 ROIs, the ROI used was determined by a
senior neuroradiologist. ROIs of the cortical tubers and migration
lines were defined as areas of the MR images that exhibited
abnormal hyperintense or hypointense signals. Figure 2 shows
some cases of FLAIR images with and without lesions and seg-
mentation in children with TSC. Figure 2A shows the FLAIR
images of some children with TSC with lesions, and Fig 2B is the
segmentation of Fig 2A. Figure 2C shows the FLAIR images of
some children with TSC without lesions.

Radiomic Feature Extraction
Due to differences in equipment parameters such as layer thick-
ness and pixel pitch of MR images, all images were resampled to
1� 1� 1mm3. A publicly available Python package, pyradiomics
3.0.1 (https://pypi.org/project/pyradiomics/), was used to extract
radiomic features.29 A total of 1132 features consisting of gray-
level co-occurrence matrix (GLCM), gray-level run-length matrix
(GLRLM), gray-level size zone matrix (GLSZM), gray-level de-
pendence matrix (GLDM), first-order, and shape features were
extracted from ROIs on FLAIR.

First-order features described the distribution of voxel inten-
sity within the ROI 3D matrix and the overall information about
the cortical tubers. The shape features reflected the volume, sur-
face area, and shape of the cortical tubers. GLCM, GLRLM,
GLSZM, and GLDM were collectively referred to as texture
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features. The detailed information and formulas for the detection
of the 1132 radiomic features are described in https://pyradiomics.
readthedocs.io/en/latest/.

Feature Selection
The 1132 radiomic features and 59 routine clinical variables were
normalized with z score normalization before feature selection.

FIG 1. The flowchart of the current study. Patient information, including sex, age, the existence of typical symptoms of TSC, and some examina-
tion results. TSC1 and TSC2 were gene test results.

FIG 2. Some cases of FLAIR images with and without lesions and segmentation in children with TSC. A, The FLAIR images of some children with
TSC with lesions. B, The segmentation of A. C, The FLAIR image of some children with TSC without lesions. The red color represents the segmenta-
tion of lesions.
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First, a bivariate analysis was conducted to screen the radiomic
and clinical features. We calculated the P values of the Spearman
correlation coefficient between each feature and the treatment
outcome and identified the features with P values, .05. Least
absolute shrinkage and selection operator (LASSO) was widely
used to compress the coefficients of features and select features to
prevent overfitting, so we used a LASSO algorithm to select the
key radiomic and clinical features.

Development and Evaluation of an Individualized
Prediction Model
On the basis of a cohort of all patients, we used 11 machine learn-
ing classifiers, such as support vector machines, random forest,
logistic regression, AdaBoost (https://www.machinelearningplus.
com/machine-learning/introduction-to-adaboost), gradient boost-
ing, and decision tree to build models to predict treatment out-
come with clinical information and radiomic features.

Each classifier was trained on the training set using a 10-fold
cross-validation procedure and the training process needed to
determine the optimal hyperparameters of the classifiers, which
were determined by grid search. We selected the best classifier by
comparing the performance of classifiers on the validation set. The
classifier that achieved the highest area under the receiver operat-
ing curve (AUC) score was selected as a candidate solution.

Once trained, the best model was evaluated on the test set.
The classification performance of the model was assessed by the
receiver operating characteristic curves and AUCs in each cohort.
Calibration curves were also plotted to assess the calibration of
the radiomic and clinical features.30

Statistical Analysis
In this study, we use frequencies and percentages for categoric vari-
ables and median and range for continuous variables. The differen-
ces between groups were assessed by an independent samples t
test, and P, .05 was defined as significant. Model training, valida-
tion, and testing were implemented with Python (Version 3.8.0).

RESULTS
Demographic and Clinical Data
The main clinical and pathologic characteristics of all 105 patients
are listed in the Online Supplemental Data. Of the 105 enrolled
patients, 43 (40.9%) were controlled and 62 (59.1%) were

uncontrolled by drug treatment. Age of
onset, infantile spasms, gene mutation
type, ASM numbers, and epileptiform
discharge in the left parieto-occipital
area of the EEG were significantly differ-
ent between the controlled and uncon-
trolled patients (P, .05).

Performance of the Radiomic
Signature
Four key radiomic features and 5 clinical
features were selected using the Spearman
correlation analysis and LASSO regres-
sion (Table 1), and the distribution of
each radiomic feature in the controlled

and uncontrolled groups is shown in Fig 3A–D. According to the
AUC of the validation set that was used to select the best hyper-
parameters and model, the best classification model is logistic
regression (Fig 4). The predictive ability of the model with radio-
mic and clinical features was shown by the receiver operating
characteristic curve (Fig 5A), achieving the best performance of
AUC ¼ 0.96, classification accuracy ¼ 90.7%, sensitivity ¼ 0.97,
and specificity ¼ 0.86 in the training cohort; AUC ¼ 0.94, classi-
fication accuracy ¼ 88.0%, sensitivity ¼ 0.94, and specificity ¼
0.84 in the validation cohort; and AUC ¼ 0.854, classification
accuracy¼ 80.0%, sensitivity¼ 0.75, and specificity¼ 0.83 in the
test cohort, respectively. Table 2 shows the test set results on
logistic regression models with input of clinical features alone
and with input of radiomic and clinical features. Figure 6 shows a
performance comparison of clinical features alone and radiomic
and clinical features on a logistic regression model in the testing
cohorts. The results of the test set with the logistic regression
model are shown in Table 2. The model of radiomic and clinical
features demonstrated favorable calibration in the training, vali-
dation, and testing cohorts (Fig 5B). Figure 5C–E shows the
waterfall plots of radiomics and the clinical model to differentiate
controlled from uncontrolled patients in the training, validation,
and testing cohorts.

DISCUSSION
With the increasing use of drug treatments in epilepsy, a better
understanding of patient response to the treatment could help
identify the optimal treatment strategy for individual patients.10

Radiomic approaches, when combined with clinical data, could
improve treatment selection. In this study, a prediction model of
drug treatment outcome based on radiomic data from MR imag-
ing and clinical data was developed. The results demonstrate that
the MR imaging–based radiomic and clinical models could suc-
cessfully predict the outcome of epilepsy drug treatment among
children with TSC.

Reliable prediction of epilepsy drug treatment outcome allows
the development of a more targeted treatment, and those patients
proved to be drug-resistant should be considered for surgical pro-
cedures or other treatment options to increase the curative ratio
and reduce mortality.31,32 However, determining the epilepsy
drug treatment outcome on the basis of its clinical and treatment
presentation imposes an apparent lag. Thus, there is a need for a

Table 1: The radiomic and clinical features selected by LASSO regression

Selected Features
P Value of Spearman

Correlationa
Coefficients of

LASSO
Radiomic features
log-sigma-2-0-mm-3D_gldm_
SmallDependenceHighGrayLevelEmphasis

.030 0.026695

wavelet-LLH_glcm_Idmn .036 –0.051160
wavelet-LLL_firstorder_10Percentile .012 0.023878
wavelet-LLL_firstorder_Mean .035 0.050790

Clinical features
Age of onset ,.001 0.117626
Infantile spasms ,.001 –0.147036
Epileptiform discharge in left parieto-
occipital area of EEG

,.001 0.098540

ASM numbers .018 –0.132026
Gene mutation type .025 –0.047780
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clinical model capable of predicting epilepsy drug treatment out-
come before treatment initiation. In this study, a new model with
radiomic and clinical features was developed at baseline to pre-
dict the epilepsy drug treatment outcome for patients with TSC,
which will provide clinicians with a reliable and noninvasive tool
to better select patients for epilepsy drug treatment.

With the rapid development of machine learning and image-
processing techniques, a number of studies have developed radio-
mics-based predictive models for various clinical characteristics,
including pathologic grade33,34 and treatment and survival

outcomes.35,36 The rapid increase of the
radiomic application is driven by enriched
quantitative image features that clinicians
can extract from medical images with
high efficiency to guide clinical decision-
making.37 Moreover, some researchers
have successfully applied radiomic analy-
sis to predict tumor-related epilepsy by
combining various quantitative MR
imaging features.18,20-22 Their works
mainly focused on tumor-related epi-
lepsy. However, epilepsy caused by
TSC is different. It has distinct clinical
manifestations and presentations on
MR imaging.10

To our knowledge, this is the first

study to show that radiomics can be

used to predict the outcome of epilepsy

drug treatment in patients with TSC.

Therefore, we tried to demonstrate the

associations of these radiomics-based

MR imaging features with TSC-related

epilepsy drug treatment outcome, and we have achieved a relatively

high discrimination accuracy and AUC in all cohorts, which sug-

gest that the radiomic model developed in this study was effective

in predicting the outcome of epilepsy drug treatment.
In our study, we selected 4 radiomic features to predict drug

treatment outcomes, including log-sigma-2–0-mm-3D_gldm_
SmallDependenceHighGrayLevelEmphasis (L_gldm_S), wavelet-
LLH_glcm_Idmn (W_glcm_I), wavelet-LLL_firstorder_10Per-
centile (W_firstorder_10), and wavelet-LLL_firstorder_Mean
(W_firstorder_M). L_gldm_S and W_glcm_I are texture features

FIG 3. Boxplot of the 4 selected values of radiomic features in controlled and uncontrolled groups. The small blue and red circles represent the
value of each radiomic feature in the controlled and uncontrolled groups. Themiddle line of the boxplot is the median of the radiomic feature,
representing the average level of the radiomic feature. The upper and lower bounds of the boxplot are the upper and lower quartiles of the
radiomic feature data, respectively. P values are the results of the Spearman correlation test.

FIG 4. The AUC scores of 11 machine learning models in the validation cohort. According to the
AUC of the validation set that was used to select the best hyperparameters and model, the best
classification model of radiomic and clinical features is logistic regression. NB indicates Naive
Bayes; SVM, support vector machine; XG, eXtreme Gradient.
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that reflect the homogeneity of the tubers. W_firstorder_10 and
W_firstorder_M are first-order statistical features that reflect the
distribution of signal intensities within the tuber region. Our
results imply that the texture features and first-order statistical fea-
tures are valuable for predicting drug treatment outcomes. Zhao et
al38 had reported that the type II lesions (the uneven thickening of
the cortex on T2-weighted and FLAIR) were statistically significant
between the uncontrolled and controlled groups, similar to find-
ings in our research. MR imaging lesion type features are related to
outcomes of epilepsy drug treatment in TSC,10,12 which can

indirectly support our present results
because the types of lesions are gener-
ally classified clinically according to tex-
ture structure and the signal intensity
of the lesions.

