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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

™

The FRED™ X Flow Diverter features the same precise 

placement and immediate opening of the FRED™ Device, 

now with X Technology. X Technology is a covalently 

bonded, nanoscale surface treatment, designed to:

• REDUCE MATERIAL THROMBOGENICITY 1

• MAINTAIN NATURAL VESSEL HEALING 

RESPONSE 2,3,4

• IMPROVE DEVICE  DELIVERABILITY AND 

RESHEATHING 1

The only FDA PMA approved portfolio with a 0.021” 

delivery system for smaller device sizes, and no 

distal lead wire.

FRED™                ™

Flow Diverter Stent

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

INDICATIONS FOR USE:
The WEB Aneurysm Embolization System is intended for the endovascular embolization of ruptured and unruptured intracranial aneurysms and other neurovascular 
abnormalities such as arteriovenous fistulae (AVF). The WEB Aneurysm Embolization System is also intended for vascular occlusion of blood vessels within the 
neurovascular system to permanently obstruct blood flow to an aneurysm or other vascular malformation 

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

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

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

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

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

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

For healthcare professional intended use only.

MicroVention Worldwide 
Innovaton Center PH +1.714.247.8000

35 Enterprise 
Aliso Viejo, CA 92656 USA 
MicroVention UK Limited  PH +44 (0) 191 258 6777 
MicroVention Europe, S.A.R.L. PH +33 (1) 39 21 77 46 
MicroVention Deutschland GmbH PH +49 211 210 798-0 
Website microvention.com

 

WEB™ and VIA™ are registered trademarks 

of Sequent Medical, Inc. in the United States.

©2021 MicroVention, Inc. MM1184 WW 11/2021
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Please see Brief Summary of Prescribing Information including Boxed 
Warning on adjacent page.

VUEWAY® (gadopiclenol) solution for injection

Indications
VUEWAY injection is indicated in adults and children aged 2 years and 
older for use with magnetic resonance imaging (MRI) to detect and 
visualize lesions with abnormal vascularity in:

• the central nervous system (brain, spine and surrounding tissues),
• the body (head and neck, thorax, abdomen, pelvis, and 

musculoskeletal system).

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

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

•  The risk for NSF appears highest among patients with:
•  Chronic, severe kidney disease (GFR < 30 mL/min/1.73 m2), or
•  Acute kidney injury.

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

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

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

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

Hypersensitivity reactions, including serious hypersensitivity reactions, 
could occur during use or shortly following VUEWAY administration. 
Assess all patients for any history of a reaction to contrast media, 
bronchial asthma and/or allergic disorders, administer VUEWAY only in 

situations where trained personnel and therapies are promptly available 
for the treatment of hypersensitivity reactions, and observe patients for 
signs and symptoms of hypersensitivity reactions after administration.

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

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

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

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

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

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

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY, 
including BOXED WARNING on Nephrogenic Systemic Fibrosis.
Manufactured for Bracco Diagnostics Inc. by Liebel-Flarsheim Company LLC - Raleigh, NC, 
USA 27616.

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

All other trademarks and registered trademarks are the property of their respective owners.

References: 1. VUEWAY® (gadopiclenol) solution for injection, 485.1 mg/mL Full 
Prescribing Information and Patient Medication Guide. Monroe Twp., NJ: Bracco Diagnostics 
Inc.; September 2022. 2. Robic C, Port M, Rousseaux O, et al. Physicochemical and 
pharmacokinetic profi les of gadopiclenol: a new macrocyclic gadolinium chelate with high 
T1 relaxivity. Invest Radiol. 2019 Aug;54:475-484. 3. GADAVIST® (gadobutrol) Injection. Full 
Prescribing Information. Bayer HealthCare Pharmaceuticals Inc. Whippany, NJ; April 2022. 
4. DOTAREM® (gadoterate meglumine) Injection. Full Prescribing Information. Guerbet LLC. 
Princeton, NJ; April 2022. 5. CLARISCAN™ (gadoterate meglumine) injection for intravenous 
use. Full Prescribing Information. GE Healthcare. Chicago, IL; February 2020. 6. ProHance®

(Gadoteridol) Injection, 279.3 mg/mL Full Prescribing Information and Patient Medication 
Guide. Monroe Twp., NJ: Bracco Diagnostics Inc.; June 2022. 7. Loevner LA, Kolumban B, 
Hutóczki G, et al. Effi cacy and safety of gadopiclenol for contrast-enhanced MRI of the central 
nervous system: the PICTURE randomized clinical trial. Invest Radiol. 2023 May;58(5):307-313.

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll-Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446

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

* Effective contrast enhancement at half 
the gadolinium dose (0.05 mmol/kg) vs a 
macrocyclic GBCA at a dose of 0.1 mmol/
kg in approved indications in the U.S.1-6†

NO COMPROMISE IN MRI From Bracco, 
your trusted partner

Visit 
VUEWAY.com 
for more 
information

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

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

† Phase III CNS Study Design (Study GDX-44-010)7: Intra-individual, crossover comparison of 0.05 mmol/kg VUEWAY (gadopiclenol) injection vs. 0.1 mmol/kg Gadavist® in MRI 
of the CNS. Patients with known or suspected CNS lesions. Three primary visualization endpoints (lesion border delineation, lesion internal morphology, degree of contrast 
enhancement). The CNS study included 256 patients with known or highly suspected CNS lesion(s) with a mean age of 57 years (range: 18-84 years), and 53% female patients.

Pre T1 SE Post T1 SE Post T1 SE

Unenhanced Gadopiclenol 0.05 mmol/kg Gadobutrol 0.1 mmol/kg



Please see Brief Summary of Prescribing Information including Boxed 
Warning on adjacent page.

VUEWAY® (gadopiclenol) solution for injection

Indications
VUEWAY injection is indicated in adults and children aged 2 years and 
older for use with magnetic resonance imaging (MRI) to detect and 
visualize lesions with abnormal vascularity in:

• the central nervous system (brain, spine and surrounding tissues),
• the body (head and neck, thorax, abdomen, pelvis, and 

musculoskeletal system).

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS (NSF)

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

•  The risk for NSF appears highest among patients with:
•  Chronic, severe kidney disease (GFR < 30 mL/min/1.73 m2), or
•  Acute kidney injury.

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

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

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

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

Hypersensitivity reactions, including serious hypersensitivity reactions, 
could occur during use or shortly following VUEWAY administration. 
Assess all patients for any history of a reaction to contrast media, 
bronchial asthma and/or allergic disorders, administer VUEWAY only in 

situations where trained personnel and therapies are promptly available 
for the treatment of hypersensitivity reactions, and observe patients for 
signs and symptoms of hypersensitivity reactions after administration.

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

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

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

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

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

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

Please see BRIEF SUMMARY of Prescribing Information for VUEWAY, 
including BOXED WARNING on Nephrogenic Systemic Fibrosis.
Manufactured for Bracco Diagnostics Inc. by Liebel-Flarsheim Company LLC - Raleigh, NC, 
USA 27616.

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

All other trademarks and registered trademarks are the property of their respective owners.
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Vueway™ 
(gadopiclenol) injection, for intravenous use

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

INDICATIONS AND USAGE
Vueway™ (gadopiclenol) is a gadolinium-based contrast agent indicated in 
adult and pediatric patients aged 2 years and older for use with magnetic 
resonance imaging (MRI) to detect and visualize lesions with abnormal vas-
cularity in:
• the central nervous system (brain, spine, and associated tissues),
•  the body (head and neck, thorax, abdomen, pelvis, and musculoskeletal 

system).
CONTRAINDICATIONS
Vueway is contraindicated in patients with history of hypersensitivity reactions 
to gadopiclenol.
WARNINGS AND PRECAUTIONS
Nephrogenic Systemic Fibrosis Gadolinium-based contrast agents (GBCAs) 
increase the risk for nephrogenic systemic fibrosis (NSF) among patients with 
impaired elimination of the drugs. Avoid use of GBCAs among these patients 
unless the diagnostic information is essential and not available with non-con-
trast MRI or other modalities. The GBCA-associated NSF risk appears highest 
for patients with chronic, severe kidney disease (GFR < 30 mL/min/1.73 m2) 
as well as patients with acute kidney injury. The risk appears lower for pa-
tients with chronic, moderate kidney disease (GFR 30-59 mL/min/1.73 m2) 
and little, if any, for patients with chronic, mild kidney disease (GFR 60-89 mL/
min/1.73 m2). NSF may result in fatal or debilitating fibrosis affecting the skin, 
muscle, and internal organs. Report any diagnosis of NSF following Vueway 
administration to Bracco Diagnostics Inc. (1-800-257-5181) or FDA (1-800-
FDA-1088 or www.fda.gov/medwatch). 
Screen patients for acute kidney injury and other conditions that may reduce 
renal function. Features of acute kidney injury consist of rapid (over hours to 
days) and usually reversible decrease in kidney function, commonly in the set-
ting of surgery, severe infection, injury or drug-induced kidney toxicity. Serum 
creatinine levels and estimated GFR may not reliably assess renal function in 
the setting of acute kidney injury. For patients at risk for chronically reduced 
renal function (e.g., age > 60 years, diabetes mellitus or chronic hypertension), 
estimate the GFR through laboratory testing. 
Among the factors that may increase the risk for NSF are repeated or higher 
than recommended doses of a GBCA and the degree of renal impairment at 
the time of exposure. Record the specific GBCA and the dose administered to 
a patient. For patients at highest risk for NSF, do not exceed the recommended 
Vueway dose and allow a sufficient period of time for elimination of the drug 
prior to re-administration. For patients receiving hemodialysis, physicians may 
consider the prompt initiation of hemodialysis following the administration of a 
GBCA in order to enhance the contrast agent’s elimination [see Use in Specific 
Populations (8.6) and Clinical Pharmacology (12.3) in the full Prescribing Infor-
mation]. The usefulness of hemodialysis in the prevention of NSF is unknown.
Hypersensitivity Reactions With GBCAs, serious hypersensitivity reactions 
have occurred. In most cases, initial symptoms occurred within minutes of 
GBCA administration and resolved with prompt emergency treatment.
•  Before Vueway administration, assess all patients for any history of a reaction 

to contrast media, bronchial asthma and/or allergic disorders. These patients 
may have an increased risk for a hypersensitivity reaction to Vueway. 

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

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

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

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

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

• Chronic, severe kidney disease (GFR < 30 mL/min/1.73 
m2), or

• Acute kidney injury.
• Screen patients for acute kidney injury and other conditions 

that may reduce renal function. For patients at risk for chron-
ically reduced renal function (e.g. age > 60 years, hyperten-
sion, diabetes), estimate the glomerular filtration rate (GFR) 
through laboratory testing.

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

Bracco Diagnostics Inc.
among the macrocyclic GBCAs such as gadoterate meglumine, gadobutrol, 
gadoteridol, and gadopiclenol. 
Consequences of gadolinium retention in the brain have not been established. 
Pathologic and clinical consequences of GBCA administration and retention in 
skin and other organs have been established in patients with impaired renal 
function [see Warnings and Precautions (5.1) in the full Prescribing Informa-
tion]. There are rare reports of pathologic skin changes in patients with normal 
renal function. Adverse events involving multiple organ systems have been 
reported in patients with normal renal function without an established causal 
link to gadolinium.
While clinical consequences of gadolinium retention have not been estab-
lished in patients with normal renal function, certain patients might be at 
higher risk. These include patients requiring multiple lifetime doses, pregnant 
and pediatric patients, and patients with inflammatory conditions. Consider 
the retention characteristics of the agent when choosing a GBCA for these pa-
tients. Minimize repetitive GBCA imaging studies, particularly closely spaced 
studies, when possible.
Acute Kidney Injury In patients with chronically reduced renal function, acute 
kidney injury requiring dialysis has occurred with the use of GBCAs. The risk of 
acute kidney injury may increase with increasing dose of the contrast agent. 
Do not exceed the recommended dose.
Extravasation and Injection Site Reactions Injection site reactions such 
as injection site pain have been reported in the clinical studies with Vueway 
[see Adverse Reactions (6.1) in the full Prescribing Information]. Extravasation 
during Vueway administration may result in tissue irritation [see Nonclinical 
Toxicology (13.2) in the full Prescribing Information]. Ensure catheter and ve-
nous patency before the injection of Vueway.
Interference with Visualization of Lesions Visible with Non-Contrast MRI 
As with any GBCA, Vueway may impair the visualization of lesions seen on 
non-contrast MRI. Therefore, caution should be exercised when Vueway MRI 
scans are interpreted without a companion non-contrast MRI scan. 
ADVERSE REACTIONS 
The following serious adverse reactions are discussed elsewhere in labeling:
•  Nephrogenic Systemic Fibrosis [see Warnings and Precautions (5.1) in the 

full Prescribing Information]
•  Hypersensitivity Reactions [see Contraindications (4) and Warnings and Pre-

cautions (5.2) in the full Prescribing Information]
Clinical Trials Experience Because clinical trials are conducted under widely 
varying conditions, adverse reaction rates observed in the clinical trials of a 
drug cannot be directly compared to rates in the clinical trials of another drug 
and may not reflect the rates observed in clinical practice.
The safety of Vueway was evaluated in 1,047 patients who received Vueway 
at doses ranging from 0.025 mmol/kg (one half the recommended dose) 
to 0.3 mmol/kg (six times the recommended dose). A total of 708 patients 
received the recommended dose of 0.05 mmol/kg. Among patients who re-
ceived the recommended dose, the average age was 51 years (range 2 years 
to 88 years) and 56% were female. The ethnic distribution was 79% White, 
10% Asian, 7% American Indian or Alaska native, 2% Black, and 2% patients 
of other or unspecified ethnic groups.
Overall, approximately 4.7% of subjects receiving the labeled dose reported 
one or more adverse reactions.
Table 1 lists adverse reactions that occurred in > 0.2% of patients who re-
ceived 0.05 mmol/kg Vueway.

TABLE 1. ADVERSE REACTIONS REPORTED IN > 0.2% OF PATIENTS 
RECEIVING VUEWAY IN CLINICAL TRIALS

Adverse Reaction Vueway 0.05 mmol/kg
(n=708) (%)

Injection site pain 0.7
Headache 0.7
Nausea 0.4
Injection site warmth 0.4
Injection site coldness 0.3
Dizziness 0.3
Local swelling 0.3

Adverse reactions that occurred with a frequency ≤ 0.2% in patients who 
received 0.05 mmol/kg Vueway included: maculopapular rash, vomiting, 
worsened renal impairment, feeling hot, pyrexia, oral paresthesia, dysgeusia, 
diarrhea, pruritus, allergic dermatitis, erythema, injection site paresthesia, 
Cystatin C increase, and blood creatinine increase.
Adverse Reactions in Pediatric Patients
One study with a single dose of Vueway (0.05 mmol/kg) was conducted in 80 
pediatric patients aged 2 years to 17 years, including 60 patients who under-
went a central nervous system (CNS) MRI and 20 patients who underwent a 
body MRI. One adverse reaction (maculopapular rash of moderate severity) in 
one patient (1.3%) was reported in the CNS cohort.
USE IN SPECIFIC POPULATIONS 
Pregnancy Risk Summary There are no available data on Vueway use in 
pregnant women to evaluate for a drug-associated risk of major birth de-
fects, miscarriage or other adverse maternal or fetal outcomes. GBCAs cross 
the human placenta and result in fetal exposure and gadolinium retention. 
The available human data on GBCA exposure during pregnancy and adverse 
fetal outcomes are limited and inconclusive (see Data). In animal reproduc-
tion studies, there were no adverse developmental effects observed in rats 
or rabbits with intravenous administration of Vueway during organogenesis 
(see Data). Because of the potential risks of gadolinium to the fetus, use Vue-
way only if imaging is essential during pregnancy and cannot be delayed. 
The estimated background risk of major birth defects and miscarriage for the 
indicated population(s) are unknown. All pregnancies have a background risk 
of birth defect, loss, or other adverse outcomes. In the U.S. general population, 
the estimated background risk of major birth defects and miscarriage in clini-
cally recognized pregnancies is 2% to 4% and 15% to 20% respectively. Data 
Human Data Contrast enhancement is visualized in the placenta and fetal 
tissues after maternal GBCA administration. Cohort studies and case reports 
on exposure to GBCAs during pregnancy have not reported a clear association 
between GBCAs and adverse effects in the exposed neonates. However, a 
retrospective cohort study comparing pregnant women who had a GBCA MRI 
to pregnant women who did not have an MRI reported a higher occurrence of 
stillbirths and neonatal deaths in the group receiving GBCA MRI. Limitations 
of this study include a lack of comparison with non-contrast MRI and lack of 
information about the maternal indication for MRI. Overall, these data preclude 

a reliable evaluation of the potential risk of adverse fetal outcomes with the 
use of GBCAs in pregnancy.
Animal Data Gadolinium Retention: GBCAs administered to pregnant non-hu-
man primates (0.1 mmol/kg on gestational days 85 and 135) result in mea-
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PERSPECTIVES

Peer Learning in Neuroradiology: Not
as Easy as It Sounds

Peer Learning (PL) is an engaging activity in which practicing
radiologists come together to review cases from which they can
learn jointly. The major impetus for PL lies in the overarching
goal of improving diagnosis in radiology through a team-based
culture of viewing mistakes as an opportunity to learn.1 In its
book Improving Diagnosis in Health Care, the Institute of
Medicine (IOM) found that most people will be affected by at
least 1 diagnostic error in health care.2

As a result of the IOM book Improving Diagnosis in Health Care,
several external drivers are in place to change the practices of health
care providers toward improved diagnosis. Radiologists realized that
PL, but not random score-based peer review, best meets the IOM
goals of establishing effective teamwork, educating practitioners in
the diagnostic process, learning from mistakes, creating a culture
that improves diagnostic performance, and establishing a reporting
mechanism for discrepancies.1 Following a 2020 Radiology Peer
Learning Summit, the American College of Radiology (ACR) devel-
oped a new accreditation pathway that replaces score-based random
peer review with PL.3,4 The American Board of Radiology (ABR)
added PL as an alternative participatory activity for meeting
Maintenance of Certification (MOC) Part 4 criteria.5 The Joint
Commission (TJC) serves as another external driver of improved
practitioner performance, eg, peer review, through Ongoing
Professional Practice Evaluation (OPPE) requirements.6

Assessments of agreement among university neuroradiologists
showed up to 12.4% disagreement rates,7 which are much higher
than the reported 2.9% for score-based random peer review.8

Among errors in neuroradiology are discrepancies regarding vas-
cular, neoplastic, and congenital disorders, as well as artifacts.7

Moreover, neuroradiology errors can also arise from test-selection
errors, protocolling errors, technical errors, and failure to commu-
nicate results in a timely fashion. Education can decrease errors,
given that neuroradiologists with high participation rates in the
Tumor Board have lower diagnostic error rates.9 Having awareness
of “blind spots,” for example with complex head and neck anatomy
and pathology, may decrease interpretive errors and could conceiv-
ably be improved with PL.10,11 In fact, there is currently some evi-
dence that PL creates learning opportunities,12,13 but there is still a
lack of adoption of PL programs nationwide14 and a lack of scien-
tific evidence demonstrating its effectiveness.