Additionally, our model incorpo-
rated both radiomic features and clini-

cal characteristics that are helpful for prediction, such as the age
of onset, infantile spasms, ASM numbers, epileptiform discharge
in left parieto-occipital area of the EEG, and gene mutation type,
making our model more comprehensive and reliable for clinical
application. Our study found that about 59.1% of patients with
TSC were in the uncontrolled group. It was reported that the
drug resistance ratios of TSC-related epilepsy were 59.6%,38

60%,5and 62%,39 which were similar to those in our study. In
addition, about 30 (48.4%) patients in the uncontrolled group
had experienced infantile spasms, and 4 (9.3%) patients in the

FIG 5. Receiver operating characteristic curve (A), calibration curve (B), and waterfall plots (C–E) of the radiomic and clinical features model in
training, cross-validation, and testing cohorts.

Table 2: The results of the logistic regression model in testing cohorts
Input Features Model AUC ACC SEN SPE

Clinical features Logistic regression 0.783 0.767 0.769 0.765
Radiomic and clinical features Logistic regression 0.854 0.800 0.750 0.830

Note:—ACC indicates accuracy; SEN, sensitivity; SPE, specificity.
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controlled group had experienced infantile spasms. Previous
studies have shown similar results: TSC patients with infantile
spasms are more likely to develop drug resistant epilepsy.4,40 In
our study, the mean age of seizure onset was 10.34months in
the uncontrolled group and 31.17months in the controlled
group. Patients with TSC epilepsy before 1 year of age are more
likely to develop resistance than those with onset after 1 year of
age,40 consistent with our results. Compared with TSC1 patho-
genic mutations, TSC2 mutations have a more severe clinical
phenotype, and the conditions of these patients are usually
more difficult to control,39,41 consistent with our findings that
the proportion of TSC2 gene mutations was higher in the
uncontrolled group.

Our results showed that the severity of EEG discharge in the
left parieto-occipital area was correlated with the epilepsy drug
treatment outcome, and the EEG discharge in the uncontrolled
group was more serious. Previous reports also showed similar
results. Some patients with TSC with severe EEG discharges have
multifocal EEG discharges related to bilateral asymmetric spike-
and-wave complexes. The onset is partial seizures or convulsive
seizures, which later develop into drug-resistant epilepsy.39,40 In a
study of 83 patients with TSC, ASM numbers have been reported
as an important risk factor for development of refractory epilepsy
in patients with TSC.6 In our study, the history of using .3
ASMs is the risk factor that will lead to occurrence of drug-resist-
ant epilepsy.

LASSO is a widely accepted algorithm in feature selection.
The 1132 radiomics features extracted in this study may cause
overfitting when constructing the model. Therefore, feature
dimension reduction and selection were performed to screen
the key features that are most closely related to the epilepsy drug

treatment outcome using bivariate
analysis and the LASSO algorithm.
With features associated with epilepsy
drug treatment outcome, we used 11
classic machine learning models for
classification and selected the best
model on the basis of AUC of cross-
validation. Finally, we evaluated the
performance of the selected model on
the independent test set consisting of
unseen data.

Although this study is novel and
conducted with advanced methodology,
there are several limitations. First, it is a
single-center cohort study, and a multi-
center cohort study should be further
considered to verify the findings of this
study. Second, the data set is relatively
small because TSC is a rare disease.
However, we will collect more data from
additional patients with TSC and will
use advanced algorithms such as deep
learning to make more precise predic-
tions in the future. Finally, our study
used only the MR imaging technique,
which contains limited information. We
will explore the multimodal data such as

CT and PET to construct a more comprehensive radiomic model
in future exploration.

CONCLUSIONS
Our study suggests that radiomics could be a noninvasive, effi-
cient, and reliable way to predict patient outcome to drug treat-
ment when combined with clinical data. Furthermore, we
identified novel models containing informative clinical covari-
ates and radiomic image features to predict drug treatment out-
come. Our results implied that the texture features and first-
order statistics features are the most valuable radiomic features
for predicting drug treatment outcomes. Age of onset, infantile
spasms, ASM numbers, epileptiform discharge in the left pari-
eto-occipital area of EEG, and gene mutation type are the key
clinical factors that are most likely to predict the epilepsy drug
treatment outcome.

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

Long-Term Imaging Follow-up from the Management of
Myelomeningocele Study

E. George, C. MacPherson, S. Pruthi, L. Bilaniuk, J. Fletcher, A. Houtrow, N. Gupta, and O.A. Glenn

ABSTRACT

BACKGROUND AND PURPOSE: Short-term results demonstrate that prenatal repair of a myelomeningocele is associated with a
reduction in hydrocephalus and an increased likelihood of the reversal of Chiari II malformations compared with postnatal repair.
The purpose of this study was to identify the long-term imaging findings at school age among subjects who underwent pre- versus
postnatal repair of a myelomeningocele.

MATERIALS AND METHODS: A subset of subjects enrolled in the Management of Myelomeningocele Study who underwent either
prenatal (n ¼ 66) or postnatal (n ¼ 63) repair of a lumbosacral myelomeningocele and had follow-up brain MR imaging at school
age were included. The prevalence of posterior fossa features of Chiari II malformation and supratentorial abnormalities and the
change in these findings from fetal to school-age MR imaging were compared between the 2 groups.

RESULTS: Prenatal repair of a myelomeningocele was associated with higher rates of normal location of fourth ventricle and lower
rates of hindbrain herniation, cerebellar herniation, tectal beaking, brainstem distortion, and kinking at school age compared with
postnatal repair (all P , .01). Supratentorial abnormalities, including corpus callosal abnormalities, gyral abnormalities, heterotopia,
and hemorrhage, were not significantly different between the 2 groups (all P . .05). The rates of resolution of brainstem kinking,
tectal beaking, cerebellar and hindbrain herniation, and normalization of fourth ventricle size from fetal to school age MR imaging
were higher among the prenatal compared with postnatal surgery group (all, P , .02).

CONCLUSIONS: Prenatal repair of a myelomeningocele is associated with persistent improvement in posterior fossa imaging find-
ings of Chiari II malformation at school age compared with postnatal repair.

ABBREVIATIONS: MMC ¼ myelomeningocele; PVNH ¼ periventricular nodular heterotopia

Spinal dysraphism includes a broad spectrum of congenital
anomalies with an incidence of �3 per 10,000 live births in the

United States.1-3 More than 85% of these are myelomeningoceles

(MMCs), an open neural tube defect that consists of a poorly dif-
ferentiated neural placode extending into a midline dorsal sac con-
taining CSF.1-3 Almost all fetuses with MMCs have associated
Chiari II malformations, characterized by a small posterior fossa
and caudal displacement with narrowing and elongation of the
fourth ventricle, cerebellum, and brainstem.4 It is believed that
hindbrain herniation occurs due to leakage of CSF into the sac and
amniotic fluid, resulting in chronic CSF hypotension.5 The hernia-
tion of the posterior fossa contents can further interfere with nor-
mal CSF flow (including narrowing and occlusion of the aqueduct)
and the development of structures that absorb CSF, resulting in hy-
drocephalus.5 Moreover, MMCs are associated with supratentorial
developmental abnormalities, including abnormal corpus cal-
losum, abnormal gyration, and periventricular nodular heterotopia
(PVNH).6

It is believed that chronic exposure of the poorly developed
neural placode and spinal nerves to amniotic fluid results in pro-
gressive neuronal loss,7 which, in combination with the abnor-
mally formed spinal cord, leads to lower-extremity motor and
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sensory dysfunction and loss of bladder and bowel control. The
posterior fossa and supratentorial abnormalities can result in
impairment in nonverbal reasoning, attention, language func-
tionality,8 and executive function in these children.9

Prenatal repair of an MMCwas first reported in 1998, and early
studies demonstrated reversal of hindbrain herniation and a
decreased need for CSF diversion compared with historical con-
trols.10,11 The Management of Myelomeningocele Study (MOMS),
a randomized controlled trial comparing prenatal with the then-
standard postnatal repair of MMCs12 demonstrated a significant
benefit among the prenatal surgery group with a reduced need for
CSF diversion at 12 months13 and improved motor function at
30months.14 Prenatal repair was associated with lower rates of
abnormal posterior fossa imaging findings and syringomyelia at
12months.12 Additional studies have further confirmed this find-
ing of higher rates of resolution of hindbrain herniation in the pre-
natal surgery group in the short term.15,16 However, the long-term
imaging findings of prenatal repair of MMCs are unknown.
MOMS2 was designed as a follow-up to MOMS to assess the long-
term outcomes of prenatal surgical repair of an MMC when the
children were 5–10 years of age. The purpose of this study was to
compare the long-term imaging findings and the change in imag-
ing findings from fetal life to school age between children who
underwent fetal and postnatal repair of MMCs in MOMS2.

MATERIALS AND METHODS
The MOMS2 study was conducted at the same 3 sites that partici-
pated in MOMS (Children’s Hospital of Philadelphia, Vanderbilt
University, and University of California, San Francisco) and the
George Washington University Biostatistics Center served as the
data-coordinating center. Institutional review board approval was
obtained at each clinical site and the data-coordinating center.
Caregivers gave written informed consent, and children gave
assent per local institutional review board regulations.

Imaging
The protocol of MOMS has been described previously.12 Briefly, fetal
brain and spine MR imaging performed at 18–26weeks before inter-
vention were reviewed by an independent committee comprising of
2 pediatric neuroradiologists and a pediatric radiologist. Reviewers
were blinded to the assigned surgery group and scored the brain and
spine findings, including cerebellar and hindbrain herniation, cere-
bellar hypoplasia, brainstem kinking, tectal beaking, size of the fourth
ventricle, structural abnormalities including those of the corpus cal-
losum, and the presence of a sac overlying theMMC defect.

Study participation for MOMS2 consisted of a single visit when
the child was 5–10 years of age at one of the clinical centers or at
home if the parent or caregiver declined travel.17 Children who
presented to the clinical center underwent 3T imaging of the brain
and spine without sedation or contrast administration. The brain
imaging protocol included 3D isotropic T1-weighted MPRAGE,
3D isotropic T2-weighted TSE, and 32-direction DTI. Some
patients also had 3D T2 FLAIR imaging and SWI. An independent
committee of 3 pediatric neuroradiologists with 9–40 years’ experi-
ence reviewed the MR images in consensus and were blinded to
treatment group, clinical reads, and any prior MR imaging results.
Studies were scored on the basis of consensus review and included

the location and size of the fourth ventricle (assessed in all planes),
tectal beaking (assessed in the sagittal and axial planes), cerebellar
hypoplasia (assessed in all planes), brainstem hypoplasia, and
brainstem distortion and kinking (assessed in the sagittal plane).
Cerebellar herniation was assessed in the sagittal and coronal
planes and categorized as mild (at C1), moderate (at C2), or severe
(below C2). Hindbrain herniation was assessed in the sagittal plane
and categorized on the basis of the location of the cervicomedullary
junction as none (above foramen magnum), mild (between fora-
men magnum and C1), moderate (between C1 and C2), or severe
(below C2). Supratentorial features that were assessed included
corpus callosum, callosal ridge, hypothalamic adhesion, anterior
commissure, presence of abnormal gyration, heterotopia, deep
gray nuclei signal, and hemorrhagic and nonhemorrhagic lesions
(white matter atrophy). Spine MR imaging was assessed for the
presence of syringomyelia and epidermoid cysts. One of the pediat-
ric neuroradiologists involved in the MOMS image review was
available to address questions and ensure consistency in scoring.
Due to challenges in imaging assessment of a tethered spinal cord
after MMC repair, the need for tethered cord release surgery was
used as an estimate of the incidence of symptomatic tethered cord.

Statistical Analyses
Categoric variables were compared using the x 2 test or Fisher
exact test, as appropriate. Due to skewed distributions, continuous
variables were compared using the Wilcoxon rank-sum test. P val-
ues , .05 were considered statistically significant. Statistical analy-
sis used SAS, Version 9.04 (SAS Institute).

RESULTS
Study Population
The mean age at the time of the follow-up visit was 7.5 years in the
prenatal and 7.3 years in the postnatal surgery groups (Table 1,
P¼ .46). Most children in both groups were white (92% versus 87%,
P ¼ .33), and there was a lower proportion of girls in the prenatal

Table 1: Demographic variables of the study groupsa

Variable

Prenatal
Surgery
(n = 66)

Postnatal
Surgery
(n = 63)

P
Valueb

Age at follow-up (yr) 7.5 (SD, 1.3) 7.3 (SD, 1.2) .460
Female (No.) (%) 29 (43.9%) 41 (65.1%) .022
Race (No.) (%) .334
White 61 (92.4%) 55 (87.3%)
African American 1 (1.5%) 1 (1.6%)
Hispanic 2 (3.0%) 5 (7.9%)
Other 2 (3.0%) 2 (3.2%)
Gestational age at birth
(week)

34.4 (SD, 2.6) 37.5 (SD, 0.8) ,.001

Anatomic lesion level
(No.) (%)

.563

Thoracic 2 (3.0%) 1 (1.6%)
L1–L2 9 (13.6%) 12 (19.1%)
L3–L4 33 (50.0%) 29 (46.0%)
L5–S2 22 (33.3%) 21 (33.3%)
Presence of sac on fetal
imaging

48 (72.7%) 54 (87.1%) .043

Tethered cord release 19 (28.8) 8 (12.7) .025
a Values listed are No. (%) or mean (SD).
b P value for race is white versus all others. P value for lesion level is T1–L2 versus L3–S2.
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surgery group (44% versus 65%, P ¼ .022), similar to the MOMS
results.14 The distribution of the MMC lesion level was similar
between the 2 groups (P ¼ .56). Most of the fetuses in both groups
had a sac overlying the defect, with a slightly higher prevalence in the
postnatal compared with the prenatal surgery group (87.1% versus
72.7%, P¼ .043).

Imaging Findings at School Age
A higher proportion of children in the prenatal surgery group
had a normal location of the fourth ventricle and absence of
hindbrain herniation, cerebellar herniation, brainstem distortion,
brainstem kinking, brainstem hypoplasia, and tectal beaking
compared with the postnatal surgery group at school age (all,
P# .01, Table 2.

Supratentorial malformations such as PVNH, abnormal gyra-
tion, and abnormal morphology of the corpus callosum or anterior
commissure were not significantly different between treatment
groups. The presence of supratentorial abnormalities, including
hemorrhage, nonhemorrhagic lesions, abnormal signal of the deep
gray nuclei, and diminished parahippocampal gyral volume did
not differ between the 2 groups (Online Supplemental Data).

The incidence of syringomyelia was higher in the postnatal
compared with prenatal surgery group (81% versus 59%, P ¼
.007, Table 2). The prenatal surgery group had a higher rate of
tethered cord release surgery (28.8% versus 12.7%, P ¼ .025).
There was no significant difference between the groups in the inci-
dence of epidermoid cyst on school-age MR imaging (P¼ .17).

Change in Imaging Findings
In the prenatal surgery group, 55% of
the children with a small fourth ventri-
cle at baseline fetal MR imaging
reverted to normal fourth ventricular
size by school age, while only 14% of
the children in the postnatal surgery
group reverted to a normal-sized fourth
ventricle at school age (P, .001).
There were higher rates of resolution of
brainstem kinking, tectal beaking, cere-
bellar herniation, and hindbrain her-
niation by school age in the prenatal
surgery group compared with the post-
natal group (all P, .05, Table 3 and
Figure). There was new development of
syringomyelia by school age in 58% of
children who underwent prenatal sur-
gery compared with 78% among those
who underwent postnatal surgery (P ¼
.03). The change in structural abnor-
malities (abnormal gyration or PVNH)
from fetal MR imaging to school age
MR imaging was not significantly differ-
ent among those who underwent prena-
tal-versus-postnatal surgery (Table 3).

DISCUSSION
Our study demonstrates that the
improvement in structural posterior

fossa abnormalities from prenatal compared with postnatal repair
of an MMC persists into school age. Early studies of open fetal
repair of an MMC demonstrated high rates of resolution of hind-
brain herniation in 3–6weeks following the procedure, with a
possibly lower rate of progressive hydrocephalus and an increase
in posterior fossa subarachnoid spaces in utero.10,18,19 These
higher rates of resolution of cerebellar herniation associated with
prenatal repair are known to persist in the postnatal period.15,16,19

In MOMS, at 12months of age, the prenatal surgery group dem-
onstrated improved Chiari II–related posterior fossa findings as
well as syringomyelia compared with the postnatal surgery
group.12 This is the first study to demonstrate the persistent long-
term improvement in Chiari II malformations in school-age chil-
dren who underwent prenatal compared with postnatal repair of
an MMC.

CNS anomalies associated with MMC develop at various ges-
tational ages, with Chiari II malformation being a relatively late
manifestation, increasing in prevalence from 31% at 16weeks to
92% at 16–20weeks.7 In MOMS, the prevalence of severe preop-
erative hindbrain herniation was not significantly different
between the prenatal and postnatal surgery groups.14 The bony
morphology of the posterior fossa is, however, known to change
rapidly toward normal after fetal surgery within as early as 1week
postrepair.20 These bony changes continue to improve in the fetal
surgery group at 4weeks postrepair with normalization of the
configuration of the posterior fossa, characterized by the clivus-
supraocciput angle in the early postnatal period.18,21,22 There is,

Table 2: School-age posterior fossa and spine imaging findings in children who under-
went prenatal-versus-postnatal surgery

Imaging

Prenatal
Surgery n/N

(%)

Postnatal
Surgery n/N

(%)
RR

(95% CI)
P

Value
Fourth ventricle location ,.001
Normal 19/66 (29) 6/63 (10)
Low 42/66 (64) 35/63 (56)
At foramen magnum 3/66 (5) 10/63 (16)
Below foramen magnum 2/66 (3) 12/63 (19)
Tectal beaking 53/66 (80) 61/63 (97) 0.83 (0.73–0.94) .003
Hindbrain herniation ,.001
None 26/66 (39) 8/62 (13)
Mild 23/66 (35) 12/62 (19)
Moderate 15/66 (23) 26/62 (40)
Severe 2/66 (3) 17/62 (27)
Cerebellar herniation
degree

,.001

None 33/66 (50) 8/63 (13)
Mild 22/66 (33) 21/63 (33)
Moderate 11/66 (17) 20/63 (32)
Severe 0 14/63 (22)
Cerebellar hypoplasia 4/66 (6) 9/63 (14) 0.42 (0.14–1.31) .12
Brainstem hypoplasia 8/66 (12) 19/63 (30) 0.40 (0.19–0.85) .01
Brainstem distortion 33/66 (50) 52/63 (83) 0.61 (0.46–0.79) ,.001
Brainstem kinking ,.001
None 53/66 (80) 31/63 (49)
Mild 11/66 (17) 20/63 (32)
Moderate 2/66 (3) 11/63 (17)
Severe 0 1/63 (2)
Syringomyelia 37/63 (59) 48/59 (81) 0.7 (0.6–0.9) .007
Epidermoid cyst 7/63 (11) 2/58 (3) 3.2 (0.7–14.9) .17

Note:—RR indicates relative risk.
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however, conflicting data on the changes
in posterior fossa configuration in the
postnatal repair group, with reports of
both a lower and relatively normal cli-
vus-supraocciput angle compared with
healthy controls.21,22 However, the pos-
terior fossa area is known to remain
smaller in neonates who underwent pre-
natal or postnatal repair compared with
healthy controls.18,22 Although there are
differences in imaging timepoints and
measurement techniques among these
studies, these early changes to the bony
posterior fossa configuration could poten-
tially explain the persistent improvement
in Chiari II manifestations seen at school
age in our study.