This Perspectives comes from members of the American
Society of Neuroradiology (ASNR) Quality, Safety and Value
Committee. Here, we describe several challenges faced by neuro-
radiologists who are interested in serving as PL champions.
Among these challenges is an inability to recruit volunteer cham-
pions to drive PL programs, lack of resources for running a PL
program, unknown effects on required reporting to TJC, and lack
of evidence favoring PL over score-based random peer review.

Challenge 1: WhoWants to Be a PL Champion?
The barriers related to appointing PL champions may be related
to implicit expectations regarding clinical rather than noninter-
pretive performance and to the scope of this role, depending on
the existing culture within the neuroradiology practice and the
resources available to support a PL program.

The current practice environment in neuroradiology is char-
acterized by rising clinical volumes, tight finances, and the
unfolding Great Resignation. As a result, neuroradiologists may
cut back on noninterpretive duties.15 In a pediatric neuroradiol-
ogy example, it was stated that serving as a PL champion requires,
at a minimum, several hours of work in preparation for PL meet-
ings and may require additional time for managing discrepancies
as well as for external reporting such as generating and submit-
ting data for the ACR accreditation program, for TJC, or for
receiving Continuing Medical Education (CME) credits.13 There
are currently no established physician roles that would provide
PL champions with protected time for these tasks.

PL champions face additional challenges. Some radiologists
believe that participating in interesting case conferences is the
same as PL. While this belief is literally true, the term PL is to be
viewed in the context of meeting goals from the IOM Improving
Diagnosis in Health Care, which includes several layers of
accountability, foremost a process for handling discrepancies.1

There needs to be a clear process for reporting discrepancies, for
consistently notifying the original interpreting radiologist of the
discrepancy, and for ensuring optimal patient care. To meet TJC
and ACR requirements, PL must include cases with discrepan-
cies, but additionally, the inclusion of great catches, interesting
cases, and so forth can foster shared learning. PL champions may
need to drive this culture shift, emphasizing the importance of
reporting discrepancies for learning purposes.

The ACR acknowledges the importance of separating the per-
formance review of radiologists from learning and professional
growth by creating the ACR Accreditation Pathway for PL,4

which substitutes agreement/disagreement ratings with measures
of participation in a PL program. For neuroradiologists who are
used to the randomized score-based peer review, the culture
needs to shift away from perceiving discrepancy reporting as
punishment or as a performance-assessment tool and toward
sharing learning opportunities so the group can learn and grow.
This shift in measuring performance is crucial because traditional
score-based peer review has been used as a punitive measure in
the past.14,16 Achieving such a culture shift could be an impossi-
ble lift for neuroradiologists. Leadership support is critical to the
success of any PL program.

Another culture shift revolves around how discrepant opin-
ions are handled. Absolute certainty in medicine is rare to come
by, and often there are differences of opinion regarding a diagno-
sis in radiology. In the randomized score-based peer review sys-
tem, a voting system would be used to decide which image
interpretation is more “correct.” This culture may be founded in
the traditional “learn-what” approach, such as reading an article
or taking an online course that may provide a sense of certainty

http://dx.doi.org/10.3174/ajnr.A7973

AJNR Am J Neuroradiol 44:1109–15 Oct 2023 www.ajnr.org 1109



of a diagnosis. Instead, PL emphasizes the idea of “learn-how,” by
sharing knowledge, offering suggestions, and discussing alterna-
tive diagnostic approaches in the setting of discrepant opinions.17

Thankfully, it is not necessary to design a PL program de
novo. The ACR’s PL checklist and sample policies provide a great
starting point for building a PL program that is founded on the
IOM goals for Improving Diagnosis in Health Care.1,2 The main
pillars of PL programs include a mechanism for managing dis-
crepancies, providing a safe learning environment, having a clear
separation of learning from performance evaluation, and ano-
nymization. There are ample opportunities for the identification
of discrepancies in neuroradiology, for example during any com-
parison with a prior study, from secondary review for the Neuro-
Oncology Tumor Board and other neuroimaging conferences
and reading room secondary opinion consultations, during
teaching sessions, and from clinical error reporting.

The PL champion is also tasked with creating a safe learning
environment. Groups with higher psychological safety have a
“shared belief that the team is safe for interpersonal risk-tak-
ing.”18 As a result, members of such groups practice open com-
munication, are not afraid to voice concerns or ask questions,
and seek feedback without fear of being judged. Achieving such a
culture requires deliberate effort to flatten authority gradients
and eliminate any language that implies blaming, shaming, or
judging. To create safe learning environments the PL champions
will set clear ground rules, serve as role models, foster nonjudg-
mental behavior by demonstrating openness to different perspec-
tives, and actively discourage any dismissiveness/hostility.19

Challenge 2: Are There Resources for Running a PL
Program?
Besides a PL champion driving and executing a PL program,
there are also resources required for external regulatory report-
ing, such as the ACR Accreditation Pathway for PL or TJC, and
possibly reporting for claiming CME credits. Among required
resources, besides the PL champion’s time and enthusiasm, are
software tools and support staff time.

There are a few commercial tools that help manage various
aspects of PL, but there is not currently a comprehensive com-
mercial tool that manages the entire process, starting when a
radiologist submits a case and including management of dis-
crepancies, ensuring optimal clinical care, aiding PL champions
in preparing for the PL conference, documenting PL perform-
ance targets, running a conference with anonymized PACS
cases, capturing learning and improvement initiatives, and gen-
erating an annual report. Many commercial tools facilitate case
submissions and case rating/classification systems (discrepancy,
great catch, and so forth) but lack the ability to extract data for
monthly and annual tracking of radiologist performance targets,
such as the number of monthly cases submitted and participa-
tion in PL conferences. Meeting attendance can be tracked sepa-
rately, and this tracking can be facilitated by choosing virtual
meeting platforms that automatically generate attendance forms
at the conclusion of the meeting.

At a coauthor’s (N.K.) institution in a pediatric neuroradiol-
ogy program, the REDCap (Research Electronic Data Capture;
projectredcap.org) research tool is used to drive a large portion of

FIG 1. REDCap tool for PL. A, The submitter can indicate his or her name to receive credit against the monthly case submission requirement per
the ACR Accreditation Pathway for PL. The submitter selects the reason for case submission, which includes discrepancies as well as interesting
cases, good catches, and more. We use the PACS accession number as the case identifier. Any additional required actions can be entered, and
the submitter attests to being responsible for ensuring optimal patient care. B, After submitting the content in the survey, a PDF is created that
contains all survey input, except the name of the case submitter. The submitter can input the original reader’s email to quickly share the feed-
back. C, The REDCap tool allows the creation of reports that easily summarize information such as learning and improvement actions resulting
from the PL program, which can be used for annual reporting on the ACR Accreditation Pathway for PL. D, We also have an administrative assist-
ant monitor monthly case submissions and send an email with current submissions to every participating radiologist midway through the
monthly reporting period.
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the PL process. Specifically, the tool serves as a case-reporting tool,

it can be used to notify original readers of their reported cases and

reporting reasons, it indicates whether any actions for clinical care

need to be taken by the original reader, and it allows data-tracking

and data summary required by the ACR Accreditation Pathway
for PL (Fig 1). Having to create tools and processes and then

implement them can be time-consuming and may require collabo-

ration with other subject matter experts, which can delay their

implementation.
Being able to present cases in an anonymized fashion can rep-

resent another challenge. Preserving anonymity in PL is impor-
tant because it can positively impact learners’ perceptions of the
value of PL, can foster the provision of more critical peer feed-
back, and can lead to increased performance.20 The extent of ano-
nymity required may depend on the maturity level of the safety
culture within a group of neuroradiologists but generally involves
anonymity of the notification of a discrepancy as well as anony-
mous case presentation during PL meetings. Anonymity facili-
tates a nonpunitive atmosphere during review of cases among a
group of attendings and trainees. The cases should be prepared
by the PL champion to minimize the number of people who can
identify cases and readers. Most interesting, to meet the ACR PL

Accreditation Pathway criteria, the identity of anyone submitting
cases needs to be captured to meet performance targets, but the
identity of the original reader whose report was flagged as a dis-
crepancy is not required to be captured. Inclusion of interesting
cases or great catches, however, can increase PL participation and
transparency21 and represents an opportunity to celebrate indi-
viduals by name. Of note, many PACS systems do not completely
anonymize patient identification, and PL champions need to be
cautious when screensharing the entire PACS window. Certain
virtual meeting applications allow sharing only a portion of the
screen, which may be better suited to preserving anonymity.
Another way to preserve anonymity is to create slide presenta-
tions, which can be very time-consuming.13

A key outcome of a PL program from the perspective of the
ACR Accreditation Pathway for PL is the documentation of qual-
ity improvements that arose from the PL program. PL meetings
and case discussions can lead to the discovery of process and sys-
tem issues that can be addressed. Many issues may be addressed
directly by the neuroradiologists in the PL group, such as chang-
ing CT and MR imaging protocols or reporting templates, but
larger issues, such as a broken system for providing feedback
from neuroradiologists to technologists, may require escalation

Sample approach to defining quantitative data for OPPE use that could replace score-based random review dataa

Competency Competency Definitions, Radiology Metrics, and Rationale

Patient care • Definition: Able to provide patient care that is compassionate, appropriate, and
effective for the treatment of health problems and the promotion of health

• Metric: Report TAT
• Rationale: Report TAT is an important process metric in radiology; providing timely
result reporting contributes to timely patient management, may avoid complica-
tions related to imaging findings, and supports the patient’s shared decision-mak-
ing process

Medical knowledge • Definition: Must demonstrate knowledge about established and evolving biomedi-
cal, clinical, and cognate (eg, epidemiologic, social behavioral) sciences and the
application of this knowledge to patient care

• Metric: Maintenance of state licensure and radiology board certification
• Rationale: Both licensure and maintenance of board certification require ongoing
education and skills assessments (CME, MOC)

Practice-based learning and improvement • Definition: Able to investigate and evaluate patient care practices, appraise and
assimilate scientific evidence, and improve patient care practices

• Metric: PL conferences
• Rationale: It has been demonstrated that participation in a PL program has meas-
urable educational value, which can conceivably result in improvement of a radiol-
ogist’s practice

Interpersonal and communication skills • Definition: Able to demonstrate interpersonal and communication skills that result
in effective information exchange and teaming with patients, patients’ families,
and professional associates

• Metric: PL: feedback
• Rationale: In providing feedback regarding discrepancies that require a follow-up
action, ie, an addendum, radiologists can demonstrate their interpersonal and
communication skills to ensure effective patient care

Professionalism • Definition: Must demonstrate a commitment to carrying out professional respon-
sibilities, adherence to ethical principles, and sensitivity to a diverse patient
population

• Metric: PL: meeting targets
• Rationale: Program participation and meeting targets demonstrate professional
commitment by radiology practitioners

Note:—ACGME, indicates the Accreditation Council for Graduate Medical Education.
a The first column lists the 6 ACGME core competencies for physicians; the second column provides first the ACGME definition for each competency, then suggests how
either TAT or various peer learning metrics can meet this definition. This table could serve as a sample approach when entering discussions with local OPPE representa-
tives and can be modified to reflect any metrics that the local radiology practice considers meaningful and feasible.
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to a dedicated improvement team.22 It may be challenging to set
up a process for handing off such projects to a dedicated quality
team if the practice even has access to one.23

Challenge 3: How Does Peer Learning Meet TJC
Requirements?
Another barrier affecting the transition from random score-based
peer review to PL relates to external reporting of radiologists’ per-
formance. Specifically, it is still unknown whether TJC will accept
metrics derived from PL to replace the widely accepted random
score-based review performance evaluation metrics of agree-
ment/disagreement rates between radiologists.

TJC requires health care entities to provide both qualita-
tive and quantitative data for OPPE and has traditionally
accepted data from random score-based peer review to meet
this requirement in radiology. It is technically possible to
maintain random score-based peer review for external report-
ing purposes while also participating in PL, but this practice
could cause confusion and mistrust among practicing radiol-
ogists, which would counteract the basic principles of a safe
PL environment.

It may be better to replace score-based random peer review
data reporting for OPPE with a different set of performance data.
For example, 1 coauthor (N.K.) is proposing the use of report
turnaround times (TAT) in conjunction with PL metrics (the
number of cases submitted per radiologist per month, PL meeting

participation, and so forth) for reporting only quantitative data
for OPPE21 (Table). Additional qualitative data that TJC may
require for OPPE could be collected through other pathways. For
example, annual peer evaluations could be collected like those
commonly used in the credentialing process (Fig 2). In addition,
data from reporting systems for issues of physician practices
could be used to reflect a qualitative assessment of radiologists’
performance (Fig 3).

Neuroradiologists who are interested in discontinuing random
score-based peer review will have to consider external reporting
requirements and work with representatives from those agencies
to ensure that any new metrics meet existing requirements.

Challenge 4: What Is the Scientific Evidence Favoring PL?
It may be difficult for PL champions to convince leadership of
abandoning traditional peer review in favor of PL. There is
some evidence in the scientific literature that PL is a better
approach to improving diagnosis than randomized score-based
peer review but not necessarily that it is a performance-evalua-
tion tool for radiologists. There is, however, ample evidence that
score-based peer review is a flawed performance-evaluation
tool24 that failed to demonstrate learning25 and failed to engage
radiologists.14,26

If one is considering addendum rates as a surrogate marker of
improved patient care, then PL by far exceeds the effects of score-

FIG 2. A sample OPPE form allowing peers to evaluate their peers. This qualitative evaluation aligns with the 6 Accreditation Council for
Graduate Medical Education (ACGME) core competencies and can serve to identify any practice concerns.
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FIG 3. A sample report describing Focused Professional Practice Evaluation (FPPE) events to division directors, which represents and quali-
tative assessment that OPPE can use for TJC reporting. Division directors will not know the nature of the events that have been investi-
gated, but they can still easily glean from this type of reporting across time whether a radiologist’s practice raises concern in terms of a
higher-than-usual number of relevant issues and dispositions, such as behavior concerns, contract violations, and verbal or administrative
interventions.
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based random peer review,27 but data directly linking peer learn-
ing to improved patient outcomes are still missing.

There is some evidence that PL may lead to greater radiologist
engagement.12,13 Physician burnout poses an increased risk of
patient safety incidents as well as poor quality of care and low
patient satisfaction.28 A recent report stated that reported burn-
out among US neuroradiologists ranged from 49% to 79%.29

There remains an opportunity to generate additional scientific
evidence linking PL to radiologist engagement metrics and link-
ing improved engagement to improved patient outcomes.

Overall, the field of PL offers an opportunity for neuroradiol-
ogists to apply a scholarly angle. For example, we need evidence
that PL leads to a neuroradiologist’s improved ability to reliably
make an accurate diagnosis, that PL improves the cohesiveness of
neuroradiology teams, and that PL could reduce burnout. There
is a traditional view that high clinical volumes lead to lower aca-
demic output in neuroradiology, as measured by peer-reviewed
articles, presentations, and abstracts.30 However, this simplistic
linkage, which disregards factors like seniority and work sched-
ules, has been criticized by other neuroradiologists31 and should
not deter neuroradiologists from engaging in roles that do not
contribute to clinical output.

The field of PL in radiology is still evolving. Neuroradiologists
have an opportunity to become leaders in this field. Meeting the
challenges presented in this article can result in professional and
personal growth, improved job satisfaction, and reduced feelings
of burnout. These are important possible gains to consider when
weighing the commitment required to fill a PL champion role.