Prenatal-versus-postnatal surgery
had no significant effect on malforma-
tions of the supratentorial brain in
childhood. The overall prevalence of
malformations such as abnormal gyra-
tion and PVNH on fetal imaging were
low (3%–8%), similar to findings in
prior reports.6,18 However, the true
prevalence based on childhood imaging
is much higher (45%–77%), underscoring

Table 3: Change in imaging variables from baseline fetal to school age in pre- and post-
natal surgery groups

Imaging Variable
Prenatal
Surgery

Postnatal
Surgery

P
Value

Fourth ventricle size n ¼ 66 n ¼ 63
Changed from small to normal 36 (55) 9 (14) ,.001
Remained small 28 (42) 51 (81)
Another pattern 2 (3) 3 (5)

Tectal beaking n ¼ 60 n ¼ 54
Resolved 12 (20) 2 (4) .008
Not resolved 48 (80) 52 (96)

Hindbrain herniation n ¼ 66 n ¼ 62
Resolved 26 (39) 8 (13) .001
Remained the same 40 (61) 54 (87)

Cerebellar herniation n ¼ 65 n ¼ 62
Resolved 32 (49) 8 (13) ,.001
Remained the same 32 (49) 53 (85)
New 1 (2) 1 (2)

Cerebellar hypoplasia n ¼ 61 n ¼ 54
Resolved 44 (72) 33 (61) .27
Remained the same 17 (28) 20 (37)
New 0 1 (2)

Brainstem kinking n ¼ 38 n ¼ 41
Resolved 16 (42) 8 (20) .02
Remained the same 20 (53) 23 (56)
New 2 (5) 10 (24)

Structural abnormality (gyral and heterotopia) n ¼ 64 n ¼ 60
Resolved 2 (3) 1 (2) .94
Remained the same 40 (63) 40 (67)
New 22 (34) 19 (32)

FIGURE. A and B, A 25-week-old fetus with a lumbosacral MMC (arrow) and Chiari II malformation (arrow) with the cerebellum extend-
ing to approximately the C3 level. The patient underwent postnatal repair with follow-up MR imaging (C) at 8 years demonstrating persis-
tent brainstem and cerebellar herniation to C2 (white arrow). D, A 21-week 6-day-old fetus with a lower lumbar MMC (arrow) and Chiari II
malformation with the cerebellum extending to approximately the C3 level (arrow). E, Status post fetal repair at 22 weeks 5 days with no
residual cerebellar or brainstem herniation at 9 years of age (white arrow).
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the challenges with prenatal identification of these malformations,23

particularly in the setting of MMC and Chiari II malformation.18

The corpus callosum was abnormal in 83%–86% of children, similar
to prior reports of 60%–86% on fetal sonography and postnatal MR
imaging.6,24,25 Supratentorial malformations in MMC are thought to
be due to neuroepithelial and ependymal denudation, and these
occur at 16 weeks before the development of a Chiari II malforma-
tion and hydrocephalus.26 This early and permanent damage to the
ependyma could explain the lack of improvement in the incidence
of supratentorial malformations despite prenatal MMC repair,
which was typically performed at 19–26weeks in MOMS.14

However, the effect of the timing of fetal surgery on supratentorial
abnormalities remains unknown. Future studies should also assess
the effect of prenatal surgery on quantitative structural and connec-
tivity metrics of the supratentorial brain, particularly in the setting
of a known lack of improvement in long-term cognitive function
with prenatal surgery.17

It is difficult to directly relate the qualitative evaluations of struc-
tural impairments to neurodevelopmental outcomes. Assessment of
neurodevelopmental outcomes at school age17 did not show
marked improvement in adaptive behavior and cognitive skills but
did report improvement in fine-motor skills in the prenatal surgery
group, which is associated with cerebellar function.27 Quantitative
assessment of the tectum and its connectivity with the frontal and
parietal regions showed stronger attention-orienting and arousal in
association with reduced tectal dysmorphology.28 Because prenatal
surgery reduces hindbrain herniation and the findings of Chiari II,
there may be an indirect effect leading to improved cognitive and
motor functions.

Finally, prenatal surgery was associated with a lower incidence
of syringomyelia but higher rates of tethered cord release surgery
in our cohort. However, spina bifida registry data as well as recent
single-institutional data suggest similar rates of tethered cord
release surgery of 13%–18% in both prenatal and postnatal sur-
gery cohorts.29,30 Our study cohort is slightly older than children
in these studies, and the need for tethered cord release is known
to increase with age.31 Furthermore, practice and indications for
detethering can be variable among institutions.31

Our study has several limitations. Blood-sensitive sequences
were not available in all patients, limiting the assessment of the
frequency of hemorrhagic lesions. The presence or absence of a
sac overlying the MMC defect and the level and size of the MMC
defect may affect the severity and evolution of Chiari II manifes-
tations,32-34 which was not adjusted for in our study. However,
only a small fraction of cases did not have an overlying sac on fe-
tal imaging. Furthermore, the myelocele was more prevalent in
the prenatal surgery group, which may be underestimating our
results on long-term improvement in imaging findings with pre-
natal surgery because the absence of overlying sac suggests a
more severe phenotype.33 The association of imaging findings
with functional outcome was not assessed; however, prenatal
repair has been shown to be associated with better mobility and
independent functioning at school age.17 Interpretation of ven-
tricular size is complex in the setting of CSF shunts, shunt revi-
sions, and third ventriculostomy procedures,35 and detailed
assessment of ventricular size will be the focus of a future study.
In the MOMS2 cohort, all patients in the postnatal surgery group

had hydrocephalus.35 In the prenatal and postnatal surgery
groups, ventricular size has been shown to be larger in those with
unshunted hydrocephalus compared with those with shunted hy-
drocephalus and those with no hydrocephalus in the prenatal sur-
gery group.35 Post-MOMS single-institution data and MOMS2
studies also demonstrated fewer shunt placements and shunt revi-
sions in the prenatal compared with the postnatal surgery group
both in the short and long term.15,17 Finally, quantitative assess-
ments of the bony posterior fossa was not included in this study.

CONCLUSIONS
Our study demonstrates that prenatal repair of an MMC is asso-
ciated with persistent improvement in posterior fossa imaging
findings at school age compared with postnatal repair. This out-
come along with long-term neurodevelopmental outcome data
provides valuable information for parental counseling for prena-
tal surgery for MMC.
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ORIGINAL RESEARCH
SPINE

Validation of a New Semiautomated Segmentation Pipeline
Based on the Spinal Cord Toolbox DeepSeg Algorithm to

Estimate the Cervical Canal Area
N. Mongay-Ochoa, D. Pareto, M. Alberich, M. Tintore, X. Montalban, À. Rovira, and J. Sastre-Garriga

ABSTRACT

BACKGROUND AND PURPOSE: As in the brain reserve concept, a larger cervical canal area may also protect against disability. In
this context, a semiautomated pipeline has been developed to obtain quantitative estimations of the cervical canal area. The aim
of the study was to validate the pipeline, to evaluate the consistency of the cervical canal area measurements during a 1-year pe-
riod, and to compare cervical canal area estimations obtained from brain and cervical MRI acquisitions.

MATERIALS ANDMETHODS: Eight healthy controls and 18 patients with MS underwent baseline and follow-up 3T brain and cervical
spine sagittal 3D MPRAGE. The cervical canal area was measured in all acquisitions, and estimations obtained with the proposed
pipeline were compared with manual segmentations performed by 1 evaluator using the Dice similarity coefficient. The cervical
canal area estimations obtained on baseline and follow-up T1WI were compared; brain and cervical cord acquisitions were also
compared using the individual and average intraclass correlation coefficients.

RESULTS: The agreement between the manual cervical canal area masks and the masks provided by the proposed pipeline was excel-
lent, with a mean Dice similarity coefficient mean of 0.90 (range, 0.73–0.97). The cervical canal area estimations obtained from baseline
and follow-up scans showed a good level of concordance (intraclass correlation coefficient ¼ 0.76; 95% CI, 0.44–0.88); estimations
obtained from brain and cervical MRIs also had good agreement (intraclass correlation coefficient ¼ 0.77; 95% CI, 0.45–0.90).

CONCLUSIONS: The proposed pipeline is a reliable tool to estimate the cervical canal area. The cervical canal area is a stable mea-
sure across time; moreover, when cervical sequences are not available, the cervical canal area could be estimated using brain T1WI.

ABBREVIATIONS: CCaA ¼ cervical canal area; FA ¼ flip angle; GT ¼ ground truth; HC ¼ healthy controls; ICC ¼ intraclass correlation coefficient; LoA ¼
limits of agreement; pwMS ¼ patients with multiple sclerosis; SCT ¼ Spinal Cord Toolbox; SD ¼ standard deviation

In patients with MS, the progression of neurologic disability can-
not be explained only by the accumulation of brain white mat-

ter lesions.1 Because neurodegenerative damage of the cervical
cord is present in most patients with MS,2 recent work has dem-
onstrated the value of cervical cord atrophy as an independent
prognostic factor for disability.3

In homology to the brain reserve concept, which implies that
individuals with a larger premorbid brain (estimated using total in-
tracranial volume as a proxy of maximal lifetime brain growth)
have a lower risk of MS-related cognitive and physical impairment,4

a larger cervical canal area (CCaA), which may be taken as a proxy
for maximal lifetime spinal cord growth, may also protect against
disability.5

In this context, a semiautomated pipeline has been developed to
obtain quantitative estimations of the CCaA based on brain and
cervical 3D T1WI, using the Spinal Cord Toolbox (SCT; https://
www.nitrc.org/projects/sct/). To validate the reproducibility of the
proposed pipeline, we compared CCaA measurements obtained
with the SCT with those obtained with the manual ground truth
(GT), both in healthy controls (HC) and patients with MS. Then,
the performance of the pipeline was evaluated by assessing the
CCaA at baseline and 1-year follow-up (scan-rescan test) and evalu-
ating CCaAmeasurements obtained with brain and cervical T1WI.