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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REVIEW ARTICLE

Update from the 5th Edition of the WHO Classification of
Nasal, Paranasal, and Skull Base Tumors: Imaging Overview

with Histopathologic and Genetic Correlation
A. Agarwal, A.A. Bhatt, G. Bathla, S. Kanekar, N. Soni, J. Murray, K. Vijay, P. Vibhute, and P.H. Rhyner

ABSTRACT

SUMMARY: Sinonasal and skull base tumors are a heterogeneous group of neoplasms with considerable histologic variation and over-
lapping imaging features. In 2022, the World Health Organization updated the head and neck tumor classification, further emphasizing
the importance of molecular data and genetic alterations in sinonasal neoplasms. The changes include the addition of new entities and
discussion of emerging entities, as well as changes to the taxonomy and characterization of tumors. The new classification focuses on
entities that develop in these sites either exclusively (eg, olfactory neuroblastoma) or most frequently. Another change includes reduc-
tion in the number of categories by creating separate category-specific chapters for soft-tissue, hematolymphoid, and neuroectodermal
lesions. In this review, we briefly discuss the various categories in the new classification with a more detailed description of the 2 new
entities (SWItch/Sucrose Non-Fermentable complex–deficient sinonasal carcinomas and human papillomavirus–related multiphenotypic
sinonasal carcinoma). We also highlight the emerging entities including IDH–mutant sinonasal malignancies and DEK-AFF2 carcinoma,
presently classified as sinonasal undifferentiated carcinoma and nonkeratinizing squamous cell carcinoma, respectively.

ABBREVIATIONS: HPV ¼ human papillomavirus; NUT ¼ nuclear protein in testis; REAH ¼ respiratory epithelial adenomatoid hamartoma; SCCa ¼ squamous
cell carcinoma; SMARCB1 ¼ SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily B member 1; SNT ¼ sinonasal tract; SNUC ¼
sinonasal undifferentiated carcinomas; SWI/SNF ¼ SWItch/Sucrose Non-Fermentable; WHO ¼ World Health Organization

The 5th edition of the World Health Organization (WHO)
classification of head and neck tumors was released online in

2022 with a focus on distinctive molecular and genetic character-
istics of tumors including in the sinonasal tract (SNT).1 The
increasing incorporation of molecular and genetic information
reflects our continuously evolving understanding of the underly-
ing biologic underpinnings and is broadly true for most updated
WHO tumor classifications in other specialties. Apart from
increasing the diagnostic accuracy, these genetic alterations also
have prognostic and predictive value, allowing a more personal-
ized approach. The 5th edition of the WHO Classification of
Head and Neck Tumors has several changes from the 4th edition
(2017), which consider the multidimensional nature of tumor

classification with a better consensus definition and provide
greater insight into the pathogenesis of these tumors.1,2

The SNT (including the nasal cavity, paranasal sinuses, and
the skull base) is an anatomic region that has high morphologic,
phenotypic, and genotypic diversity of neoplasms with consid-
erable overlap of histologic features. The new classification
focusses on either entities that develop in these sites exclusively
(eg, olfactory neuroblastoma) or those with a preponderance of
disease in this location. Another major change was exclusion of
tumor subcategories that do not occur exclusively or predomi-
nantly in the SNT region, to avoid redundancy and duplication.
These were moved to their own dedicated chapters, such as
soft-tissue tumors, melanocytic tumors, neuroendocrine neo-
plasms (such as paraganglioma), and so forth, with few excep-
tions.3 Adamantinomatous craniopharyngioma is the only
entity that has been moved to the SNT (from the nasopharynx
in the 4th edition), because the SNT is the exclusive ectopic
location for these tumors. A new chapter with genetic tumor
syndromes was added with 15 entities with predominant head
and neck manifestations. The Table outlines the changes to the
major categories of SNTs. The new classification allows a more
logical and stratified approach, with successive entities showing
progression from benign to malignant and higher-grade
tumors. There is a new category for mesenchymal tumors of the
SNT and a category for “other” sinonasal tumors that includes
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olfactory neuroblastoma.1-3 Imaging characterization of these new
entities is still at an early stage with significant overlap in the radio-
graphic presentation. Nevertheless, it is important for the radiologist
to be aware of the clinical course of these tumors, including the epide-
miologic features and how they respond to treatment. A great exam-
ple would be the DEK-AFF2 subtype of nonkeratinizing sqaumous
cell carcinoma (SCCa), which classically occurs along the posterior
part of middle turbinate, with excellent response to immunotherapy.

Molecular and Genetic Markers
Histopathologic analysis remains a vital part of the pathologic
work-up of SNTs, despite the challenging morphologic overlap.
Molecular testing including immunohistochemistry has now
become routine for pathologic evaluation of the SNTs in devel-
oped countries. Genetic profiling has caused an explosion in the
subclassification of sinonasal malignancies, particularly focused

on subtyping for improved prognostication and treatment, though
profiling is still lagging for head and neck tumors, compared with
other systems like CNS tumors. Although genetic panels for head
and neck tumors are still at an early stage, aberrations are now
widely reported across different tumor types with varying degrees
of sensitivity. A case in point would be the identification of IDH
1/2mutation in 50–80% of tumors currently classified as sinonasal
undifferentiated carcinoma (SNUC), and a smaller proportion of
cases classified as large cell neuroendocrine carcinoma or olfactory
neuroblastoma. IDH 1/2 mutation in these tumors is associated
with less aggressive clinical behavior and is now noted to be a dis-
tinct emerging entity (Fig 1).4,5 Similarly, identification of the
DICER mutation in nasal chondromesenchymal hamartoma
would signify an underlying tumor-predisposition disorder with
recognition of several seemingly unrelated neoplasms, including
pulmonary blastoma, multinodular goiter, and thyroid carcinomas

Summary of changes including deletion, addition, and reclassification of SNT tumors in the 5th edition of the WHO Classification
2022

WHO Classification 4th Edition 2017
(Chapter 1)

WHO Classification 5th Edition 2022
(Chapter 2)

Respiratory epithelial lesions Hamartomas (new category)
REAH REAH
Seromucinous hamartoma (new entity in
4th edition)

Seromucinous hamartoma
Nasal chondromesenchymal hamartoma
(reclassification from “other” category)

Sinonasal papillomas Subcategory under respiratory
epithelial lesions in 5th edition
(2022)

Respiratory epithelial lesions (includes papillomas,
carcinomas, adenocarcinomas with removal of
hamartomatous lesions)

Sinonasal papillomas

Carcinomas
Keratinizing SCCa
Nonkeratinizing SCCa
Spindle cell (sarcomatoid) SCCa
Lymphoepithelial carcinoma
Sinonasal undifferentiated carcinoma
NUT carcinoma (new entity in 4th edition)
Neuroendocrine carcinoma
Adenocarcinoma
Intestinal-type adenocarcinoma
Non–intestinal-type adenocarcinoma

Subcategory under respiratory
epithelial lesions in 5th edition
(2022)

Adenocarcinomas separated as a
new subcategory

Carcinomas
Keratinizing SCCa
Nonkeratinizing SCCa (includes emerging entity
DEK-AFF2 carcinoma)

NUT carcinoma
SWI/SNF complex-deficient sinonasal carcinoma
(new entity)

Sinonasal lymphoepithelial carcinoma
Sinonasal undifferentiated carcinoma
(includes emerging entity IDH-mutated carcinoma)

Teratocarcinosarcoma
HPV-associated multiphenotypic sinonasal
carcinoma (new entity)

Adenocarcinomas (new subcategory, was previously
under carcinomas)
Intestinal-type sinonasal adenocarcinoma
Non-intestinal-type sinonasal adenocarcinoma

Malignant soft-tissue tumors
Borderline/low-grade malignant soft-tissue
tumors

Benign soft-tissue tumors
Neuroectodermal/melanocytic tumors
Hematolymphoid tumors

Categories removed with dedicated
chapters on soft-tissue tumors in
the new edition

Mesenchymal tumors of the SNT (new category
with few retained entities from soft-tissue tumors,
occurring exclusively or primarily in the SNT)

SNT angiofibroma
Sinonasal glomangiopericytoma
Biphenotypic sinonasal sarcoma
Chordoma

Other tumors
Meningioma
Sinonasal ameloblastoma
Chondromesenchymal hamartoma (moved
to hamartomas)

Other sinonasal tumors
Sinonasal ameloblastoma
Adamantinomatous craniopharyngioma (reclassified
from chapter on “nasopharynx”)
Meningioma of the SNT, ear
Olfactory neuroblastoma
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(Fig 2).1,6 Newly recognized entities like SWItch/Sucrose Non-
Fermentable (SWI/SNF) complex–deficient sinonasal carcinoma
(provisionally included as SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin subfamily B member 1
[SMARCB1]–deficient sinonasal carcinoma in the 4th edition) also
rely on a lack of SMARCB1/INI1 protein expression on immuno-
histochemistry. The 5th edition adds and expands on the genetic
arrangements included in the definition of multiple entities, includ-
ing that of sinonasal papillomas and hamartomas. The Online
Supplemental Data outline the common molecular and genetic
mutations in the newly recognized sinonasal tumors along with
their pathogenetic pathway. The histologic grading of SNTs is an
important independent predictor of tumor behavior. However, the
propensity for grade transformation, progression, and recurrence is
also dependent on the molecular subtypes, underlining their impor-
tance not just for the surgeons and oncologists but also for radiol-
ogists. It is almost certain that as the field evolves, additional
neoplastic entities will be identified in the near future.

Hamartomas
Sinonasal hamartomas include respiratory epithelial adenoma-
toid hamartoma (REAH), seromucinous hamartoma, and

nasal chondromesenchymal hamar-
toma. REAH is a benign glandular neo-
plasm of the sinonasal cavities, which
presents in isolation or secondary to
allergy and inflammatory processes
such as sinonasal polyps. This is the
most common hamartoma of the SNT,
seen in old adults with a strong male
predilection, classically located along
the posterior septum and olfactory cells.
It has also been described in association
with inverted papilloma and low-grade
sinonasal adenocarcinoma, with reports
suggesting that it might be the precur-
sor for the latter. Imaging reveals exo-
phytic polypoid homogeneous lesions
with smooth expansion of the olfac-
tory cleft without bony erosion,
though identification can be challeng-
ing when associated with sinonasal
polyposis. Seromucinous hamartomas
are polypoid masses seen typically in
the posterior nasal septum and naso-
pharynx, ranging from a few millimeters
to a few centimeters. On imaging, these
lesions cannot be differentiated from
REAH, with both exhibiting a character-
istic crescentic “half-moon” appearance
on the sagittal images when situated
along the olfactory cleft (Fig 3). The dif-
ferential diagnosis for seromucinous
hamartomas and REAH includes inflam-
matory polyp, encephalocele, olfactory
neuroblastoma, and low-grade nonintes-
tinal type adenocarcinoma.7-9

Chondromesenchymal hamartoma is the most distinctive
lesion in this category, with a strong association with the DICER1
(tumor-suppressor gene) mutation, usually presenting in infants.
This is most common within the ethmoid sinuses and is fre-
quently (25%) bilateral, with imaging revealing a complex, solid,
and cystic heterogeneous appearance with calcification and bony
erosions (Fig 2). DICER1 syndrome is a highly pleiotropic tumor-
predisposition entity that has been increasingly recognized dur-
ing the past decade. It is no longer limited to pulmonary blas-
toma, with other associations including multinodular goiter,
thyroid carcinoma, ovarian sex cord stromal tumors, and pitui-
tary blastoma. The most common symptoms for all these
hamartomatous lesions include nasal obstruction, rhinorrhea,
and epistaxis.8,10,11

Respiratory Epithelial Lesions
Sinonasal Papillomas. Sinonasal papillomas, also known as
Schneiderian papillomas, are benign sinonasal neoplasms that
arise from the Schneiderian epithelium of the nasal cavity and
paranasal sinuses. They have 3 different histologic subtypes,
including inverted papilloma (most common, 50%–80%), exo-
phytic papilloma (20%–50%), and oncocytic papilloma (least

FIG 1. IDH2-mutated SNUC. A large, infiltrative sinonasal mass with homogeneous, mild T2 hyper-
intensity (A), avid contrast enhancement, and erosion of the skull base with intracranial extension
(B). A large intratumoral cyst (B, arrow) with enhancement of the cyst walls. Radiographic differ-
entials included SNUC and olfactory neuroblastoma. Histopathology shows sheet-like and nested
growth of cells with hyperchromatic nuclei, with diffuse positivity on cytokeratin (Oscar) stain (C)
distinguishing carcinomas (like SNUC) from nonepithelial malignancies. Immunohistochemistry
for IDH1/2 (D) shows strong and diffuse granular cytoplasmic staining, confirming an IDH-
mutation.
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common, 5%).12 These account for 0.5%–4% of all nasal tumors
and are usually seen in the fourth-to-fifth decades of life. There
have been important updates to the etiology and pathogenesis of
these lesions with somatic epidermal growth factor receptor

(EGFR) mutations reported in 90% of
inverted papillomas and 80% of carci-
nomas developing from these lesions.
Inverted papillomas generally occur
along the lateral wall of the nasal cavity
and the paranasal sinuses (most com-
monly the ethmoid or maxillary sinus).
Imaging shows a soft-tissue mass cen-
tered along the middle meatus with fre-
quent calcification and a classic
convoluted cerebriform pattern, seen
on both T2-weighted and contrast-
enhanced T1-weighted images. These,
however, cannot be distinguished from
sinonasal carcinomas and are treated by
en bloc resection, given the high risk of
malignant transformation. Oncocytic
papillomas also involve the lateral wall
of the nasal cavity and appear similar to
inverted sinonasal papilloma on imag-
ing but have a lower risk of malignant
transformation. They, however, may
show T1-shortening (Fig 4) with multi-
ple mucinous cysts along with lack of
focal osteitis, all of which may help dif-
ferentiate them from inverted papillo-
mas.13,14 Exophytic sinonasal papilloma
is a benign SNT epithelial neoplasm
usually arising from the lower anterior
nasal septum with a broad base. It is
around 2 cm but lacks any specific
imaging appearance. They are invaria-
bly unilateral and can involve the lateral
nasal walls generally without involve-
ment of the paranasal sinuses.15,16

Carcinomas. Carcinomas of the SNT
account for 3% of malignant head and
neck neoplasms. Two new entities have
been added to the category of sinonasal
carcinomas and include human papillo-
mavirus (HPV)-related multiphenotypic
sinonasal carcinoma (provisionally
included as HPV-related carcinoma
with adenoid cystic-like features in the
4th edition) and SWI/SNF complex–
deficient sinonasal carcinoma (pro-
visionally included as SMARCB1-
deficient sinonasal carcinoma in the
4th edition).1 Neuroendocrine carci-
noma has been removed from this sec-
tion in the current edition and is
discussed separately. Other carcinomas

have been retained from the prior edition and include SCCa (ker-
atinizing and nonkeratinizing), NUT carcinoma, and lymphoepi-
thelial and undifferentiated carcinoma. Although these lesions
have different anatomic preferences, imaging findings are

FIG 2. DICER1-mutant tumors. Nasal chondromesenchymal hamartomas with pathogenic germ-
line variation in DICER1 presenting with extensive soft-tissue “masses” in the frontal and ethmoid
sinuses involving the anterior skull base with calcific/ossific bodies within the matrix (A and B,
arrows). Embryonal bladder rhabdomyosarcoma in the same patient, which is also one of the
hallmark tumors associated with a DICER mutation. Bladder rhabdomyosarcoma is seen as a het-
erogeneous, solid, avidly-enhancing mass within the bladder lumen (C, arrow). Multiple thin-
walled pulmonary cysts (D, arrow) with tiny septal nodules are indeterminate but may represent
type Ir (regressed) pleuropulmonary blastomas in the setting of the DICER1mutation. The histopa-
thology of a bladder lesion reveals embryonal rhabdomyosarcoma with diffuse anaplasia (E) and
extensive cartilaginous differentiation and diffusely positive staining for desmin (muscle marker) (F).
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overall similar, with aggressive features, presenting as a poorly
circumscribed soft-tissue mass with irregular margins often
with bone destruction and frequent multifocal and metastatic
disease.17 Keratinizing SCCa is rarely associated with HPV,
may be associated with sinonasal papillomas, and is histologi-
cally identical to any other affected site. This is the most common
malignancy of the nasal vestibule, with the maxillary antrum with
the lateral nasal wall being the other common locations.
Nonkeratinizing SCCa is a distinctive sinonasal tumor that most
commonly arises in the nasal cavity or maxillary sinuses. It is
characterized by minimal-to-no keratinization and is strongly
positive for immunohistochemical markers such as p40 and
CK5/6, which also help in differentiating them frommorphologic
mimickers like NUT carcinoma, SNUC, and neuroendocrine
tumors.18,19

NUT carcinoma was a new entity in the previous (4th) edi-
tion and is better defined in the current 5th edition.1 It was pre-
viously called NUT midline carcinoma due to proclivity for
midline sites. NUT carcinoma has been recognized in up to 18%
of upper aerodigestive tract poorly differentiated carcinomas,
with recognition aided by improved testing techniques and
increased availability of commercial antibodies. The defining
genetic feature of NUT carcinomas includes fusion of the
NUTM1 gene, most commonly to BRD4.20 There are,100 cases
described in the literature, limiting detailed description of imag-
ing features. Limited series and published case reports have
described aggressive imaging findings, like those in the medias-
tinum, with bony hyperostosis, internal mineralization, avid

contrast enhancement, and high FDG uptake (Fig 5).8,21 Other
tumors in this category include sinonasal lymphoepithelial car-
cinoma, teratocarcinosarcoma, and SNUC. However, with
advancement in molecular markers and identification of newly
defined entities (eg, SWI/SNF complex–deficient sinonasal car-
cinomas), the diagnosis of poorly differentiated or undifferenti-
ated entities like SNUC is becoming less common.1

SWI/SNF complex–deficient sinonasal carcinomas were pro-
visionally included as SMARCB1-deficient sinonasal carcinoma
in the 4th edition. These are poorly differentiated, highly-aggres-
sive, and infiltrative epithelial malignancies defined by loss of 1
SWI/SNF complex subunit (most commonly SMARCB1 or less
frequently SMARCA4), usually presenting at an advanced stage.1

These comprise 1%–3% of sinonasal carcinomas and 3%–20% of
tumors diagnosed as SNUC. These tumors are seen in young and
old adults (age range, 33–78 years) with no sex predilection. The
SMARCB1-deficient carcinomas involve the paranasal sinuses
(most commonly the ethmoid), whereas the SMARCA4-deficient
carcinoma predominantly involves the nasal cavity. These are de-
structive lesions with common involvement of the skull base and
orbits, frequent (50%) calcification, a “hair-on-end” pattern peri-
osteal reaction, and increased uptake on PET. On MR imaging,
these are variably hyperintense on T2WI and show avid enhance-
ment with low ADC values. Given the recent identification of this
tumor, detailed studies on the imaging pattern are limited. The
differentiation is based on immunohistochemical markers with

FIG 3. Bilateral REAH. Smooth polypoid lesions noted within the
nasal cavity bilaterally (A and B, white arrows). The lesion expands the
olfactory cleft (B, black arrow) with smooth remodeling, without ero-
sive changes. This cannot be differentiated from seromucinous
hamartoma with both exhibiting a crescentic (half-moon) shape on
sagittal images (B). Histopathology revealed prominent glandular
structures of varying sizes (C). Glands are lined with ciliated respira-
tory epithelium with bland nuclei and mucinous gland metaplasia (D,
black arrow).