MATERIALS AND METHODS
Data Acquisition
An initial set of 10 HC and 21 patients with MS underwent base-
line and follow-up brain and cervical spine sagittal 3D MPRAGE.
All MRI scans were acquired in a 3T system (Tim Trio; Siemens)
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using the following acquisition parameters: TR ¼ 2300 ms, TE ¼
2.98ms, TI¼ 900 ms, flip angle¼ 9°, voxel size¼ 1� 1� 1mm3;
brain FOV ¼ 240 � 256 � 176, cervical FOV ¼ 240 � 25 � 128.
Additionally, all subjects underwent a brain 2D FLAIR scan (TR¼
9000 ms, TE¼ 93 ms, TI¼ 2500 ms, flip angle¼ 120°, voxel size¼
0.49 � 0.49 � 3.0 mm3). The positioning protocol was the same
across all subjects. The project was approved by the local ethics
committee, and subjects signed an informed consent.

Image Processing
The CCaA was measured in all acquisitions using the following
in-house pipeline based on the SCT (Version 5.0.1):6 First, a seg-
mentation of the cervical cord was obtained with the DeepSeg
algorithm. Then, the posterior tip of the C2–C3 intervertebral
disc was manually labeled by 2 evaluators (a neurologist with a 7
years’ experience and an MRI technician with 11 years’ experi-
ence). The output from the DeepSeg algorithm, along with these
manual intervertebral disc landmarks, was used to normalize the
images to the PAM50 atlas,7 an unbiased multimodal MRI tem-
plate of the full spinal cord (C1–L2 vertebral level) and brainstem
where several spinal cord structures have been predefined.
Previously, a spinal canal template covering from C1 to C5 was
created by our research group in the same space as the PAM50
atlas and was added to the predefined structures (PAM50_41;
Online Supplemental Data). A spinal canal segmentation mask was
created in the same space as the atlas and added to the predefined
structures, including the spinal canal template. Then, the images
were normalized using the inverse normalization matrix, as pro-
posed by SCT, and finally, the spinal canal mask was transferred
from the atlas space to the native space (Fig 1).

Additionally, the total intracranial volume was assessed in all
subjects using the T1WI sequences with statistical parametric map-
ping software (SPM; http://www.fil.ion.ucl.ac.uk/spm/software/
spm12); the lesion volume was estimated using 2D FLAIR MRI
with the Lesion Segmentation Toolbox, included in the SPM soft-
ware (https://www.applied-statistics.de/lst.html).

Statistical Analysis
CCaA was then estimated as the mean cross-sectional area across
either 5, 11, or 17 slices centered on the C2–C3 intervertebral
disc, representing the 3 groups of comparisons. Anatomically, 5
slices usually cover the C2–C3 cervical disc, 11 slices cover from
the lower margin of C2 to the upper margin of C3; and 17 slices
cover from the odontoid basis to the midpoint of the posterior
arch of C3 (a certain intersubject variability is detected in those
limits according to the individual anatomy).

To identify outlier CCaA estimations, we removed all meas-
ures with a value beyond 1.5 times the interquartile range.8

Then, CCaA estimations in HC and patients with MS were
compared by a multivariable regression model adjusted for age
and sex; CCaA estimations from baseline and follow-up cervical
cord scans and from brain and cervical MRIs were also compared
using a paired t test.

To assess the reproducibility of the proposed pipeline, we com-
pared the CCaA estimations obtained from the cervical cord and
brain T1WI at 2 different time points with the proposed pipeline
manual segmentations performed by 1 evaluator, considered the

GT, using the Dice similarity coefficient.9 In addition, a second
evaluator manually outlined the CCaA to assess the interoperator
variability. Additionally, we compared the CCaA mean obtained
with the manual GT at baseline for the cervical cord and brain
scans using a paired t test. The GT, considered the reference value,
was measured at the midpoint of C2–C3.

Finally, CCaA estimations obtained on baseline and follow-up
cervical cord T1WI were compared; brain and cervical cord
acquisitions were also compared using the individual and average
intraclass correlation coefficient (ICC)10 and the Bland-Altman
method with their limits of agreement (LoA). Statistical analysis
was performed with STATA 16.1 software (StataCorp). Before we
performed a t test, the normal distribution of different variables
was evaluated using the Shapiro-Wilk test, and the homogeneity
of variances was determined by the Levene test. To appraise
assumptions of linear regression, we checked the normality of
residuals using the Shapiro-Wilk test; homoscedasticity was eval-
uated with the Breusch-Pagan test; independence of observations
was determined using the Durbin-Watson test; and collinearity
was assessed by the variance inflation factor. The P value for sig-
nificance was set at P, .05.

RESULTS
The proposed pipeline failed in only 3 subjects when using 17 sli-
ces to obtain the mean CCaA, because the position of the brain
scan was too high and did not cover the upper segment of the cer-
vical cord completely.

After we removed 2 HC and 3 patients with MS, the final
cohort included CCaA estimations from 8 HC and 18 patients
with MS. Clinical and MRI data are shown in the Table. After we
evaluated assumptions of linear regression (Shapiro-Wilk test,
P¼ .80; Levene test, P¼ .74; Breusch-Pagan test, P¼ .94; Durbin-
Watson test, P ¼ .84; and variance inflation factor ¼ 1.07), age-
and sex-adjusted linear regression models confirmed that there
were no significant differences in the CCaA between HC and
patients with MS, estimated in both the cervical cord (mean abso-
lute difference ¼ 0.33 mm2, b ¼ 0.10, P ¼ .54) and brain acquisi-
tions (mean absolute difference ¼ 2.18 mm2, b ¼ 0.36, P ¼ .14).
Consequently, to perform the statistical analysis between different
sequences with a larger sample size, we considered HC and
patients with MS as a single group (26 subjects).

In the assessment of the reproducibility of the proposed pipe-
line, the degree of overlap between the CCaA masks generated by
the proposed pipeline and the manual GT was excellent with a
Dice similarity coefficient mean of 0.90 (range, 0.73–0.97). The dis-
tribution across the 4 different acquisitions is shown in Fig 2.
Agreement between the 2 evaluators was also excellent, with a Dice
similarity coefficient of 0.95 (range, 0.78–1). Furthermore, we did
not find significant differences when comparing CCaA estimations
obtained with the pipeline and the GT by a t test, either at the base-
line cervical cord T1WI (mean absolute difference ¼ 9.56 mm2, t
[25] ¼ 1.77, P ¼ .09) or brain T1WI (mean absolute difference ¼
6.35 mm2, t[25]¼ 0.82, P¼ .42).

When we compared CCaA estimations obtained from base-
line and 1-year follow-up cervical cord MRIs, the highest agree-
ment was obtained with 11 and 17 slices (ICC ¼ 0.76; 95% CI,
0.44–0.88, and ICC ¼ 0.78; 95% CI, 0.56–0.90, respectively).
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Average ICCs are represented in Fig 3, and they are consistently
higher than individual ICCs. Estimations of the CCaA with 17
and 11 slices were also highly similar when using the Bland-
Altman method, in contrast to LoA obtained with 5 slices, with a
narrower and better-centered LoA (Fig 4, left side). When com-
paring CCaA estimations obtained from cervical cord T1WI

acquisitions at baseline (mean ¼ 218.37 [SD, 5.02] mm2) and fol-
low-up (mean ¼ 217.09 [SD, 5.62] mm2), we did not find signifi-
cant differences (mean absolute paired difference ¼ 1.28 mm2,
t[25]¼ 1.22, P¼ .23).

CCaA estimations obtained from brain and cervical cord
MRIs had a high agreement, independent of the number of slices

Manual labelling (C2-C3) DeepSeg algorithm PAM50 Atlas 

PAM50_41
Spinal Canal template 

Normalization 
Atlas Space 

Inverse 
Normalization 
Native Space 

CCaA - SCT CCaA - GT 

OUTPUT  
Cervical Canal Area and Mask 

STATISTIC ANALYSIS: output

 CCaA (mm2): HC and pwMS – No differences, considered as a single group 

 CCaA – GT & CCaA – SCT (masks): Dice similarity coefficient 

 CCaA: Baseline & Follow-up cervical cord MRI: Intraclass Correlation Coefficient 
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FIG 1. Graphical representation of the proposed pipeline to estimate the cervical canal, including the MRI sequences, a flowchart, the assess-
ment of the mean cervical canal area across the different number of slices, and the statistical analysis performed.
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used to estimate the CCaA (Fig 3). However, the Bland-Altman
method showed a better agreement with CCaA estimations of 17
and 11 slices, than with those obtained with 5 slices (Fig 4). When
analyzing absolute means, we found minimal-but-significant

differences between CCaA estimations
from brain (mean ¼ 216.07 [SD, 3.7]
mm2) and cervical MRIs (mean ¼ 218
[SD, 5.0]2 mm2) (mean absolute paired
difference ¼ 2.30, t[25] ¼ 2.97, P ¼
.006).

DISCUSSION
In the present study, we validated a
semiautomated segmentation pipeline
to estimate the CCaA on the basis of
the SCT by comparing the generated
masks with a manual GT. The overlap
was excellent, and significant differen-
ces were not found when comparing
both measurement methods, indicat-
ing that the proposed pipeline seems
to appropriately measure the CCaA.
Additionally, we have shown that the
CCaA is stable for a 1-year period in
all subjects. Finally, the CCaA could be
properly estimated using either brain
or cervical cord MRIs.

To our knowledge, CCaA varia-
tions across time have not been ana-
lyzed before, though changes were not
expected a priori.11 We verified its con-
sistency during a 1-year period by assess-
ing the measurement in baseline and
follow-up cervical T1WIs. Consequently,
the CCaA could be used in future studies
as a proxy for the premorbid status of
the spinal cord, because stability across
time is a prerequisite for such use.
Because it is usually done in other cervi-
cal cord area measurement methods,12

we considered more appropriated to cal-
culate the mean area over several sec-
tions instead of only in 1 section. An
increase in the number of sections used
would reduce the variability of the mea-
surement, but in the case of the spinal
canal, variability could increase because
sections may cover a region where the
canal area physiologically increases to-
ward the foramen magnum. To check
what number of sections would provide
the best compromise, we calculated ICCs
using CCaA estimations with the SCT
across 5, 7, and 11 slices centered at the
midpoint of the C2–C3 vertebral disc.
The study showed a good level of con-
cordance between time points, obtaining

the highest individual ICC when using 11 and 17 slices for the anal-
ysis, compared with 5 slices. We considered that differences in the
ICC between the number of slices are related to minor inaccuracies
in subject repositioning; hence, the lower the number of slices used

FIG 2. CCaA masks obtained with the proposed pipeline (green) versus the manual segmen-
tation (red) in a patient with MS. A, Spinal MRI acquisition shows a Dice similarity coeffi-
cient of 0.92. B, Brain MRI acquisition shows a Dice similarity coefficient of 0.88. C,
Distribution of Dice similarity coefficients between CCaA masks from the in-house pipeline
and the GT across the 4 acquisitions, both in HC and patients with MS.

Demographic, clinical, and radiologic characteristics of HC and patients with MS

HC (n = 8)
Patients with MS

(n = 18) P Valuea

Sex (female) (No.) (%) 5 (62.5%) 11 (61.1%) .97
Age (mean) (SD) (yr) 30.89 (1.44) 33.84 (1.98) .36
CCaA (mean) (SD) (mm2)
Cervical MRI acquisition 218.15 (4.84) 218.47 (5.23) .73
Brain MRI acquisition 214.57 (3.97) 216.75 (3.47) .48
Total intracranial volume (mean) (SD) (mL) 1422.3 (0.10) 1392.9 (0.12) .55
T2 lesion volume (mean) (SD) (mm3) – 2.31 (4.09) –

Note: —Dash indicates not information available; HC: healthy controls; pwMS, patients with multiple sclerosis; SD,
standard deviation.
a Values correspond to univariate comparisons using parametric and non-parametric tests, as convenience.
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to calculate the CCaA, the greater the variability found among
patients.

Despite the spinal cord being located in the periphery of the
FOV on brain T1WI, where gradient nonlinearity distortion
effects are substantial,13 it has already been proved that it is pos-
sible to reliably measure the cervical cord area using brain

acquisitions.14 Therefore, we tested the robustness of CCaA
estimations obtained from brain and spine scans, obtaining
good agreement between them. Similar ICC values across the
different numbers of slices used to calculate the CCaA may be
because no repositioning is needed between brain and spine
acquisitions.

FIG 3. Representation of individual ICC (blue) and average (yellow) ICCs, calculated in 5, 11, and 17 slices. On the left, the ICC between baseline
and follow-up cervical MRIs. On the right, degree of concordance of the CCaA analyzed in brain and cervical acquisitions.

FIG 4. Bland-Altman plots showing the agreement between CCaA estimations assessed in different numbers of slices. On the left, the agree-
ment between baseline and follow-up cervical cord MRI is shown; on the right, between brain and cervical cord MRIs. Notice that the x-axis
scale of the plot analyzing CCaA estimations on 5 slices is larger than the others.
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Overall, ICCs obtained were lower than those reported in
other validation studies.13,14 A possible explanation might be that
the individual ICC has been reported instead of the average,
which tends to minimize variations and provides higher ICCs.
Moreover, although the degree of agreement between CCaA
estimations from brain and cervical MRIs was not excellent and
there were significant differences between both measurements,
the mean difference was inferior to 3 mm2 in the paired t test
analysis. Therefore, results seem to suggest that brain CCaA
estimations might be considered when dedicated cervical
sequences are not available, though both acquisitions may not
be fully interchangeable when analyzing the CCaA of a single
subject, possibly because the cervical canal is differently located
in the FOV of cervical cord and brain T1WIs. Because the in-
house pipeline failed in 3 subjects when using 17 slices, it might
be advisable to use the 11-slice approach, which provides similar
reproducibility parameters.

Several limitations should be mentioned. First, the sample size
is small and could explain the range of ICCs obtained. Second,
our pipeline includes manual labeling of the C2–C3 intervertebral
disc, which may be a limiting factor when dealing with large
cohorts because it clearly increases processing time. Third, we
performed the image acquisition with the same scanner and posi-
tioning protocol; therefore, we have not tested the pipeline under
other conditions. Finally, we adjusted measurements by age and
sex, but not height, because normalization using anthropometric
parameters still remains controversial.15,16

CONCLUSIONS
This study validates a new semiautomated algorithm to estimate
the CCaA based on the SCT. An excellent agreement was obtained
between the manual segmentations and those provided by the
pipeline. We used this algorithm to demonstrate the consistency
of CCaA measurements across time, showing no changes during a
1-year period. Finally, results suggested that brain CCaA estima-
tions might be considered when dedicated cervical sequences are
not available.

ACKNOWLEDGMENTS
We wish to thank the subjects who kindly agreed to take part in
this study. We acknowledge the support of the Department of
Neuroradiology and the Centre of Multiple Sclerosis of Catalonia
of the Vall Hebron University Hospital (Barcelona, Spain).

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

REFERENCES
1. Liu Z, Yaldizli Ö, Pardini M, et al. Cervical cord area measurement

using volumetric brain magnetic resonance imaging in multiple
sclerosis.Mult Scler Relat Disord 2015;4:52–57 CrossRef Medline

2. Eden D, Gros C, Badji A, et al. Spatial distribution of multiple scle-
rosis lesions in the cervical spinal cord. Brain 2019;142:633–46
CrossRef Medline

3. Arrambide G, Rovira A, Sastre-Garriga J, et al. Spinal cord lesions: a
modest contributor to diagnosis in clinically isolated syndromes
but a relevant prognostic factor.Mult Scler 2018;24:301–12 CrossRef
Medline

4. Sumowski JF, Rocca MA, Leavitt VM, et al. Brain reserve against
physical disability progression over 5 years in multiple sclerosis.
Neurology 2016;86:2006–09 CrossRef Medline

5. Sastre-Garriga J, Rovira A, García-Vidal A, et al. Spinal cord reserve
in multiple sclerosis. J Neurol Neurosurg Psychiatry 2023 Jan 23
[Epub ahead of print] CrossRef Medline

6. De Leener B, Lévy S, Dupont SM, et al. SCT: Spinal Cord Toolbox,
an open-source software for processing spinal cord MRI data.
Neuroimage 2017;145:24–43 CrossRef Medline

7. De Leener B, Fonov VS, Collins DL, et al. PAM50: unbiased multi-
modal template of the brainstem and spinal cord aligned with the
ICBM152 space.Neuroimage 2018;165:170–79 CrossRef Medline

8. Tukey JW. Exploratory Data Analysis. Addison-Wesley; 1977:43–44
9. Zou KH, Warfield SK, Bharatha A, et al. Statistical validation of

image segmentation quality based on a spatial overlap index 1.
Acad Radiol 2004;11:178–89 CrossRef Medline

10. Koo TK, Li MY. A guideline of selecting and reporting intraclass
correlation coefficients for reliability research. J Chiropr Med
2016;15:155–63 CrossRef Medline

11. Kato F, Yukawa Y, Suda K, et al. Normal morphology, age-related
changes and abnormal findings of the cervical spine, Part II: mag-
netic resonance imaging of over 1,200 asymptomatic subjects. Eur
Spine J 2012;21:1499–507 CrossRef Medline

12. Rocca MA, Valsasina P, Meani A, et al; MAGNIMS Study Group.
Clinically relevant cranio-caudal patterns of cervical cord atrophy
evolution in MS.Neurology 2019;93:e1852–66 CrossRef Medline

13. Papinutto N, Bakshi R, Bischof A, et al; North American Imaging in
Multiple Sclerosis Cooperative (NAIMS). Gradient nonlinearity
effects on upper cervical spinal cord area measurement from 3D T1-
weighted brain MRI acquisitions.Magn Reson Med 2018;79:1595–601
CrossRef Medline

14. Liu Y, Lukas C, Steenwijk MD, et al.Multicenter validation of mean
upper cervical cord area measurements from head 3D T1-weighted
MR imaging in patients withmultiple sclerosis.AJNR Am J Neuroradiol
2016;37:749–54 CrossRef Medline

15. Oh J, Seigo M, Saidha S, et al. Spinal cord normalization in multiple
sclerosis. J Neuroimaging 2014;24:577–84 CrossRef Medline

16. Papinutto N, Schlaeger R, Panara V, et al. Age, gender and normal-
ization covariates for spinal cord gray matter and total cross-sec-
tional areas at cervical and thoracic levels: a 2D phase sensitive
inversion recovery imaging study. PLoS One 2015;10:e0118576–18
CrossRef Medline

872 Mongay-Ochoa Jul 2023 www.ajnr.org

https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/July%202023/0887.pdf
http://www.ajnr.org
http://dx.doi.org/10.1016/j.msard.2014.11.004
https://www.ncbi.nlm.nih.gov/pubmed/25787053
http://dx.doi.org/10.1093/brain/awy352
https://www.ncbi.nlm.nih.gov/pubmed/30715195
http://dx.doi.org/10.1177/1352458517697830
https://www.ncbi.nlm.nih.gov/pubmed/28301287
http://dx.doi.org/10.1212/WNL.0000000000002702
https://www.ncbi.nlm.nih.gov/pubmed/27164681
http://dx.doi.org/10.1136/jnnp-2022-330613
https://www.ncbi.nlm.nih.gov/pubmed/36690430
http://dx.doi.org/10.1016/j.neuroimage.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27720818
http://dx.doi.org/10.1016/j.neuroimage.2017.10.041
https://www.ncbi.nlm.nih.gov/pubmed/29061527
http://dx.doi.org/10.1016/s1076-6332(03)00671-8
https://www.ncbi.nlm.nih.gov/pubmed/14974593
http://dx.doi.org/10.1016/j.jcm.2016.02.012
https://www.ncbi.nlm.nih.gov/pubmed/27330520
http://dx.doi.org/10.1007/s00586-012-2176-4
https://www.ncbi.nlm.nih.gov/pubmed/22302162
http://dx.doi.org/10.1212/WNL.0000000000008466
https://www.ncbi.nlm.nih.gov/pubmed/31611336
http://dx.doi.org/10.1002/mrm.26776
https://www.ncbi.nlm.nih.gov/pubmed/28617996
http://dx.doi.org/10.3174/ajnr.A4635
https://www.ncbi.nlm.nih.gov/pubmed/26659338
http://dx.doi.org/10.1111/jon.12097
https://www.ncbi.nlm.nih.gov/pubmed/24593281
http://dx.doi.org/10.1371/journal.pone.0118576
https://www.ncbi.nlm.nih.gov/pubmed/25781178


ORIGINAL RESEARCH
SPINE

The Development and Application of a Cost-Effective
Cervical Spine Phantom for Use in Fluoroscopically Guided

Lateral C1–C2 Spinal Puncture Training
V. Risner, B. Huang, K. McCullagh, T. Benefield, and Y.Z. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Lateral C1–C2 spinal punctures are uncommon procedures performed by radiologists for access to
CSF and contrast injection when a lumbar approach is contraindicated and an alternate method of access becomes necessary.
There are limited opportunities to learn and practice the technique. We aimed to develop and assess the efficacy of a low-cost,
reusable cervical spine phantom for training in fluoroscopically guided lateral C1–C2 spinal puncture.