FIG 4. Sinonasal papilloma, oncocytic type, in the left frontal sinus in
a 78-year-old man. Smooth polypoid lesions are noted within the
nasal cavity with intrinsic T1 hyperintensity (A, arrow). The lesions
obstruct the frontoethmoidal recess with trapped proteinaceous
content in the frontal sinus. Lesions show a “cerebriform” pattern on
the T2-weighted image (B, arrow) with avid enhancement (C, arrow).
Histopathology reveals characteristic oncocytic cuboidal-to-colum-
nar cells and intraepithelial microcysts with mucin and/or neutro-
philic microabscesses (D, black arrows).
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complete loss of expression of SMARCB1 (INI1-stain negative) or
SMARCB4 (BRG1-stain negative) in the SWI/SNF complex–defi-
cient sinonasal carcinomas (Fig 6).21,22 The common differential
for an aggressive sinonasal tumor along the anterior skull base
thus includes SWI/SNF complex–deficient sinonasal carcinomas,
SNUC, neuroendocrine tumor, and olfactory neuroblastomas.

HPV-associated multiphenotypic sinonasal carcinoma is
the other new tumor in the 5th edition that was provisionally
included as HPV-related carcinoma with adenoid cystic-like

features in the 4th edition.1,2 This unique neoplasm exhibits his-
tologic features of both surface-derived and salivary gland carci-
nomas, hence the name “multiphenotypic.” This is associated
with high-risk HPV (usually type 33) and, unlike adenoid cystic
carcinoma, is restricted to the SNT. Most tumors affect the nasal
cavity (89%), with a predilection for the turbinate, with or with-
out involvement of the paranasal sinuses. There is a wide age
range of presentation from the second-to-ninth decades, with
slightly higher predilection for women (1.5:1). Tumors show

FIG 5. NUT sinonasal carcinoma in a 22-year-old man. Left nasal cavity mass (A and B, white arrows) with hyperostosis of the septum (black
arrows). Metastatic disease with lesions in the lymph nodes, liver, and lung (C, white arrows). H&E stain (D) shows sheets and nests of high-grade
tumor cells with zones of tumor necrosis. The tumor exhibits positive staining on NUT immunohistochemistry (E) with preserved INI1 staining (F)
(ruling out SMARCB1 deficiency). Genetic analysis revealed NUT-BRD4 fusion, the defining feature of NUT carcinomas.
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myoepithelial differentiation on histology, with strong and diffuse
nuclear and cytoplasmic p16 immunoreactivity (a surrogate
marker for HPV) and do not have the MYB/MYBL1 fusions that
characterize most adenoid cystic carcinomas.22,23 Descriptions of
the imaging appearance are limited and include nasal cavity origin,
infiltrative appearance with heterogenous T2 hyperintensity, peri-
osteal reaction, and hyperostotic changes (Fig 7). Despite having
adenoid cystic features, perineural tumor spread is uncommon.
No cystic nodal metastases have yet been described, despite the
HPV origin of these tumors.8,24 This is different from HPV-
induced SCCa, which originates along the tonsillar crypts, is most
commonly caused by type 16 HPV, has nonkeratinizing SCCa
morphology, and in which regional/nodal metastases are common.

Adenocarcinomas. Adenocarcinomas of the SNT arise from the
respiratory epithelium or the underlying seromucinous glands.
These malignancies were previously (3rd edition) divided into
salivary type and nonsalivary type. The salivary type (eg, adenoid
cystic carcinomas) since then has been removed from the SNT

chapter and placed under the salivary
gland chapter. The nonsalivary type is
further divided into intestinal-type and
nonintestinal-type adenocarcinomas.
Intestinal-type adenocarcinoma is the
second most common type of sinonasal
adenocarcinoma, most often localized in
the ethmoid sinus (40%), followed by the
nasal cavity (25%). These tumors are
aggressive and frequently involve adja-
cent structures, including the orbit, pter-
ygopalatine fossa, and infratemporal
fossa, along with intracranial extension.
Nonintestinal-type adenocarcinomas
are usually low-grade, often arising in
the nasal cavity (along nasal turbinates)
with an imaging appearance similar to
that of inverted papillomas. The low-
grade subtypes present as solid masses,
filling the nasal cavity and/or paranasal
sinuses, with no osseous destruction.
Emerging molecular studies suggest
that these low-grade adenocarcinomas
have distinctive mutations (eg, CTNNB1)
or fusions (eg, ETV6-NTRK3). Imaging
shows a poorly circumscribed, enhancing
SNT mass and is used to assess the dis-
ease burden and local extension.25,26

Mesenchymal Tumors and Other
Tumors of the SNT
Multiple categories of tumor have been
separately described in the new edition,
including benign soft-tissue tumors and
borderline, low-grade malignant soft-
tissue tumors. However, some soft-tis-
sue tumors that occur exclusively or
predominantly in the sinonasal region

were retained in the newly created category of mesenchymal
tumors. These include angiofibroma, glomangiopericytoma,
biphenotypic sinonasal sarcoma, and chordoma. Among these,
biphenotypic sinonasal sarcoma is the relatively recent entity,
introduced only in the 4th edition (2017).1,2 These tumors have
neural and myogenic features and are histologically similar to cel-
lular schwannomas or malignant peripheral nerve sheath tumors.
Rearrangement of the PAX3 gene is required for the diagnosis of
these tumors. They are characteristically seen in middle-aged
women, arising from the nasal cavity or ethmoid sinus. Imaging
reveals locally aggressive nasoethmoid-enhancing masses that can
erode through the orbits and skull base with frequent hyperostotic
bony changes (Fig 8).

Neuroectodermal tumor and the hematolymphoid tumor cat-
egories have also been removed and described in dedicated chap-
ters. The only exception is olfactory neuroblastoma, which has
been retained in the “other” category of tumors because these
tumors occur predominantly within the SNT. These are malignant,
neuroectodermal neoplasms with a bimodal age distribution and

FIG 6. SWI/SNF complex–deficient sinonasal carcinoma in a 30-year-old woman. A large infiltra-
tive sinonasal mass with intracranial extension (A and B, black arrows) and marked peritumoral
edema in the frontal lobes. Peritumoral cysts were noted in the intracranial component.
Radiologic differentials included olfactory neuroblastoma, SNUC, SWI/SNF complex–deficient
(SMARCB-deficient) tumor, NUT carcinoma, and high-grade neuroendocrine tumor. H&E stain
shows a basaloid low-power appearance (C) with hyaline-appearing cytoplasm showing a “pink”
cell appearance, in which the tumor cells are somewhat plasmacytoid (C, inset). Complete loss of
INI1/SMARCB1 (D) expression by immunohistochemistry defines this tumor, as seen here.
Immunostaining for NUT and synaptophysin (a neuroendocrine marker) were negative.
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are confined to the cribriform plate, superior turbinate, and supe-
rior half of the nasal septum. With intracranial extension, peritu-
moral cysts between the mass and underlying brain are often
present. Tumor cysts and speckled calcifications are characteristic
of the intacranial component of the tumor, though not exclusive.
These tumors show diffuse staining for conventional neuroen-
docrine markers and S-100 protein, with high avidity on radio-
nucleotide studies including indium-111 (111In) pentetreotide
(OctreoScan; https://www.accessdata.fda.gov/drugsatfda_docs/
label/2022/020314s012lbl.pdf) and gallium-67 (67Ga) DOTATATE
PET/CT studies.27,28

Adamantinomatous craniopharyngioma is also a new entity in
the “other” category. This is, however, only for taxonomic clarity,
with the entity being shifted from the nasopharynx (4th edition)
to the SNT. Adamantinomatous craniopharyngioma arises from
the cellular elements related to the Rathke pouch and can occur
anywhere along the craniopharyngeal canal, most commonly in
the suprasellar region and very rarely in the nasopharynx and
SNT. Although the latter is exceedingly rare, the SNTs are never-
theless the only ectopic location of this tumor. These are seen as
cystic masses with peripheral enhancement and prominent
calcifications.1,29,30

Emerging Entities
Advancements in genetic studies have led to better understanding
and more accurate classification of undifferentiated carcinomas.
Studies have shown that a significant proportion of what remains
in the SNUC group has underlying IDH2 hotspot mutations with
better prognosis. IDH2-mutated sinonasal carcinoma will likely

be a separate tumor entity in future editions. The diagnosis of
IDH2-mutated SNT is increasingly being made, given the avail-
ability of inexpensive immunohistochemical studies, and it is
now recognized as the most common variant present in SNUC
(accounting for 50%–88% of cases). The median age of patients
with IDH2-mutated sinonasal carcinomas is 57 years, compared
with 71 years in IDH2 wild-type, with better prognosis. These
range from 2.5 to 7 cm, most commonly occurring in the nasal
cavity and ethmoid sinus and usually present with advanced dis-
ease. Histologically, these mimic undifferentiated or poorly dif-
ferentiated carcinomas but show IDH2-positivity (Fig 1).4,31 The
radiographic differential for an aggressive sinonasal mass with or-
bital and intracranial extension would include SNUC (including
the IDH-mutant subset) neuroendocrinal tumors, neuroectoder-
mal tumors (like olfactory neuroblastoma), and tumors with
defined molecular alterations (NUT, SMARCB1, and SMARCA4/
A2), with significant overlap in imaging features (Fig 9).

Along similar lines, DEK-AFF2 carcinoma is an emerging en-
tity, currently included as a subtype of nonkeratinizing SCCa,
most commonly occurring within the nasal cavity with a peculiar
propensity for the posterior part of the middle turbinate (Fig 10).
Epidemiologic data on this entity are limited, with the largest se-
ries of 13 patients (Rooper et al32) having a median age at presen-
tation of 56 years (range, 18–79 years ). Limited published data
on this entity have shown that despite bland histologic features,

FIG 8. Biphenotypic sinonasal sarcoma (low-grade sinonasal sarcoma
with neural and myogenic features) in a 68-year-old woman. Marked
intralesional hyperostotic changes are noted within the nasal compo-
nent of the tumor (A and B, white arrows). The tumor is well-margi-
nated but locally aggressive with intracranial extension (B, black
arrows). H&E stain (C) shows the tumor growing as fascicles of uni-
form spindle cells with minimal mitotic activity or atypia and overt
rhabdomyoblastic differentiation in the form of strap cells (C, arrow).
Diffusely positive staining of S-100 (nerve sheath tumor marker) seen
as diffuse brown staining (D). Fluorescence in site hybridization testing
was positive for PAX3 gene rearrangement, supporting the above
diagnosis.

FIG 7. HPV-associated multiphenotypic sinonasal carcinoma in an 85-
year-old man. A well-circumscribed, low T2-signal mass (A, arrow)
with avid contrast enhancement (B, arrow) seen within the left nasal
cavity with smooth expansion and high FDG uptake on PET/CT (C,
arrow). CD117 (c-kit) (D) highlights the tumor ducts in a staining pat-
tern that is the inverse of the myoepithelial cell markers. Findings of
in situ hybridization for HPV (E6/E7) RNA was positive.
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these carcinomas are clinically aggressive tumors, with a higher
risk of recurrence, nodal spread, and metastasis compared with
the parent category. DEK-AFF2 carcinomas should be considered
in the differential diagnosis of high-grade sinonasal malignancies.
This subcategory, however, shows an excellent response to immu-
notherapy. There is increasing evidence that nonkeratinizing
SCCa with DEK-AFF2 is a distinctive tumor entity and serves as a
good example of how “poorly differentiated” and “undifferenti-
ated” tumors are being continuously refined.32,33 RNA sequencing
is increasingly being performed on multiple sinonasal neoplasms
because immunohistochemical assays are not available, especially
for newer entities. Finally, there is a newly created section dedi-
cated to genetic tumor syndromes involving the head and neck.
The initiative was undertaken to facilitate better understanding of
the tumors and associated syndromes and to establish recommen-
dations for monitoring and treating these patients. Many tumors
that were thought to be sporadic earlier are now known to be a
part of syndrome complex, with identification of specific muta-
tions. A great example of this would be the PTEN germline muta-
tion found in about 85% of patients with Cowden syndrome,
characterized by multiple hamartomas involving the oral cavity.1,34

CONCLUSIONS
In the past decade, molecular markers and genetics have revolu-
tionized the taxonomy of sinonasal and skull base tumors, leading
to recognition of new entities and more accurate understanding
of the underlying pathogenesis. The most striking example of this
change would be the SNUC tumors in which multiple new enti-
ties have been described on the basis of the underlying mutation.
Radiologists should be abreast of these changes because

FIG 9. Radiographic differentials of an invasive sinonasal mass with intracranial extension are broad with significant overlap in imaging
features, including previously described characteristic findings like intratumoral cyst in olfactory neuroblastoma. The final diagnosis is
now based primarily on immunohistochemistry and genetics rather than histology. The prognosis of these tumors is also widely variable
depending on the underlying molecular and genetic expression. Ca indicates carcinoma.

FIG 10. DEK-AFF2 carcinoma. A smooth homogeneous density mass
(A, arrow) noted within the posterior ethmoid and nasal cavity with
heterogeneous enhancement on MRI (B, arrow). The mass blocks the
sphenoethmoidal recess with trapped secretions in the sphenoid
sinus. The carcinoma demonstrates classic features of nonkeratinizing
SCCa, with blunted papillae and invasion into the stroma as intercon-
necting ribbons on the H&E stains (C) with infiltrate of inflammatory
cells, including lymphocytes and neutrophils. The tumor is diffusely
positive for the squamous immunohistochemical marker p40 (D). To
evaluate fusion-driven tumor, we performed targeted RNA sequenc-
ing, and DEK-AFF2 fusion was found, with breakpoints of DEK (exon 7)
and AFF2 (exon 6).
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discussion about these molecular markers and genetic changes is
common during multidisciplinary tumor board meetings. This
field is evolving, with continuous improvement in the classifica-
tion system, recognition of new entities, and standardization in
diagnosis, paving the way for targeted treatments.

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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Systematic Literature Review of Machine Learning
Algorithms Using Pretherapy Radiologic Imaging for Glioma

Molecular Subtype Prediction
Jan Lost, Tej Verma, Leon Jekel, Marc von Reppert, Niklas Tillmanns, Sara Merkaj, Gabriel Cassinelli Petersen,

Ryan Bahar, Ayyüce Gordem, Muhammad A. Haider, Harry Subramanian, Waverly Brim, Ichiro Ikuta, Antonio Omuro,
Gian Marco Conte, Bernadette V. Marquez-Nostra, Arman Avesta, Khaled Bousabarah, Ali Nabavizadeh,

Anahita Fathi Kazerooni, Sanjay Aneja, Spyridon Bakas, MingDe Lin, Michael Sabel, and Mariam Aboian

ABSTRACT

BACKGROUND: The molecular profile of gliomas is a prognostic indicator for survival, driving clinical decision-making for treatment.
Pathology-based molecular diagnosis is challenging because of the invasiveness of the procedure, exclusion from neoadjuvant ther-
apy options, and the heterogeneous nature of the tumor.

PURPOSE:We performed a systematic review of algorithms that predict molecular subtypes of gliomas from MR Imaging.

DATA SOURCES: Data sources were Ovid Embase, Ovid MEDLINE, Cochrane Central Register of Controlled Trials, Web of Science.

STUDY SELECTION: Per the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, 12,318
abstracts were screened and 1323 underwent full-text review, with 85 articles meeting the inclusion criteria.

DATA ANALYSIS: We compared prediction results from different machine learning approaches for predicting molecular subtypes of
gliomas. Bias analysis was conducted for each study, following the Prediction model Risk Of Bias Assessment Tool (PROBAST) guidelines.

DATA SYNTHESIS: Isocitrate dehydrogenase mutation status was reported with an area under the curve and accuracy of 0.88 and 85%
in internal validation and 0.86 and 87% in limited external validation data sets, respectively. For the prediction of O6-methylguanine-
DNA methyltransferase promoter methylation, the area under the curve and accuracy in internal validation data sets were 0.79 and
77%, and in limited external validation, 0.89 and 83%, respectively. PROBAST scoring demonstrated high bias in all articles.

LIMITATIONS: The low number of external validation and studies with incomplete data resulted in unequal data analysis.
Comparing the best prediction pipelines of each study may introduce bias.

CONCLUSIONS: While the high area under the curve and accuracy for the prediction of molecular subtypes of gliomas are
reported in internal and external validation data sets, limited use of external validation and the increased risk of bias in all articles
may present obstacles for clinical translation of these techniques.

ABBREVIATIONS: AUC ¼ area under the curve; DL ¼ deep learning; MGMT ¼ O6-methylguanine-DNA methyltransferase; ML ¼ machine learning; SVM ¼
support vector machine; WHO ¼ World Health Organization; IDH ¼ isocitrate dehydrogenase

G liomas account for approximately 33% of brain tumor diag-
noses; among adults, .50% of these cases are high-grade

gliomas.1,2 The 2021 World Health Organization (WHO) classifi-
cation identified different forms of gliomas based on pathologic
characteristics of biopsied or resected tumor and the molecular
subtype.3 This method of diagnosis requires invasive sampling of
the tumor, which risks surgery and the potential for tumor mis-
classification due to tumor heterogeneity with sampling bias.4,5

Received February 27, 2023; accepted after revision August 1.

From the Departments of Radiology and Biomedical Imaging (J.L., T.V., L.J., M.v.R., N.T.,
S.M., G.C.P., R.B., A.G., M.A.H., H.S., W.B., B.V.M.-N., A.A., M.L., M.A.), Neurology and Yale
Cancer Center (A.O.), and Therapeutic Radiology (S.A), Yale School of Medicine, New
Haven, Connecticut; Department of Neurosurgery (J.L., M.S.), Heinrich-Heine-
University, Duesseldorf, Germany; Department of Radiology (I.I.), Mayo Clinic Arizona,
Phoenix, Arizona; Department of Radiology (G.M.C.), Mayo Clinic, Rochester,
Minesotta; Visage Imaging Inc (K.B., M.L.), San Diego, California; Department of
Radiology (A.N.), Perelman School of Medicine, Hospital of University of Pennsylvania,
University of Pennsylvania, Philadelphia, Pennsylvania; Department of Neurosurgery
(A.F.K.), Center for Biomedical Image Computing and Analytics (S.B.), and Department
of Radiology (S.B.), Perelman School of Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania; Division of Neurosurgery (A.F.K.), and Center for Data-
Driven Discovery (A.F.K.), Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania;
and Richards Medical Research Laboratories (S.B.), Philadelphia, Pennsylvania.

Please address correspondence to Mariam Aboian, MD, Department of Radiology
and Biomedical Imaging, Yale School of Medicine, 333 Cedar St, New Haven, CT
06510; e-mail: mariam.aboian@yale.edu

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

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A8000

1126 Lost Oct 2023 www.ajnr.org

https://orcid.org/0000-0001-6098-6746
https://orcid.org/0000-0001-9954-3328
https://orcid.org/0000-0003-4623-7401
https://orcid.org/0000-0002-9366-7183
https://orcid.org/0000-0003-1147-4968
https://orcid.org/0000-0002-4546-0567
https://orcid.org/0000-0001-6144-8069
https://orcid.org/0009-0000-3240-274X
https://orcid.org/0000-0001-9173-6248
https://orcid.org/0000-0002-7145-833X
https://orcid.org/0000-0003-4299-3664
https://orcid.org/0000-0001-5926-7517
https://orcid.org/0000-0002-6847-9818
https://orcid.org/0000-0001-7131-2261
https://orcid.org/0000-0001-5681-7528
https://orcid.org/0000-0001-8734-6482
https://orcid.org/0000-0001-7641-2595
https://orcid.org/0000-0002-4877-8271
mailto:mariam.aboian@yale.edu
http://www.ajnr.org


In addition, the inability to accurately predict tumor subtype
before surgery can result in limited access to neoadjuvant thera-
pies. Of note, the class of tumor affects a patient’s predicted sur-
vival as well as medical and surgical treatment options.3,6

Recent advancements in machine learning (ML) applications in
neuro-oncology have shown promise in tumor segmentation,7,8

differentiating gliomas from other intracranial malignancies such
as brain metastases9 and lymphomas,10 predicting glioma grade,11

and predicting the patient’s overall survival.12,13 Most of the pub-
lished literature on applying ML to neuro-oncology demonstrates
a high area under the curve (AUC) and accuracy in the internal
testing data sets, but validation of algorithms on external data sets
is limited to a very few studies. As a result, there is a limited trans-
lation of algorithms among different hospitals and study settings.
In addition, previous systematic reviews have demonstrated that
most of the literature is focused on small well-curated data sets
with an over-representation of commonly used data sets, such as
RSNA-ASNR-MICCAI Brain Tumor Segmentation (BraTS; https://
www.kaggle.com/datasets/dschettler8845/brats-2021-task1) and The
Cancer Imaging Archive (TCIA; https://wiki.cancerimagingarchive.
net/display/Public/Collections).8-12,14

This feature further limits translation of algorithms between
different institutions. In addition, ML literature in neuro-oncol-
ogy often scores low in established reporting guidelines such as
Transparent Reporting of a Multivariable Prediction Model for
Individual Prognosis Or Diagnosis (TRIPOD; https://www.
equator-network.org/reporting-guidelines/tripod-statement/) and
Checklist for Artificial Intelligence in Medial Imaging (CLAIM;
https://pubs.rsna.org/doi/10.1148/ryai.2020200029) with high
bias reported by the Prediction model Risk Of Bias ASsessment
Tool (PROBAST).15-17 These findings suggest that increased use
of standardized reporting criteria in publications and the estab-
lishment of large databases of annotated images in individual
hospitals are critically needed to translate useful algorithms into
patient care and to bridge the gap between the diagnosis and tar-
geted therapy. ML can potentially identify patterns that remain
invisible to a radiologist’s clinical interpretation and can extract
information from pretreatment imaging that can influence the
implementation of neoadjuvant therapy and the extent of surgi-
cal resection.

Our study evaluated the literature that uses ML to predict mo-
lecular subtypes of gliomas, such as isocitrate dehydrogenase
(IDH) mutation status and O6-methylguanine-DNA methyltrans-
ferase (MGMT) promoter methylation status, which can change
treatment options for patients. As an example, IDH-mutant astro-
cytomas have better survival and different treatment options com-
pared with glioblastomas that are uniformly IDH wild-type.3

Glioblastomas have dismal survival and require maximal resection
to improve survival.18 Therefore, predicting IDH mutation on
preoperative imaging can change the patient’s treatment strategy
and outcomes. In addition, the prediction of MGMT methylation
status can predict which patients will respond to temozolomide
therapy and, therefore, would influence neoadjuvant options
before resection.19 To guide medical care, the algorithm must
have high precision and sensitivity and be translatable to multiple
hospitals with different imaging protocols. The goal of our study
was to critically evaluate the literature that reports different

algorithms for predicting molecular subtypes of gliomas and to
assess the potential obstacles to translating these algorithms into
clinical practice.

MATERIALS AND METHODS
Study Selection
Literature screening for this systematic review conformed to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines, using Ovid EMBASE, Ovid
MEDLINE, Cochrane Central Register of Controlled Trials, and
the Web of Science Core Collection as databases. The study was
registered with the Prospective Register of Systematic Reviews
(PROSPERO, CRD42020209938). A clinical librarian collected
data in September 2020, January 2021, and September 2021,
respectively. The literature search strategy involved the use of
keywords such as “artificial intelligence,” “machine learning,”
“deep learning,” “radiomics,” “MR imaging,” “glioma,” “glioblas-
toma,” and related terms. We identified 12,470 studies (Fig 1A)
and added them for further screening to the Covidence Software
(Veritas Health Innovation).

After removing 152 duplicates, a neuroradiology attending
physician, a neuroradiology resident, and 3 graduate students
screened 12,318 studies. Conflicting assessments were resolved by
the board-certified neuroradiology attending physician after dis-
cussion with screeners. After abstract reviews, 10,995 studies
were excluded due to a lack of ML and neuro-oncology applic-
ability, resulting in 1323 full-text reviews. A secondary full-text
review was conducted on 886 studies, by either a radiology resi-
dent or a graduate student, followed by a second review by a
board-certified neuroradiologist attending physician.

We predefined 8 uniform exclusion criteria: 1) abstract-only,
2) no application of ML reported, 3) not an original article, 4) not
published in English, 5) no investigation of glioma/glioblastoma,
6) unrelated to MR imaging, MR spectroscopy, or PET imaging,
7) no human research subjects, and 8) duplicates. Overall, 437
studies met$1 of the predefined exclusion criteria and were sub-
sequently excluded (Fig 1A). In the end, for this systematic
review, 85 studies were included that specifically analyzed molec-
ular subtype prediction in glioma, using ML techniques based on
pretherapy imaging. This resulted in 801 studies being excluded
from further review.

Data Extraction
Data extraction was performed by 3 graduate students and 1
undergraduate in Excel (Microsoft 2022). Studies were reviewed
twice, and disagreements were resolved in regular meetings with
a supervising neuroradiology attending physician until a consen-
sus was reached. Extracted information included article charac-
teristics (title, authors, publication year), patient data (patient
number, cohort sizes, data sources), tumor classification (tumor
type, analyzed molecular subtypes), model characteristics (imag-
ing data and best-performing ML algorithms), as well as valida-
tion techniques. Generally, accuracy results from the best-
performing prediction pipeline were reported. If patient cohorts
were split up within a study, different prediction results were
reported. We accounted for the use of external validation if
patient cohorts were geographically split. Data from the same
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source, solely split up by the time of inclusion, were classified as

internal validation. To give more insight into the different valida-

tion types used, we split internal validation techniques into cross-

validation and holdout-validation. For an overview of extracted

data, see the Online Supplemental Data.

Meta-analysis
All studies reporting AUC and 95% confidence intervals were

subjected to a meta-analysis using MedCalc for Windows,

Version 20.009 (MedCalc software). Heterogeneity was examined

using the Higgins I2 test, publication bias was evaluated using the

Egger test, and the results of the quantitative analysis were illus-

trated with a forest plot (Online Supplemental Data).

Risk of Bias Assessment
Risk of bias was assessed using PROBAST.17 Per PROBAST

guidelines, studies were classified into development, validation,

or development and validation studies. All included studies estab-

lished predictive models and, therefore, were at least considered

development studies; those that additionally tested their devel-

oped model on an independent cohort were considered to have

both development and validation.
PROBAST uses signaling questions across 4 distinct domains

to evaluate potential biases in each study. The first domain (partic-
ipants) pertains to the data sources and participant enrollment.
The second domain (predictors) evaluates the definition and mea-
surement of predictors and their association with the outcome.
Domain 3 (outcome) addresses potential biases in defining and
terminating the outcome in each study. Last, domain 4 (analysis)
evaluates whether inappropriate analysis methods were used or

important statistical considerations were overlooked.17 Additional
information on the application of PROBAST can be found in the
work of Moons et al,17 which is beyond the scope of this article.
Signaling questions from each domain were assessed separately
for development and validation cohorts. The average item scores
from each study and the risk of bias for all 4 domains were eval-
uated using Excel (Microsoft).

RESULTS
After a full-text review of 886 studies, 85 studies published
between 2016 and 2021 met the eligibility criteria of our analysis.

Patient Data
The mean patient number in all 85 studies was 165.32 (Fig 1B).
Data were taken from single-center hospital data, public databases,
or multicenter hospital data. The overall number of data sources
included is higher than the total number of studies because 17
studies included patients from 2 sources, resulting in a total of 102
sources among the 85 studies. While 52% (n¼ 53/102) of patient
data was obtained from single-center hospitals, 33% (n¼ 34/102)
was from publicly available databases and 15% (n¼ 15/102) was
frommultiple institutions (Online Supplemental Data).

Description of Internal and External Validation Data Sets
and Techniques
Of 85 studies, 7 reported.1 distinct model pipeline to predict gli-
oma molecular subtypes, resulting in 95 analyzed pipelines.20-26

The best performing model results for each study are reported for
molecular alterations in gliomas, including IDH, MGMT, 1p/19q
codeletion, histone H3 K27M, ATRX, TERT, and others. The
results from external validation were reported. For studies with

FIG 1. A, Inclusion/exclusion criteria and resultant study data. Flow chart represents screening workflow and exclusion criteria to visualize the
eligibility of studies. The search strategy included keywords “artificial intelligence,” “machine learning,” “deep learning,” “radiomics,” “MR imag-
ing,” “glioma,” “glioblastoma,” and related terms. An independent librarian reviewed the data. We predefined 8 uniform exclusion criteria: 1)
abstract-only, 2) no application of ML reported, 3) not an original article, 4) not published in English, 5) no investigation of glioma/glioblastoma,
6) unrelated to MR imaging, MR spectroscopy, or PET imaging, 7) no human research subjects, and 8) duplicates. B, Distribution of all patients per
study included in training or validation of a predictive model. We excluded patients whose data were strictly used for models other than the
prediction of molecular subtypes. The line indicates the mean number of patients. AI indicates artificial intelligence.
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internal validation only, the holdout validation was prioritized

over cross-validation. Techniques varied among leave-one-out-

cross-validation, n-fold cross-validation to holdout, and external

validation. In 5% (n¼ 5/95) of the articles, the validation cohorts

were separated from the initial cohort by time only and were,

therefore, re-classified as internal validation in our analysis.

Overall, 81% (n¼ 77/95) used internal validation of any kind,

while only 37% (n¼ 35/95) used forms of cross-validation and

39% (n¼ 37/95) used holdout validation. Only 19% (n¼ 18/95)

reported accuracy from an external validation cohort.
We performed a Mann-Whitney U test on the studies that

reported accuracy, AUC, sensitivity, or specificity to analyze
whether statistically significant internal and external validation
differences were present. No significant differences were found
between both groups for all 4 categories (Table 1 and Fig 2).

Performance of Molecular Subtype Prediction
If studies had multiple predictions with the same model, the high-
est AUC and accuracy are reported. In internal validation studies,
IDHmutation status was the most frequently evaluated molecular
subtype, with the overall highest mean AUC and accuracy values
of 0.88 and 85%, respectively. MGMT promoter methylation was
reported in 12 studies as the best predicted subtype, with a mean
AUC and accuracy of 0.82 and 80%. The 1p/19q codeletion was
predicted in 9, with a mean AUC and accuracy of 0.84 and 85%.
Prediction models for histoneH3 K27Mwere identified in 6 stud-
ies with a mean AUC and accuracy of 0.80 and 81%. ATRX status
was predicted in 1 study with an AUC and accuracy of 0.93 and
92%. TERT promoter mutation was predicted in 2 studies, result-
ing in a mean AUC and accuracy of 0.77 and 77%. Other sub-
types included common subgroups like EGFR,27,28 p53,22 RB129

and VEGF,30 as well as a pooled accumulation of genetic

information that was predicted as groups (Online Supplemental
Data).31 Buda et al31 analyzed the prediction of pathologic bio-
markers Ki-67, S-100, and glial fibrillary acidic protein,23 which
were also included in this category. Overall, these studies
achieved a mean AUC and accuracy of 0.77 and 82% (Fig 3A).

Among studies that used external validation, 7 studies pre-
dicted IDH status with a mean AUC¼ 0.89 and accuracy¼ 86%;
3 studies predicted MGMT promoter methylation with a mean
AUC¼ 0.89 and accuracy¼ 83%; 2 studies predicted 1p/19q
codeletion status with a mean AUC¼ 0.82 and accuracy¼ 75%;
2 studies predicted ATRX status with a mean AUC¼ 0.72 and
accuracy¼ 77%; and 1 study predicted EGFR status with a mean
AUC¼0.82 and accuracy¼ 85%. Other molecular subtypes, such
as PTEN (accuracy ¼ 82.5%)32 and BRAF (AUC ¼ 0.85)33 muta-
tion status, were each evaluated in 1 study. No study with external
validation predicted histoneH3 K27M status (Fig 3A).