MATERIALS AND METHODS: The phantom was constructed with a cervical spine model, an outer tube representing the thecal sac,
an inner balloon representing the spinal cord, and polyalginate to replicate soft tissue. The total cost of materials was approxi-
mately US $70. Workshops were led by neuroradiology faculty experienced in the procedure using the model under fluoroscopy.
Survey questions were assessed on a 5-point Likert scale. Participants were given pre- and postsurveys assessing comfort, confi-
dence, and knowledge of steps.

RESULTS: Twenty-one trainees underwent training sessions. There was significant improvement in comfort level (D: 2.00, SD: 1.00, P
value , .001); confidence (D: 1.52 points, SD: 0.87, P value , .001); and knowledge (D: 2.19, SD: 0.93, P value , .001). Eighty-one per-
cent of participants found the model “very helpful” (5/5 on Likert scale), and all participants were “very likely” to recommend this
workshop to others.

CONCLUSIONS: This cervical phantom model is affordable and replicable and demonstrates training utility to prepare residents for
performing lateral C1–C2 spinal puncture. This is a rare procedure, so the use of a phantom model before patient encounters is
invaluable to resident education and training.

Lateral C1–C2 spinal punctures are uncommon procedures
performed by radiologists under fluoroscopic guidance for

various purposes, including CSF collection and contrast injection
when a lumbar approach is contraindicated.1 A 2009 survey of
neuroradiology program directors showed that 14.3% of pro-
grams have ,1 C1–C2 spinal puncture performed, on average,
every year, and that 47.6% average between 1 and 5 C1–C2 spinal
punctures annually.2 Due to the infrequency of this procedure,
there are limited opportunities for trainees to learn and practice
the technique.3 While lateral C1–C2 spinal puncture is consid-
ered a safe procedure when performed by a skilled radiologist,
with,0.05% of cases having a major complication such as an ar-
terial bleed, epidural hematoma, intramedullary contrast injection,

permanent neurologic deficit, or death, these potential complications
have high morbidity.1,4 The potentially major or fatal consequences
of this procedure if performed incorrectly make it difficult for train-
ees to gain experience with the procedure without a form of simula-
tion training. Additionally, due to the rarity of this procedure, along
with potentially serious complications, it is often found that a single
neuroradiologist will be trained at an institution and will perform all
lateral C1–C2 spinal punctures at the institution, further limiting
training opportunities for other faculty and residents.

To enrich education and training of medical professionals while
also improving patient safety, throughout all phases of medical
training, simulation training has become increasingly popular for
teaching and practicing techniques before using them on a
patient.5 Research has shown that simulation training improves
reported confidence levels and success rates of the first procedure
performed by the student on a patient.6 Fluoroscopically compati-
ble anthropomorphic head, cervical spine, and spinal cord phan-
toms are available for purchase. However, the price of commercially
available fluoroscopically compatible models exceeds US $6000, and
these models do not include components mimicking CSF that can be
used to replicate C1–C2 spinal punctures.7 Due to the infrequency of
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these procedures, a costly model is not practical for training.
Additionally, the current models available on the market for phantom
fluoroscopic cervical spines would require modifications to mimic
CSF. There have been cost-effective phantommodels created for prac-
ticing lumbar punctures under fluoroscopic guidance,8,9 but no
cost-effective fluoroscopically compatible cervical phantoms with
simulated CSF have been created to date. We aimed to develop
and assess the efficacy of a low-cost, reusable cervical spine phan-
tom for use in fluoroscopically guided lateral C1–C2 spinal punc-
ture training.

MATERIALS AND METHODS
Model Construction
Amore detailed guide on the materials and step-by-step instructions
to create the model can be found in the Online Supplemental Data.
To summarize, the phantomwas constructed using a modified poly-
vinyl chloride cervical spine model: an outer latex tubing with 1.58-
mm-thick walls, similar in thickness to spinal dura mater (mean,
1.106 [SD, 0.244]mm); an outer diameter of 15.875mm (0.625
inches), similar to that in a study by Ulbrich et al10 examining the
typical diameter of a normal cervical spinal canal at the C1 level
(range, 10.7–19.7mm) and an inner diameter of 12.7mm; an inner
latex modeling balloon with an approximate diameter of 7.5mm af-
ter being filled with 10mL of fluid representing the spinal cord, also
similar to the estimated anterior-posterior diameter of the spinal
cord at the C1–C2 level (mean, 8.2 [SD, 1.6]mm); and an alginate
substance encompassing the model to replicate soft tissue.11,12

The commercially available cervical spine model used was
meant for patient education and anatomic training. The spinal cord
portion of the cervical model was removed, and the outer latex tub-
ing was fed through the spinal canal. A polyvinyl chloride on/off
valve for an 0.5-inch-tube inner diameter was placed on one end of
the outer tubing, and a hemostat was used to secure the other end.
The outer tube was filled with clear water, and the tube was sealed
by closing the valve and using a hemostat on the opposite end to
maintain the pressure and shape of the canal. The model was then
placed in a cylindrical container approximately the diameter of a
neck (in our model, we used part of a standard 2-L soft drink bottle,
but other containers can be used), and the container was filled with
the polyalginate molding mixed at a 1/4 ratio of powder to water
(by weight, ie, 60 g of powder per 240 g [1 cup] water). To extend
curing time, we used refrigerated water (at 35°F), and allowed the
mixture to cure for approximately 10–15minutes in the cylindrical
container. After we removed it from the cylindrical container, the
outer latex tube was unsealed and drained, and the inner latex mod-
eling balloon was passed through the outer tubing using a metal
rod and then filled with approximately 15–20mL of water dyed
with red food coloring so that the spinal tap would reveal dyed
water if the spinal cord was punctured (Fig 1).

Additional clamps were secured to the outer tubing, posterior
to the inner balloon to ensure anterior placement of the balloon
to better mimic the anatomic positioning of the spinal cord.
Then, the outer tubing was refilled with clear water. This tube-
within-a-tube approach enabled refilling of the spinal canal and
replacement of the latex balloon “spinal cord” if the balloon was
punctured in a previous attempt. Before use in training sessions,
the model was wrapped in plastic wrap to retain moisture and

kept refrigerated at 4°C. We found that the model lasts 7–10days
refrigerated before the alginate begins to mold, requiring recast-
ing. Ideally, the model should be assembled in close time proxim-
ity to training sessions to prevent expiration of the alginate. The
total cost of materials for 1 model was approximately US $70. We
have also developed an alternate approach with silicone material
that will resist spoiling but at a greater cost. A list of materials
and costs is available in the Online Supplemental Data.
Immediately before use, the open end of the outer dural tube was
mildly pressurized by injecting an extra 10–15mL of fluid into
the model. The final phantom construction can be seen in Fig 2.

Assessment of Training Efficacy
Training sessions were held at a single institution, conducted
using the phantom model under fluoroscopic guidance and led
by 1 neuroradiology faculty member with .15 years of experi-
ence with lateral C1–C2 spinal punctures. A fluoroscopic image
of the phantom model during training sessions can been see in
Fig 3, with a real-life fluoroscopic image during a lateral C1–C2
spinal puncture provided in Fig 4 for comparison. Each session
comprised 4–6 trainees, including radiology assistant students,
medical students, radiology residents, and attending physicians.
Training sessions began with a group demonstration of a C1–C2
spinal puncture by the neuroradiology faculty member facilitat-
ing the training using the phantom under fluoroscopy, followed
by individual practice by training participants. Attempts of C1–
C2 spinal puncture by participants were directly supervised by
the neuroradiologist leading the training, with direct feedback
provided during training to ensure competency of trainees.

FIG 1. Puncturing the spinal cord. The photograph demonstrates the
result of puncturing the inner latex balloon, which represents the spi-
nal cord. Red dye returns from the spinal needle.
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Participants were provided with a pre- and posttraining survey
completed immediately before and after participating in training
sessions. An example of the pre- and postsurveys given to work-
shop participants can be seen in the Online Supplemental Data.

Surveys assessed prior experience in witnessing or performing

a lateral C1–C2 spinal puncture, comfort level in performing a

C1–C2 spinal puncture before and after the training session with

the model, confidence in performing a successful C1–C2 spinal

puncture before and after the training session, and the perception

of current knowledge of the steps in a C1–C2 spinal puncture

before and after the training session. Pre- and postworkshop rat-

ings of comfort level, current knowledge, and confidence in per-

forming a C1–C2 spinal puncture were assessed using a 5-point

Likert scale, with 1 being not comfortable, no knowledge, and not

confident, respectively, and 5 being very comfortable, having

extensive knowledge, and feeling very confident, respectively.