Algorithm-Based Prediction Models
Overall, of internally validated models, 35% (n¼ 27/77) included
tree-based; 27% (n¼ 21/77), support vector machine (SVM);
32% (n¼ 25/77), neural networks; and 5% (n¼ 4/77), other clas-
sifiers. In externally validated models, 44% (n¼ 8/18) were tree-
based; 39% (n¼ 7/18), SVM; 6% (n¼ 1/18), neural networks; and
11% (n¼ 2/18), other classifiers (Table 3 and Fig 4B).

A neural network with a mean AUC and accuracy of 0.88 and
85% achieved the best overall prediction results. No statistically
significant difference among all ML classifiers and neural net-
works was found with the Mann-Whitney U test. Tree-based
algorithms and SVM performed slightly worse than neural net-
works with an AUC and accuracy of 0.82 and 82%, and 0.83 and
83%, respectively (Table 3).

In internal validation models, the overall mean AUC and ac-
curacy for deep learning (DL) algorithms (0.82 and 82%) were
higher than ML algorithms (0.88 and 86%) and were statistically
significant by the Mann-WhitneyU test (P¼ .02) (Fig 4B).

These results were not observed in external validation pipe-
lines (Table 3).

Performance of Studies on the Prediction of IDH
Mutation and MGMT Methylation Status
Mean AUC and accuracy for the prediction of IDHmutation sta-
tus were 0.88 and 85% in internal validation studies and 0.85 and
86% in external validation studies. For the prediction of MGMT
promoter methylation, AUC and accuracy in internal validation
studies were 0.79 and 80% and 0.89 and 83% in external valida-
tion. While a P value of .02 indicated a statistically significant dif-
ference between AUC values for IDH and MGMT for internal
validation cohorts, Mann-Whitney U tests did not show such a
difference between accuracies, with a P value¼ .16 (Fig 5).

Table 1: Mean performance measurements of all studies

Accuracy AUC Sensitivity Specificity
Internal validation 83% (n¼ 66/77) 0.84 (n¼ 60/77) 81% (n¼ 50/77) 82% (n¼ 49/77)
External validation 83% (n¼ 15/18) 0.85 (n¼ 14/18) 78% (n¼ 15/18) 85% (n¼ 15/18)
P value (Mann-Whitney U test) .83 .79 .25 .45

FIG 2. Algorithm performance measurement in internal and external
validation data sets. Percentages are reported as fractions to visualize
measurements in 1 graph.
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Risk of Bias Assessment
A risk of bias assessment was performed per PROBAST guide-
lines (Fig 6 and Online Supplemental Data).17

The risk of bias was low in the participant, predictor, and out-
come sections of development and validation studies. The risk of
bias was high in all of the analysis sections of the studies, regard-
less of whether these were development or validation studies. The
main reasons for high bias in the analysis sections were due to
items 4.1 and item 4.4.

Item 4.1 assesses the number of patients relative to imaging
features extracted, suggesting an overfitting issue. It scored as
“no” in 77.64% (n¼ 66/85) of the studies. Additionally, item 4.4

suggesting a lack of reporting or incor-
rect handling of missing data, such as
simple exclusion, was found in 98%
(n¼ 83/85) of studies.

DISCUSSION
Diagnosis and treatment of gliomas are
based on pathologic and molecular
classifications outlined in the 2021
WHO Classification of CNS tumors.
Noninvasive methods for image-based
prediction of glioma molecular subtype
on preoperative images are the next

frontier in neuro-oncology because they will provide information
before surgical intervention and have the potential to change
treatment options for patients with brain tumors. Since 2017,
published literature has significantly increased, showing high pre-
diction results for this classification task. However, a thorough
assessment of this literature to identify algorithms that can be
used for clinical translation have yet to be performed.

Our systematic review shows that literature in this field has
several limitations, which include low patient numbers (mean¼
165.31), limited use of geographically distinct validation data
sets (18.95%), and limited use of multicenter hospital data
(14.71%). The most predicted molecular biomarkers were IDH
and MGMT, which are critical for classifying glioblastoma from
lower-grade gliomas and for predicting response to temozolo-
mide therapy. Testing for these is standard of care in clinical
practice. Therefore, these results are more available than other
molecular biomarkers.

We show that DL algorithms result in significantly higher
AUC values in internal validation studies than ML (P value¼
.02), leading us to recommend developing DL algorithms for
future applications. Our review highlights the feasibility of accu-
rately predicting glioma molecular subtypes; however, only some
studies addressed the need for transparency and interpretability
of these prediction models and demonstrated a high risk of bias.

FIG 3. AUC and accuracy (ACC) results from internal and external validation studies. Results from 76 internal and 18 external validation studies
are demonstrated on the basis of the molecular subtype that is being predicted. The central line in each result indicates the median value of
the labeled subtype. Percentages are reported as fractions to provide visualization.

Table 3: Performance of algorithms

Accuracy AUC
Internal validation
Tree-based 82% (n¼ 23/27) 0.82 (n¼ 23/27)
SVM 83% (n¼ 12/21) 0.83 (n¼ 17/21)
Neural network 85% (n¼ 22/25) 0.88 (n¼ 18/25)
Others 84% (n¼ 3/4) 0.85 (n¼ 2/4)
External validation
Tree-based 85% (n¼ 6/8) 0.84 (n¼ 7/8)
SVM 82% (n¼ 7/7) 0.84 (n¼ 4/7)
Neural network 86% (n¼ 1/1) 0.86 (n¼ 1/1)
Others 89% (n¼ 1/2) 0.88 (n¼ 2/2

Table 2: Types of algorithms used to predict the molecular subtypes of gliomas and the
number of studies that used them

IDH MGMT 1p/19q H3 K27M ATRX TERT Others
Internal validation
Tree-based 11 4 4 4 0 0 4
SVM 9 1 2 2 1 2 4
Neural networks 14 6 3 0 0 0 2
Others 3 1 0 0 0 0 0
External validation
Tree-based 4 1 0 0 1 1 1
SVM 2 1 2 0 1 0 1
Neural networks 1 0 0 0 0 0 0
Others 0 1 0 0 0 1 0

1130 Lost Oct 2023 www.ajnr.org



A unique aspect of our study is the broad inclusion criteria, which
required screening of .12,000 abstracts before full-text review.
Our study also contains the largest number of evaluated articles
(n ¼ 85) with the most characteristic features extracted (n ¼ 18)
(Online Supplementary Data).34 In our analysis, we extracted not
only feature characteristics of patient data sets but also imaging
sequences, including advanced imaging modalities, algorithms,
and types of ML algorithms with outcome assessment on internal
and external validation data sets.

In addition to a thorough feature-extraction process from indi-
vidual articles, we performed bias analysis with the most relevant
assessment tool currently available, PROBAST.17 Prior studies
demonstrated that ML approaches for the evaluation of gliomas
have significant deficiencies in reporting quality as assessed by
TRIPOD,9-11 aligning with our results of high bias. Unlike the pre-
vious systematic review, which had more restrictive inclusion cri-
teria, our systematic review included 35 studies that did not report
AUC (n¼ 21/95) or accuracy (n¼ 14/95) in evaluating their

respective models. Our less restrictive inclusion criteria, inclusion
of studies that did not report both AUC and accuracy allowed us
to better evaluate the distribution of different ML approaches in
this field. Furthermore, our review did not exclude studies with
non-MR imaging modalities or those with missing data, resulting
in a total of 44 studies being included in our analysis.34 While our
findings generally agree with the results of prior work, we provide
additional information on the differences in internal and external
validation studies (conclusions), prediction performances of ana-
lyzed glioma molecular subtypes (section 4.4), and details of differ-
ent image modalities with their corresponding performance
metrics (Online Supplemental Data).

We recommend future studies evaluating ML algorithms in
the imaging of gliomas to develop prediction algorithms based on
larger data sets with geographically distinct data for model valida-
tion to provide generalizable results.35 Until now, most studies
relied on single-center hospital data and publicly available data
sets. We recommend building databases of annotated images in

FIG 4. Comparison of performance of different ML algorithms in internal and external validation data sets. A, In internal validation studies, 35%
(n¼ 27/77) used tree-based; 27% (n¼ 21/77), SVM; 32% (n¼ 25/77), neural network; and 5% (n¼ 4/77), other classifiers. The section named
“Others” includes machine and deep learning algorithms, which cannot be classified into these 3 groups, and mixed classifiers with characteris-
tics of multiple techniques. Lines indicate the mean value. B, Comparison of ML and DL algorithms. This figure refers to SVM and tree-based
algorithms as overall ML algorithms. At the same time, all neural network–based classifiers are DL classifiers. In internal validation studies, 68%
(n¼ 52/77) used ML algorithms, and 32% (n¼ 25/77) used DL classifiers. The DL algorithms demonstrated higher AUCs and statistically significant
internal validation data sets. In the 95 patient cohorts analyzed, 68 studies used classic ML classifiers for their predictive models, while 26 used
DL networks. The comparison of algorithms in external validation data sets was limited due to the small number of studies that validated DL
algorithms. ACC indicates accuracy.
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individual hospitals and considering federated learning.36,37

These changes will result in less reliance on publicly available
data sets that are highly curated and will provide a diversity of
hospital training data that will overcome the low data set patient
number and allow translation of algorithms between different
hospitals.38 Additionally, we recommend that journal editors
require validation of data set results, despite the expected drop in
AUC and accuracy. This is well-represented in the recent RSNA-
MICCAIS AI challenge, which demonstrated that the highest pre-
diction forMGMTmethylation based on an unseen external vali-
dation set was an AUC of 0.62.39-42 Our literature review
demonstrates 17 articles predicting MGMT methylation with
AUC results ranging from 0.55 to 0.93 (mean, 0.81) in internal
and external validation sets.

Some of the reasons for the inability to replicate these results
could be low patient numbers in the reported studies, lack of
description of model validation, high bias within the articles with
the potential for overtraining, differences in segmentations among
data sets, and differences in methods of MGMT methylation
assessment between different hospitals. Future studies should con-
sider that other pathologic testing protocols for molecular charac-
terization at different hospitals and tumor heterogeneity with
sampling bias can be a source of error because it is currently used
as the criterion standard in ML algorithm development and,
therefore, introduces reference bias in the respective findings.

Limitations
A limitation of this review includes analysis of studies with
incomplete data, which resulted in unequal data analysis for

criteria such as the accuracy of results. Additionally, the number
of studies with external validation was low, limiting the generaliz-
ability of the findings and raising an important point for editors
and authors to consider the need to include external validation
data sets in their publications. Furthermore, publication bias was
not assessed because it was considered beyond the scope of this
review. Finally, we compared the best prediction pipeline each
study had to offer, which might introduce bias in our findings de-
spite our efforts to minimize bias in our analyses.

CONCLUSIONS
The results of prediction algorithms for molecular subtypes of
gliomas in published studies demonstrate high AUC and accu-
racy. Still, there is an increased risk of bias based on the
PROBAST assessment, which can result in poor data reproduci-
bility. Improvement in reporting the quality of articles, develop-
ment of large hospital-annotated data sets, and performance of
external validation studies in future literature are critical for iden-
tifying algorithms that can be translated into clinical practice.
This issue raises the need to develop novel tools for efficient data
curation and annotation within the clinical workflow.
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ORIGINAL RESEARCH
ADULT BRAIN

Segmentation of Brain Metastases Using Background Layer
Statistics (BLAST)
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Pejman Maralani, Sean Symons, Maged Goubran, Anne Martel, Hanbo Chen, Sten Myrehaug, Jay Detsky,

Arjun Sahgal, and Hany Soliman

ABSTRACT

BACKGROUND AND PURPOSE: Accurate segmentation of brain metastases is important for treatment planning and evaluating
response. The aim of this study was to assess the performance of a semiautomated algorithm for brain metastases segmentation
using Background Layer Statistics (BLAST).

MATERIALS AND METHODS: Nineteen patients with 48 parenchymal and dural brain metastases were included. Segmentation
was performed by 4 neuroradiologists and 1 radiation oncologist. K-means clustering was used to identify normal gray and white
matter (background layer) in a 2D parameter space of signal intensities from postcontrast T2 FLAIR and T1 MPRAGE sequences.
The background layer was subtracted and operator-defined thresholds were applied in parameter space to segment brain metas-
tases. The remaining voxels were back-projected to visualize segmentations in image space and evaluated by the operators.
Segmentation performance was measured by calculating the Dice-Sørensen coefficient and Hausdorff distance using ground
truth segmentations made by the investigators. Contours derived from the segmentations were evaluated for clinical acceptance
using a 5-point Likert scale.

RESULTS: The median Dice-Sørensen coefficient was 0.82 for all brain metastases and 0.9 for brain metastases of $10mm. The me-
dian Hausdorff distance was 1.4mm. Excellent interreader agreement for brain metastases volumes was found with an intraclass
correlation coefficient ¼ 0.9978. The median segmentation time was 2.8minutes/metastasis. Forty-five contours (94%) had a Likert
score of 4 or 5, indicating that the contours were acceptable for treatment, requiring no changes or minor edits.

CONCLUSIONS: We show accurate and reproducible segmentation of brain metastases using BLAST and demonstrate its potential
as a tool for radiation planning and evaluating treatment response.

ABBREVIATIONS: BL ¼ background layer; BLAST ¼ Background Layer Statistics; BM ¼ brain metastases; DL ¼ deep learning; DSC ¼ Dice-Sørensen coeffi-
cient; HD ¼ Hausdorff distance; ICC ¼ intraclass correlation coefficient; IQR ¼ interquartile range; SRS ¼ stereotactic radiosurgery; TH ¼ threshold

Brain metastases (BM) are diagnosed in up to 40% of patients
with metastatic cancer and usually imply a short survival.1

However, recent advances in the treatment of BM, with, for

example, stereotactic radiosurgery (SRS) have led to improve-
ments in patient outcomes with less impact on neurocognition
and quality of life.2 A requirement for SRS is accurate detection
and contouring of BM. Additionally, treatment of BM requires
measurements of tumor burden at baseline and follow-up to
assess treatment response. To aid in this requirement, accurate
segmentation of the tumor is needed to provide precise lesion tar-
geting and to monitor changes in the size of the metastases
between baseline and follow-up scans.

During the past few years, advances in machine learning
methods have led to improvements in automated and semiauto-
mated brain tumor segmentation. Machine learning methods
can be grouped into supervised and unsupervised algorithms.
Supervised methods, such as those based on deep convolutional
neural networks, have recently garnered attention, showing
excellent performance in brain tumor segmentation tasks,3-5

with 1 algorithm now FDA-cleared.6 These supervised methods,
however, require large numbers of (manual) labels for training,
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which is a time-consuming and costly process and can be prone
to bias introduced by the training set. Additionally, optimal per-
formance of deep learning (DL) algorithms across multiple insti-
tutions commonly requires retraining with additional site-specific
data (distributions).7

Unsupervised techniques do not require a priori training
and can be used to facilitate the creation of ground truth data,
which can be used to train DL models. Unsupervised techniques
using clustering methods (eg, K-means, fuzzy c-means, and the
expectation-maximization method) are iterative algorithms that
segment by grouping voxels with similar signal properties
(intensities), then estimating and optimizing cluster properties.8

K-means clustering groups signal intensity data into k classes by
iteratively computing a mean intensity for each class and clus-
tering voxels into the closest class centroid. Brain tumor seg-
mentation with these techniques can be challenging because
segmentation performance is highly dependent on initial condi-
tions and the algorithm used.9 Furthermore, the signal heteroge-
neity and the small size of BM relative to background brain are
additional challenges for clustering algorithms, to accurately
identify and classify these tumors.

In this article, we describe an alternative semiautomated
method for segmentation of BM using multiparametric MR
imaging. The methodology first establishes a parameter space
with origin and axes defined by the signal intensity statistics of
background brain (Background Layer Statistics [BLAST]). In
the present implementation of the methodology, K-means clus-
tering is used to define the statistics of the background layer on
a section of normal brain. Within the parameter space, voxels
related to the background layer are then removed from the
entire volume and additional operator-defined thresholds are
applied to preferentially detect and segment BM. In this study,
we evaluate BLAST methodology for segmentation of BM and
hypothesize that it is accurate and reproducible.

MATERIALS AND METHODS
Subjects
Consecutive patients with newly diagnosed BM undergoing pre-
treatment MR imaging from July 1, 2022, to September 30, 2022,
were included in this retrospective study. Research ethics board
approval was obtained at our institution (Sunnybrook Health
Sciences Centre, Toronto, Ontario, Canada). Inclusion criteria
were the following: 1) known biopsy-proved primary malignancy
at the time of brain MR imaging, 2) 10 or fewer BM, and 3) no rel-
evant treatment history at the time of brain MR imaging, includ-
ing chemotherapy, radiation therapy, or prior brain surgery.
Exclusion criteria were the following: 1) the presence of leptome-
ningeal disease or hemorrhagic metastasis, 2) the presence of
another coexisting acute process such as acute stroke, or 3) severe
corruption of MR imaging by motion artifacts.

MR Imaging Acquisition
All imaging was performed on 1.5T (Magnetom Aera or Sola;
Siemens) or 3T (Magnetom Vida; Siemens) MR imaging systems
using body-transmit and 20-channel head and neck receiver coils.
Patients were scanned with the institutional brain tumor imaging
protocol including axial RESOLVE DWI (Siemens) (b-values ¼ 0

and 1000 s/mm2, TR¼ 3650–8010ms, TE¼ 67.2–72.2ms, in-plane
resolution ¼ 0.54 � 0.54 mm2 to 1.25 � 1.25 mm2, section thick-
ness ¼ 5mm), axial T2 FLAIR postgadolinium (TR¼ 9000ms,
TE¼ 80–108ms, TI¼ 2500ms, in-plane resolution ¼ 0.75 � 0.75
mm2 to 0.83 � 0.83 mm2, section thickness ¼ 3 or 5mm), and 3D
T1 MPRAGE postgadolinium (TR¼ 1800 or 2240ms, TE¼ 2.4 or
3ms, flip angle¼ 8°, resolution¼ 1� 1� 1 mm3).

Image Processing and Analysis
T2 FLAIR and trace DWI (b¼1000 s/mm2) images were regis-
tered to 3D T1 MPRAGE using BRAINSFit (3D Slicer; https://
www.slicer.org/)10 with a 6-df rigid registration and linear inter-
polation to 1-mm isotropic resolution. Brain extraction was per-
formed using a custom-written script in Matlab and the Image
Processing Toolbox, Release 2022a and 2023a (MathWorks)
which uses a brain mask derived from a binary threshold of the
coregistered and interpolated trace DWI (b¼1000 s/mm2) data
set. Brain-extracted T2 FLAIR and 3D T1 MPRAGE data were
bias-field corrected using the N4ITK algorithm (3D Slicer)10 and
saved in a NIfTI format.

Ground truth segmentations of BM were manually acquired
on the 3D T1 MPRAGE images (ITK-SNAP; www.itksnap.
org)11 by C.H., a neuroradiologist with 8 years of postfellowship
experience. All ground truth segmentations were reviewed and
edited by H.S., a neuroradiation oncologist with 13 years of
postfellowship experience. The ROI was drawn around each me-
tastasis encompassing the entire enhancing portion of the brain
metastasis as well as central areas of necrosis and excluding
edema, generating a binary mask (for a 1-class segmentation
task). For this study, enhancing was defined as having a qualita-
tive signal intensity above the surrounding brain parenchyma
on the postgadolinium T1 MPRAGE sequence.

BLAST
Figure 1 illustrates the key concepts in defining the BLAST pa-
rameter space and performing segmentations of enhancing tu-
mor. An example of segmentation of enhancing tumor with
vasogenic edema is shown in the Online Supplemental Data.
The algorithm was implemented using a custom-written script
in Matlab. Signal intensities of the skull-stripped, coregistered,
and bias-corrected T1 MPRAGE and T2 FLAIR images were
first rescaled from 0 to 1. On a section of normal brain, K-means
clustering (2 clusters) of T1 MPRAGE and T2 FLAIR signal
intensities was used to define the cluster corresponding to nor-
mal gray and white matter (background layer). For this study,
the normal section (without any evidence of enhancing tumor
or edema) was selected beforehand by the investigators. The
centroid of this background layer cluster was then used to define
the origin of the parameter space. The rescaled signal intensities
in T1 MPRAGE and T2 FLAIR were divided by the SD of the
background layer to redefine the position of data points in this
parameter space as a z score.

Once signal intensities were put into the BLAST parameter
space, segmentations were performed by subtracting the back-
ground layer and applying additional thresholds in T1
MPRAGE and T2 FLAIR to exclude other nontumor tissues
such as blood vessels and dura. Background layer subtraction
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FIG 1. Key steps in defining the BLAST parameter space and performing segmentations with BLAST. Images and segmentations are shown in the left and
middle columns, and the corresponding parameter space is shown in the right column. Each point in the scatterplot represents a voxel in the image. A,
The statistics of the background layer (gray and white matter) are first defined using K-means clustering on a normal section of the brain. The origin of the
parameter space is defined by the centroid of the background layer cluster and the axes expressed as z score relative to the background layer cluster SD.
B, An ellipsoid approximating the background layer is applied to all slices (red ellipse). Voxels corresponding to enhancing brain tumor, edema, and CSF are
found in the upper right, lower right, and lower left corner of parameter space, respectively. C, Thresholds in both T1 MPRAGE and T2 FLAIR are applied
to exclude nontumoral voxels to perform segmentations. In the sample shown, thresholds in both parameters are set to the mean of the background
layer (z score¼ 0). D, Voxels falling within the background layer ellipsoid are subtracted to further exclude the background layer. The segmentation is
selected to save a mask of the 3D-connected enhancing BM voxels. An algorithm to fill in necrotic areas is applied for the final segmentation (not shown).
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was achieved by approximating the background layer voxels
using an ellipsoid with the center set to the origin of the BLAST
parameter space. The remaining voxels in parameter space were
projected back into the image space to visualize the resulting
segmentation of enhancing tumor. The 3D object consisting of
connected enhancing voxels was selected, and an algorithm to
“fill in” nonenhancing or necrotic regions was applied to finalize
the segmentation. This filling was completed using morphologic
dilations and erosion with structuring elements. To produce an
outline of the brain metastasis, we applied a line contour algo-
rithm to encompass the segmentation.

Ablation Study
An ablation study was performed to evaluate the contribution of
different steps to segmentation performance. The complete
BLAST method consisted of application of thresholds in 2D (T1
MPRAGE and T2 FLAIR) and subtraction of the background
layer approximated by an ellipsoid with the semiaxis length set to
1.5 (threshold [TH] � 2 BL¼ 1.5). Algorithms consisting of
application of thresholds in 2D without background layer sub-
traction (TH � 2 background layer [BL] ¼ 0) and an algorithm
consisting of a threshold in 1D (T1 MPRAGE) without back-
ground layer subtraction (TH � 1 BL¼ 0) were also evaluated.
For TH � 2 BL¼ 1.5 and TH � 2 BL¼ 0, the thresholds in T1
MPRAGE were incremented by 0.5 from the z score ¼ �1 up to
z score¼ 3, and those in T2 FLAIR were incremented by 0.5
from the z score ¼ �2 up to z score¼ 3. For TH� 1 BL¼ 0, the
threshold in T1 MPRAGE was iterated from the z score ¼ �1 up
to z score¼ 5 by increments of 0.5. For each iteration, the seg-
mentation result was saved and the Dice-Sørensen coefficient
(DSC) for the tumor volumes was calculated in Matlab using the
manual segmentations as the ground truth.

Evaluation of Background Layer Subtraction on
Segmentation Performance
To understand the effect of background layer subtraction on seg-
mentation performance, we ran the algorithm with different
amounts of background subtraction by varying the ellipsoid
semiaxis length from 0 to 3 by increments of 0.5. This step was
performed for thresholds in T1 MPRAGE and T2 FLAIR of 0,
0.5, and 1. For each combination, the segmentation result was
evaluated by calculating the DSC.

Operator-Generated BLAST Segmentations and Contours
BM segmentation was performed by 5 operators (4 board-certified
neuroradiologists with BLAST using background layer subtraction
and thresholding in 2D [TH� 2 BL¼ 1.5]: E.W., T.K., A.K., and,
P.H., with 1–15 years of postfellowship experience and 1 board-
certified neuroradiation oncologist: C.-L.T with 8 years of postfel-
lowship experience treating and contouring BM). All definitive
BM were identified by the principal investigators, and the location
was provided to the operators. Operators segmented all BM
within a patient including dural-based metastases. Bone metasta-
ses were excluded because these were removed from the volume
by the brain-extraction algorithm.

The size of the metastases was estimated as the length of the
major axis of an ellipsoid with the same normalized second

central moment as the segmented 3D object. Volume was calcu-
lated from the number of voxels comprising the segmented 3D
object. In addition to the DSC, the Hausdorff distance (HD) for
the center section of a metastasis was calculated using Matlab.

To evaluate the clinical acceptance of the BLAST-generated
contours, we used a 5-point Likert scale adapted from the MD
Anderson Cancer Center.12 Scoring was performed by an experi-
enced neuroradiation oncologist (H.S.) using the contour from
the operator with the highest DSC for the case. A score of 4 or 5
on the Likert scale, for example, indicates that the contour is ac-
ceptable for clinical practice, while a score of 2 indicates that the
contour is completely unusable.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism software,
Version 9.5.1 for Mac OS (GraphPad Software). The Shapiro-
Wilk test was used to test for normality. For nonparametric group
comparison, the Mann-Whitney U test or Friedman test was per-
formed, and the results were considered significant if the P value
was less than .05. A linear regression of tumor volume measured
by BLAST segmentation versus ground truth segmentation was
performed. The difference in tumor volume between BLAST and
ground truth segmentation was also measured with a Bland-
Altman plot.

Interreader agreement of tumor volume measurements was
evaluated by a 2-way random effects model intraclass correlation
coefficients (ICC) in Matlab:13 ICC , 0.5 (poor), 0.5–0.75 (fair),
0.75–0.9 (moderate), and$0.9 (excellent) agreement. ICCs were
reported with their 95% CIs.

RESULTS
A total of 19 patients with 48 BMmet the inclusion and exclusion
criteria (Table). The median volume of BM was 0.70 cm3 (inter-
quartile range [IQR], 0.1–2.1 cm3) and the median diameter was
12.8 mm (IQR, 6.7–20.7) mm. Twenty-two BM measured
,10mm, and 6 BMmeasured,5mm.

Results from the ablation experiment are included in the
Online Supplemental Data. The median DSC scores for TH � 2
BL¼ 1.5, TH � 2 BL¼ 0, and TH � 1 BL¼ 0 were 0.9 (IQR,
0.87–0.92), 0.90 (IQR, 0.88–0.92), and 0.86 (IQR, 0.78–0.9),
respectively. DSC scores for TH � 2 BL¼ 0 and TH � 2 BL¼
1.5 were significantly higher than those for TH � 1 BL¼ 0
(P, .001). DSC was not significantly different between TH � 2
BL¼ 0 and TH � 2 BL¼ 1.5 (P¼ .94). An illustrative case in
which TH � 1 BL¼ 0 failed to properly segment a brain metas-
tasis abutting the adjacent tentorium is also shown.

Results of varying the levels of background layer subtraction
on segmentation performance are included in the Online
Supplemental Data. The experiment was run on 46 of the 48 BM.
Two BM demonstrated low T2 FLAIR signal, and the signal inten-
sities for the tumor fell below the minimum T2 FLAIR (z score¼
0) used in the experiment. For a given threshold in T1 MPRAGE
and T2 FLAIR, increasing background layer subtraction by vary-
ing the semiaxis length from 0 to 3 resulted in improving segmen-
tation performance. The benefit of background layer subtraction
is more pronounced for lower thresholds and reduces at higher
thresholds in T1 MPRAGE and T2 FLAIR. Visually, background
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layer subtraction reduces the amount of background voxels
included in the segmentation mask, allowing better visualization
of metastases across the thresholds that were evaluated. While
there is greater background layer removal at higher thresholds or
with greater background layer subtraction, there is also reduction
in the tumor segmentation.

Sample contours for a cross-section of metastases contoured
by human operators are shown in Fig 2. Figure 3 shows the rela-
tionship between DSC versus metastasis size for the operators
and compares this with the results from the ablation analysis
(TH� 2 BL¼ 1.5). The median DSC for all BM and all operators
was 0.82 (IQR, 0.73–0.9). For operators, there was a significant
difference in DSC (P, .001) between metastases of ,10mm
(0.70; IQR, 0.65–0.8) and those of $10mm (0.90; IQR, 0.86–
0.92). A statistically significant difference in the median DSC for
metastases of ,10mm (0.90; IQR, 0.84–0.91) and those of
$10mm (0.91; IQR, 0.89–0.94) was not found for TH � 2 BL¼
1.5 from the ablation experiment (P¼ .05). The median HD for
all metastases and operators was 1.4 mm (IQR, 1–2 mm). The
median HD was significantly different (P, .001), for metastases
of,10mm (1.4 mm; IQR, 1–1.4 mm) and those of$10mm (1.8
mm; IQR, 1.1–2.2 mm).

Linear regression of tumor volume measured by human opera-
tors versus ground truth volume showed excellent fit with R2 ¼
0.9951 (Fig 4). Bland-Altman analysis showed a bias of 0.14 cm3

toward larger tumor volumes with BLAST compared with the
ground truth (95% limits of agreement, �0.38�0.66). There was
excellent interreader agreement for tumor volumes with ICC¼
0.9978 (95% CI, 0.9967�0.9987). The median segmentation time
using BLAST for all operators was 2.8 (IQR, 1.6–4.3) minutes/me-
tastasis and was not influenced by tumor size.

Forty-five contours (94%) were scored a 4 or 5, indicating that
the contours were acceptable clinically for treatment, requiring
no changes at all or minor edits that are not thought to be

clinically relevant. Only 3 contours (6%) scored a 3, indicating
that minor edits were needed.

DISCUSSION
The treatment of brain metastases with SRS requires accurate
detection and segmentation, which can be time-consuming and
challenging. Furthermore, the follow-up of brain metastases
necessitates reliable measurements of tumor burden to evaluate
treatment response, which is important in routine clinical prac-
tice and clinical trials. To this end, methodologies for accurate
and rapid segmentation of brain tumors have the potential to
greatly impact the treatment of BM by improving the accuracy of
treatments and measuring the response.

In the present work, we show the results of a methodology
that provides highly accurate and reproducible segmentation of
BM using multiparametric MR images. The methodology is
based on using the statistics of normal background brain to iden-
tify abnormal tissue. As opposed to using K-means clustering to
detect and segment BM directly, K-means clustering is used to
identify normal background brain voxels from a section of nor-
mal brain, allowing them to be excluded and resulting in segmen-
tation of enhancing tumor. Conveniently, the thresholds used to
exclude nontumoral voxels are set relative to the statistics of the
centroid of the background brain cluster.

Brain lesion segmentation based on the detection of outlier
voxels has been previously described by Seghier et al.14 In their
methodology, a fuzzy clustering procedure was used to identify
outlier voxels corresponding to brain pathology from gray and
white matter using T1-weighted images alone. The methodology
was subsequently adapted to detect and segment BM on postga-
dolinium T1-weighted sequences, but the performance of the
detection and segmentation task was limited by false-positives,
mainly from vascular structures (arteries and veins), the dura,
and the choroid plexus.15 These methods require training on a set
of normal brains to model the intensity distribution of tissue
types. One of the advantages of BLAST is that no training is
required to perform segmentations because the normal brain
cluster is defined on the basis of the statistics from the subject.
Additionally, another main difference between these methods
and BLAST is the use of multiparametric data in BLAST to better
separate the normal brain cluster corresponding to gray and
white matter from outlier voxels corresponding to BM and other
normal structures such as blood vessels or the dura. In particular,
the use of a black-blood sequence such as T2 FLAIR in combina-
tion with postcontrast T1 MPRAGE provides excellent separation
of contrast-enhancing blood vessels from tumors in parameter
space, resulting in fewer false-positives. This finding was high-
lighted in the results of the ablation study, which showed the
superior performance of thresholding in both T1 MPRAGE and
T2 FLAIR compared with thresholding in T1MPRAGE alone.

The ablation study found no significant effect of background
layer subtraction on the overall segmentation performance using
BLAST. This finding is probably the result of adequate separation
of enhancing tumor from the background layer in parameter
space for most of the BM in this study, allowing the use of higher
thresholds in T1 MPRAGE and T2 FLAIR. An analysis of the
effect of background layer subtraction, however, showed that

Patient demographics and tumor characteristics
Parameter

Demographics
No. of patients 19
Average age (yr) 65.7 (SD, 14)
No. women 9 (47.3%)
Primary cancer type
Lung
NSCLC 9
SCLC 1
Breast 2
Melanoma 2
Esophagus 1
Gastric 1
Pancreas 1
Vagina 1
Nasopharynx 1
Metastasis information
Total No.
Parenchymal 38
Dural 10
Median No./patient 2 (IQR, 1–3.5)
Median size (mm) 21.8 (IQR, 6.7–20.7)
Median volume (cm3) 0.70 (IQR, 0.10–2.1)

Note:—NSCLC indicates non-small cell lung cancer; SCLC, small cell lung cancer.
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FIG 2. Sample contours derived from BLAST segmentations for parenchymal and dural metastases. The first column shows ground truth segmentations
for 5 metastases (red). Corresponding contours created with BLAST are shown in the second column (green) for the operator with the best DSC. The mean
DSCs for A, B, and C are 0.90, 0.83, 0.80, respectively. Two small metastases measuring 7 and 8mm are shown inDwith DSCs of 0.67 and 0.82, respectively.
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increasing levels of background layer subtraction improve seg-
mentation performance at lower thresholds, which may be impor-
tant for segmenting faintly enhancing metastases. Background
layer subtraction also reduced the amount of background voxels
included in the segmentation mask, possibly aiding users in the
detection of metastases. Further work will be required to under-
stand whether background layer subtraction provides any added
benefit for segmenting or detecting faintly enhancing tumors or
other pathologic processes whose signal characteristics overlap
with normal brain (such as edema or nonenhancing tumor).
Additionally, the optimal level of background subtraction for
these applications will require further experimentation.

To evaluate the performance of segmentations using BLAST,
we recruited human operators to use the methodology to gener-
ate contours of BM. Volumetric measurement of BM with the
BLAST algorithm showed excellent interobserver agreement
(ICC¼ 0.9978). Furthermore, tumor volumes measured with

BLAST showed excellent correlation with ground truth manual
segmentation. The excellent interobserver agreement and accu-
racy are features of BLAST that could make this algorithm well-
suited for assessing response to treatment.