Each trainee was expected to correctly orient the model in the lat-

eral position, select an appropriate entry point, and advance the

needle into the posterior canal at the C1–C2 level under fluoros-

copy. Successful access to the CSF space was evident when clear

CSF was returned through the 3.5-inch spinal needle. Penetrating

the spinal cord would result in a return of red fluid.
Participants were also surveyed on the helpfulness of the

workshop, the usefulness of the information learned in the work-

shop, and the likeliness of recommending this workshop to

others. Survey questions were assessed on a 5-point Likert scale,

with 1 being not helpful, not useful, and not likely to be recom-

mended, respectively, and 5 being very helpful, very useful, and

very likely to be recommended, respectively.
We assessed whether there were differences between pre- and

postworkshop ratings of comfort level, current knowledge, and

confidence using a Wilcoxon signed-rank test. We considered a P
value , .05 as evidence of a difference in medians pre- versus
postworkshop.

FIG 3. Fluoroscopic visualization of the phantom model shows the
appearance of the model under fluoroscopy during a training session.
The spinal needle can be seen within the C1–C2 space. The 2 screws
seen in this image connect the skull base to the cervical spine and
could not be removed in order to preserve integrity of the phantom.

FIG 2. Constructed cervical phantom model. The photograph shows
the fully-constructed phantom model. The cervical spine model is
covered with polyalginate. There is a latex tube running through the
spinal canal of the cervical model, with an inner latex balloon within
the tube. The inner latex balloon is filled with dyed water, and the
outer tube is filled with clear water. Two hemostats on either end of
the phantom are occluding the posterior third of the latex tube to
ensure that the balloon is in a more accurate anatomic position rela-
tive to the spinal cord. The hemostat at the distal end of the latex
tube is used to maintain water pressure within the latex tube.

FIG 4. Real example of a fluoroscopic image of a lateral C1–C2 spinal
puncture that shows a lateral view of a C1–C2 spinal puncture per-
formed on a patient for comparing the performance of the phantom
in replicating fluoroscopic views during the procedure.
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RESULTS
In comparing the phantom’s performance at simulating the
actual lateral C1–C2 spinal puncture procedure, the neuroradiol-
ogy faculty member with .15 years of experience who led the
training sessions noted similarities and differences of the phan-
tom to real punctures (Table). Four training sessions were held at
a single institution during a 6-month time span. The sample size
of the training group was 21, with 1 resident participating in 2
training sessions, but only the first workshop attendance of this
participant was included in analyses. Participants were at various
stages of training, from radiology assistant and medical students
to attending physicians. Distributions of the training levels of par-
ticipants can be found in Fig 5. Two-thirds of participants were
either postgraduate year 6 residents or attending physicians;
71.4% (15/21) of training session participants had never seen a
lateral C1–C2 spinal puncture procedure performed; and 90.5%
(19/21) of participants had never performed a lateral C1–C2 spi-
nal puncture before attending training sessions.

Figure 6 summarizes pre- and postworkshop ratings of com-
fort, confidence, and knowledge performing a C1–C2 spinal
puncture. The mean difference in comfort level in performing a
C1–C2 spinal puncture for post- versus preworkshop was 2.00
(SD, 1.00) (an increase from 1.29 to 3.29).The mean difference in
confidence in the ability to successfully perform a C1–C2 spinal
puncture for post- versus preworkshop was 1.53 (SD, 0.87) (an
increase from 1.76 to 3.29). The mean differences in the percep-
tion of current knowledge for post- versus preworkshop was 2.19
(SD, 0.93) (an increase from 1.86 to 4.05). There was evidence

that these outcomes were higher postworkshop for all 3 outcomes
(P, .001 for all). Eighty-one percent of participants found the
phantom to be very helpful (5/5 on Likert scale), and all partici-
pants were very likely (5/5 on Likert scale) to recommend that
others sign up for this workshop. Ninety-one percent of partici-
pants rated the likeliness of using knowledge gained in the work-
shop in the future at either a 4 or 5 on the Likert scale.

DISCUSSION
Simulation-based training workshops have been increasingly
used among a wide variety of specialties—including anesthe-
siology, surgery, and radiology—to train residents and fel-
lows on the steps of a procedure and to provide them with the
opportunity to practice these methods before their clinical
use.13-16 More common radiologic procedures, such as fluo-
roscopically guided lumbar puncture, have had low-cost
phantom models created for simulations for training medical
professionals to learn and practice procedures.8,9 However, a
fluoroscopically compatible C1–C2 spinal puncture with
functional CSF has not been demonstrated thus far. Because
this procedure is rare, residents and fellows needed to learn
the procedure of lateral C1–C2 spinal punctures on real
patients, which creates a risk to the patient secondary to the
inadequate training. Worse yet, practitioners may not have
even had a chance to see these procedures during training
and are not adequately prepared to provide this service to
patients, which is sometimes necessary to obtain critical diag-
nostic information. Additionally, lateral C1–C2 spinal punc-
tures are often not the first-choice procedure and are
frequently chosen due to the complexities of a patient and
contraindications to lumbar puncture, so these cases are of-
ten not straightforward procedures and carry inherent risks
not due to infrequency of the procedure being performed.4

These factors make it even more important for trainees to

FIG 5. Stages of training of workshop participants. The graph shows
the distribution of participant training levels during lateral C1–C2 spi-
nal puncture training. A total of 21 individuals participated in training
workshops, with 1 resident participating in 2 training workshops. PGY
indicates postgraduate year; MS4, fourth-year medical student.

Comparison of phantom performance in replicating actual lat-
eral C1–C2 spinal punctures

Component of Phantom/
Procedure

Comparison with Real-Life
Experience of Lateral C1–C2

Spinal Punctures
Feel of alginate/soft tissue Similar
Positioning of phantom/
patient

Different: The patient is usually
positioned prone for this
procedure, while the training
simulated the patient being in
the lateral decubitus position
due to constraints of the
fluoroscopy room available for
training (not related to the
phantom itself)

Force required to penetrate
outer latex tubing/dura

Different: The amount of pressure
required to pop through the
outer latex tube dura was
greater than in real life; this
difference was emphasized to
the trainees who participated

Landmarks visualized
under fluoroscopy

Similar

Speed of CSF egress Variable: depending on how much
pressure we applied to outer
latex tubing via a syringe and
the PVC on/off valve; future
directions include construction
of a model with a pressure
gauge so that we could fill the
tubing to match normal CSF
pressure (�15 cm H20)

Note:—PVC indicates polyvinyl chloride.
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have nonpatient opportunities to learn and practice this pro-
cedure to gain more experience before clinical application.

This cervical phantom model successfully provided residents
and fellows with a simulation of an uncommon procedure, lateral
C1–C2 spinal puncture, at a low cost with little technical expertise
needed to recreate the model. Considering the improvement in
comfort with the procedure, confidence in having a successful
procedure, and knowledge of the steps of the procedure, this
model delivers a high benefit-to-cost ratio for lateral C1–C2 spi-
nal puncture training. By providing step-by-step instructions for
creating a cervical model, this project provides easily accessible,
low-cost, highly effective training opportunities for other pro-
grams interested in implementing similar training. We have also
begun to use similar approaches in phantom design for other
procedural phantoms. The model is somewhat “self-healing,”
allowing at least 10 trainees to participate on the same model. We
did not have any difficulty with model degradation with 13 train-
ees participating in a single session. The latex tube dura simulant
was also resistant to leaking due to the resealing nature of the la-
tex rubber under low pressures.

This project has limitations related to application at a single
institution. Because all trainees came from our institution, there
is concern for selection bias. However, this project has shown
that a low-cost homemade model can have clinical utility in the
training of our medical professionals. This particular model is
moderately prone to spoiling due to the polyalginate material
because we did not add any form of preservative. In our experi-
ence, this model is useful for approximately 7–10 days if pre-
served in a refrigerator when not in use. Future directions for this
project include working with other neuroradiology programs to
develop these training workshops with the C1–C2 phantom at
other institutions. The how-to guide will enable other programs
to create a replica of the phantom and conduct training sessions
at their own institutions. The intent of expanding to other institu-
tions would be to increase the sample size of the project if we

conduct a meta-analysis in the future. We have also begun to re-
create this model using a more stable soft-tissue replica material,
adding a pressure gauge to more accurately represent normal
CSF pressure (15 cm H2O) and have started to expand these
methods to other radiologic procedures to increase simulation
teaching at our institution.

This article discusses training on the procedure of lateral C1–
C2 spinal puncture under fluoroscopic guidance. Some neurora-
diologists prefer using other imaging modalities, such as CT or
MR imaging, for guidance during this procedure. These modal-
ities are not covered under the scope of this project, and the
model has not been formally assessed for similarity to the human
cervical spine under CT or MR imaging. However, additional
future directions for this phantom include assessing the potential
utility of this model under other imaging modalities for training
using CT or MR imaging guidance. There are 2 metal screws in
the model that had to remain in place to maintain integrity
between the base of the skull and the cervical spine. These would
have to be replaced with screws made from anMR imaging–com-
patible metal to safely visualize this model using MR imaging.

CONCLUSIONS
Simulation teaching is increasingly being used at teaching institu-
tions to expand training for medical procedures before interac-
tions with patients. This low-cost cervical spine model helped
bridge the gap in clinical training for fluoroscopically guided lat-
eral C1–C2 spinal punctures. The phantom and educational
workshops enabled participants to gain hands-on, low-pressure
experience practicing techniques for a relatively uncommon pro-
cedure, which increased participants’ knowledge of the steps of
the procedure, comfort in performing the procedure, and confi-
dence in having success in the procedure. The release of open-
access guidelines for creation of this model will increase training
opportunities for using a low-cost training phantom at other

FIG 6. Pre- and postworkshop ratings of comfort, knowledge, and confidence of C1–C2 lateral cervical puncture. The image shows pre- and post-
survey results of participants’ ratings of their comfort performing, knowledge of steps, and anticipated success of lateral C1–C2 spinal puncture
before and after taking part in an educational workshop using the cervical model developed in this article. Ratings were on a 5-point Likert scale.
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institutions and increase the replicability of this project. Simulation
training in radiology can be a useful educational tool in all stages
of training.

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

In the article “Dual-Layer Detector Cone-Beam CT Angiography for Stroke Assessment: First-in-Human Results (the Next
Generation X-ray Imaging System Trial)” (Ståhl F, Almqvist H, Kolloch J, et al, AJNR Am J Neuroradiol, 2023;44:523–29), the correct

ethics approval number is 2020-04467.
The authors regret this error.
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