The results of the human operator study demonstrated a
poorer segmentation performance for smaller metastases com-
pared with larger metastases. Most interesting, this difference did
not exist when evaluating BLAST performed by iterating a com-
bination of thresholds in T1 MPRAGE and T2 FLAIR with back-
ground layer subtraction. The poorer performance of BLAST by
human operators for smaller metastases was, therefore, seen to be
a limitation of the users and the interface of the current Matlab
implementation rather than a limitation of the BLAST algorithm.
We expect that this situation will be improved in future versions
of the software, which will allow operators to better visualize
smaller metastases and allow real-time evaluation of the segmen-
tation as thresholds are manipulated by the operator.

While a head-to-head comparison of BLAST and DL was not
performed, compared with recently published state-of-the-art DL
methods, BLAST fared well. Using a 2.5D fully convolutional
neural network based on the GoogLeNet architecture (https://
www.mathworks.com/help/deeplearning/ref/googlenet.html)
trained on multiparametric MR imaging including 3D T1
BRAVO (GE Healthcare) postgadolinium, 3D T1 CUBE (GE
Healthcare) pre- and postgadolinium, and T2 FLAIR, brain me-
tastasis segmentation with a mean DSC¼ 0.79 (SD, 0.12) has
been reported.3 With a 3D U-Net trained on 3D T1 echo-spoiled
gradient echo postgadolinium or subtraction images, segmenta-
tion of BM with a median DSC¼ 0.75 and a median HD¼
1.5mm has been achieved.4 By means of a self-adaptive nnU-Net
model (https://www.nature.com/articles/s41592-020-01008-z) trained
on 3D T1 postgadolinium images, excellent segmentation perform-
ance with an overall mean DSC¼ 0.822 (SD, 0.095) for all metastases
in the test set (mean size¼ 12.3 [SD, 9.2] mm) and DSC¼
0.868 (SD, 0.075) for metastases of $6mm has been recently
shown.5 Further work will be required to evaluate the perform-
ance of BLAST compared with DL algorithms for brain tumor
segmentation.

The median segmentation time for BLAST (2.8minutes/me-
tastasis) was longer compared with most DL algorithms, which
report whole-brain inference times ranging from 20 seconds to
5minutes.3,4,16,17 Inference times, however, may not be a fair com-
parison because they do not take into consideration the quality or
clinical usability of the segmentations. A recently FDA-approved
algorithm based on a 3D U-net and DeepMedic (https://github.
com/deepmedic/deepmedic) of volumetric MR imaging and CT
data showed whole-brain inference times of 90 seconds but an av-
erage of 6.1minutes/case for users to finalize segmentations of
BM for treatment planning.18

The median segmentation time presented herein is primarily
a function of operator manipulation of thresholds and re-evalua-
tion of the resulting segmentation, which varied between opera-
tors (IQR, 1.6–4.3) minutes/metastasis. With the current Matlab
implementation, the process of adjusting the threshold requires a
re-computation of the brain metastasis mask after each change in
threshold, which can be a lengthy process. In the future, this time
can be shortened with improvements in the user interface.

FIG 3. BLAST segmentation performance measured by DSC (mean) as
a function of metastasis size for all operators (black open circles).
Segmentation performance for BLAST generated by automatically
iterating through combinations of thresholds with fixed background
layer subtraction (red closed circles) outperforms operator-generated
segmentations for small (,10mm) metastases (P, .001).

FIG 4. Comparison of tumor volumes measured by operators with
BLAST versus ground truth. Linear regression of the data (dashed lines
indicate 95% CI) shows an excellent fit (R2 ¼ 0.9951). The measured
volumes closely approximate the ground truth volumes, with a slope
close to unity (1.05; 95% CI, 1.04–1.06).
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The clinical acceptance of the BLAST-generated contours
measured using a 5-point Likert score was excellent. Of the 3 con-
tours that required editing, 2 were small metastases that were
located superficially in the brain, and partial volume averaging
effects were the cause of the poor segmentations. For the other
contour, an adjacent blood vessel altered the shape and size of the
contour, requiring minimal editing.

There are several limitations to the presented technique:

1) Hemorrhagic metastases were excluded from the study.
These hemorrhagic BM have a propensity for lower T2
FLAIR signal within areas of hemorrhage, which overlap in
signal intensity with adjacent dura or blood vessels.
Segmentation of these metastases could be aided in the
future by additional parameters such as pregadolinium T1
MPRAGE, which can better distinguish between the brain
metastasis and T2 hypointense normal brain structures
such as the dura or blood vessels.

2) Another limitation of the algorithm is how the necrotic core
is segmented. In the present study, the algorithm fills in the
necrotic core on the basis of the boundaries of surrounding
enhancing tumor. In some cases, areas of necrosis could be
excluded if the rim of enhancing tumor is very poorly
enhancing or thin. In the future, these areas of necrosis could
be segmented separately with the addition of other parame-
ters, including pregadolinium T1MPRAGE.

3) The present study uses postgadolinium T2 FLAIR, which is
not a widespread practice. At our center, T2 FLAIR is rou-
tinely acquired postgadolinium administration to save table
time and enable a longer delay between gadolinium adminis-
tration and the acquisition of T1 MPRAGE. The acquisition
of T2 FLAIR after gadolinium administration also enables the
detection of subtle leptomeningeal enhancement, which can
be missed on T1 sequences alone.19 It is possible that the use
of postgadolinium T2 FLAIR could provide an advantage for
segmenting enhancing BM because the signal enhancement
on T2 FLAIR resulting from intratumoral gadolinium leakage
could result in better separation of background brain and the
metastasis in T2 FLAIR parameter space. While this article
has not addressed this possibility, our experience with BLAST
has shown the feasibility of BLAST with pregadolinium T2
FLAIR data as well.

4) The current study is a single-center validation study with a
small number of patients scanned using MR imaging systems
from a single vendor. To address the possibility that the sam-
ple size was too small to detect a difference between arms, we
calculated that a total sample size of 21 brain metastases
would have been required to have an 80% power to assess the
equivalence of the contoured volumes between the experi-
mental method and the criterion standard, assuming an
equivalence limit of 620% of the criterion standard volume
and an a threshold of .05, assuming that the dispersion of the
results in the study reflected the true population dispersion.
A larger sample size will be required in future studies to
reduce the equivalence limit and increase overall power. The
general utility of BLAST in a larger multicenter study of BM
will also be needed to evaluate the generalizability of our
results.

Despite these limitations, the segmentations produced by
BLAST were easy to generate and could be used for BM treat-
ment-planning or response-evaluation. The algorithm could
also be adapted for diagnostic metastasis detection. The BLAST
algorithm was able to detect and distinguish BM adjacent to
arteries and other enhancing structures like venous sinuses and
the dura, which can be challenging to detect. While it is possible
that the BLAST algorithm alone may be sufficient for segment-
ing most BM, it can likely have the greatest impact through
using the generated segmentations to train new DL models on
improved and larger ground truth data sets for metastasis detec-
tion and segmentation.

Finally, the general framework of BLAST is not limited to me-
tastases. The algorithm could be used to segment primary brain
tumors (including enhancing and nonenhancing tumor subre-
gions) or other brain pathology (such as white matter disease for
instance). It could also be used with other MR imaging pulse
sequences and in combination with other modalities, including
CT and PET.

CONCLUSIONS
We present here an alternative methodology for brain metastasis
segmentation, which provides accurate and reproducible segmen-
tations of both parenchymal and dural metastases without exten-
sive a priori training. Combined with the relative simplicity of the
algorithm, the methodology could be widely implemented for
brain metastasis treatment and response assessment.

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

Cortical and Subcortical Brain Atrophy Assessment Using
SimpleMeasures on NCCT Compared withMRI in Acute Stroke

Tanaporn Jaroenngarmsamer, Faysal Benali, Joachim Fladt, Nishita Singh, Fouzi Bala, Michael Tymianski,
Michael D. Hill, Mayank Goyal, Aravind Ganesh,

On behalf of the ESCAPE-NA1 Investigators

ABSTRACT

BACKGROUND AND PURPOSE: Brain atrophy is an important surrogate for brain reserve, the capacity of the brain to cope with
acquired injuries such as acute stroke. It is unclear how well atrophy measurements on MR imaging can be reproduced using NCCT
imaging. We aimed to compare pragmatic atrophy measures on NCCT with MR imaging in patients with acute ischemic stroke.

MATERIALS AND METHODS: This is a post hoc analysis, including baseline NCCT and 24-hour follow-up MR imaging data from the
Safety and Efficacy of Nerinetide (NA-1) in Subjects Undergoing Endovascular Thrombectomy for Stroke (ESCAPE-NA1) trial. Cortical
atrophy was measured using the global cortical atrophy scale, and subcortical atrophy was measured using the intercaudate dis-
tance-to-inner-table width (CC/IT) ratio. Agreement and correlation between these measures on NCCT and MR imaging were calcu-
lated using the Gwet agreement coefficient 1 and Pearson correlation coefficients, respectively.

RESULTS: Among 1105 participants in the ESCAPE-NA1 trial, interpretable NCCT and 24-hour MR imaging were available in 558
(50.5%) patients (mean age, 67.2 [SD, 13.7] years; 282 women). Cortical atrophy assessments performed on NCCT underestimated at-
rophy severity compared with MR imaging (eg, patients with global cortical atrophy of $1 assessed on NCCT¼ 133/558 [23.8%] and
on MR imaging¼ 247/558 [44.3%]; a 20.5% difference). Overall, cortical (ie, global cortical atrophy) atrophy assessments on NCCT
had substantial or better agreement with MR imaging (Gwet agreement coefficient 1 of . 0.784; P, .001). Subcortical atrophy
measures (CC/IT ratio) showed strong correlations between NCCT and MR imaging (Pearson correlation¼ 0.746, P, .001).

CONCLUSIONS: Brain atrophy can be evaluated using simple measures in emergently acquired NCCT. Subcortical atrophy assess-
ments on NCCT show strong correlations with MR imaging. Although cortical atrophy assessments on NCCT are strongly correlated
with MR imaging ratings, there is a general underestimation of atrophy severity on NCCT.

ABBREVIATIONS: AC1 ¼ agreement coefficient 1; CC/IT ¼ intercaudate distance-to-inner-table width; ESCAPE-NA1 ¼ Safety and Efficacy of Nerinetide
(NA-1) in Subjects Undergoing Endovascular Thrombectomy for Stroke; GCA ¼ global cortical atrophy; h-ICD ¼ hemi-intercaudate distance; MTA ¼ medial
temporal atrophy

Brain atrophy is considered an important imaging surrogate of
brain reserve, the ability of the brain to cope with acquired

tissue injuries, such as stroke, demyelination, or trauma.1-7 There
is compelling evidence on the role that atrophy and other

measures of brain reserve play in moderating functional recovery
and neurocognitive sequelae after such brain injuries, leading to
burgeoning interest in assessing these markers in research and
practice.8-10 Several methods to assess brain atrophy on NCCT
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have been developed, including sophisticated automated volu-
metrics.11,12 However, pragmatic visual ratings and measure-
ments are currently the mainstay in clinical practice.13-15

Such pragmatic scales include cortical atrophy assessments,
which are based on the width of the sulci and volume of the gyri
(global cortical atrophy [GCA]):13 hippocampal atrophy assess-
ments, based on the height/volume of the hippocampus (medial
temporal atrophy [MTA] scale)15 and parietal lobe atrophy
assessments based on the width of the posterior cingulate and
parieto-occipital sulci (Koedam scale).14 Subcortical atrophy is
assessed less commonly but can be quantified using simple meas-
urements and calculations like the intercaudate distance-to-
inner-table width (CC/IT) ratio.16

MR imaging is the preferred imaging tool for the aforemen-
tioned scales and measures because they were originally developed
as part of the work-up for neurodegenerative disorders.17 However,
NCCT is more widely available and more often used in emer-
gency settings like acute stroke. In addition, some patients cannot
undergo MR imaging due to claustrophobia, excessive agitation,
metal implants, or other contraindications.18,19 Therefore, should
atrophy assessments on NCCT be comparable with those on MR
imaging, this similarity would help facilitate the routine consider-
ation of brain atrophy in the evaluation and prognostication of
patients with acute neurologic injuries like stroke.

Prior studies comparing the use of NCCT and MR imaging
for atrophy assessment included patients with neurodegenerative
disorders rather than acute injuries like stroke12,20 and used less
established scales or measurements.21 The few studies that
included patients with acute stroke share the important limitation
of not considering confounding of measurements by mass effect
from infarct-related edema, which can complicate around 5% of
all ischemic strokes.22,23

In this study, we aimed to compare the pragmatic assessment
of cortical and subcortical atrophy using well-known and stand-
ardized rating scales applied on NCCT versus MR imaging in a
large randomized controlled trial–derived population of patients
with acute stroke.

MATERIALS AND METHODS
Patient Sample
This study is a post hoc analysis of the Safety and Efficacy of
Nerinetide (NA-1) in Subjects Undergoing Endovascular
Thrombectomy for Stroke (ESCAPE-NA1) trial (clinicaltrials.
gov: NCT02930018), assessing the efficacy of IV nerinetide in
participants with acute ischemic stroke who underwent endo-
vascular thrombectomy within 12 hours from onset.24 Trial par-
ticipants of ESCAPE-NA1 were enrolled between March 1,
2017, and August 12, 2019. Detailed information about the trial
is provided in the Online Supplemental Data. We performed the

atrophy measurement between February 1, 2022, and July 31,
2022.

Image Acquisition
The imaging included in this study consisted of baseline NCCT
and MR imaging at 24 hours after randomization. The 5-mm-
thick, axial NCCT was acquired using a minimum power of 120–
140 kV and 170–200 mA and a 2-second scanning time. The
images were processed using appropriate algorithms to reduce
bone artifacts and a high SNR for gray-white differentiation.
Contiguous axial sections were obtained from the skull base to the
vertex, parallel to the inferior orbitomeatal line. A good-quality
NCCT scan was defined as having a well-discriminated lateral
margin of the lentiform nucleus on the unaffected side and a well-
defined insular ribbon in the absence of previous infarction.
Reformats included 5-mm-thick sections of axial, sagittal, and cor-
onal NCCT images and 25-mm axial and sagittal MIP CTA
images, all generated from the source. CTA required at least
75mL of contrast media. The scan was used only to confirm
affected side for measuring hemi-intercaudate distance (h-ICD)
on the contralateral side. A follow-up brain MR imaging was per-
formed at a mean of 24 (SD, 12) hours after randomization. MR
imaging sequences included a minimum of axial DWI, gradient-
echo, and FLAIR. Reformation was used to generate axial, coronal,
and sagittal images from the 3D FLAIR source. If only axial 2D
FLAIR images were acquired, as was the case for some sites in this
international trial, then available axial views were reviewed.

Image Analysis
Available baseline NCCT and 24-hour MR imaging data (flow
chart, Fig 1) were reviewed by independent core laboratory read-
ers (F. Benali, F. Bala, J.F., N.S, with 4–7 years of experience;
Online Supplemental Data) who were blinded to clinical and out-
come data. Disagreements were resolved by a senior reader (A.G.,
with 10 years of experience). The readers were trained to measure
atrophy and subcortical atrophy using 20 cases from the data set.
However, these cases were re-read for this study after a 30-day
washout period, mixed in with all the other data set cases with no
indicators of being from the training set. The readers then ran-
domly assessed either NCCT or MR imaging, with no reader
assessing both scans from the same patient in the first pass. An
additional intrarater intermodality analysis was conducted to
assess whether the same rater read NCCT and MR imaging dif-
ferently.25 Two readers (F. Benali and J.F.) each assessed global
cortical atrophy (applying the GCA scale) in a random set of 100
patients using NCCT and MR imaging, with a washout period of
30 days between the NCCT and MR imaging reading sessions to
mitigate the likelihood of being biased by prior measurements.
We selected a sample size of 100 patients because this would give
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us 80% power for identifying a disagreement rate of 10% at an a

of .001.26

Cortical Atrophy
Cortical atrophy was measured using visual rating scales for the
GCA (Online Supplemental Data). Additional sensitivity analyses
included regional atrophy assessments, assessed in both hemi-
spheres by applying the aforementioned scale to the frontal, tem-
poral, and occipital lobes. The parietal lobe was assessed using
the Koedam scale (Online Supplemental Data),14 and the hippo-
campus was assessed using the MTA scale (Online Supplemental
Data).15 If the atrophy was asymmetric in any of the mentioned
scales, the most severe side was included.

Subcortical Atrophy
Subcortical atrophy was assessed by calculating the ratio of the
intercaudate distance-to-the-inner-table width, the CC/IT ratio.16

To avoid measurement error due to potential infarct-associated
edema, the intercaudate distance was measured on the contralat-
eral hemisphere (ie, h-ICD) and then multiplied by 2 (Online
Supplemental Data). The h-ICD was defined as the minimum dis-
tance between the caudate head and the septum pellucidum at the
level of the foramen of Monro and has been used previously22,23 to
assess subcortical atrophy in stroke. In case of very severe edema
and midline shift, participants were excluded from all analyses.

Statistical Analyses
Baseline variables of the included participants were summarized
using mean (SD) or median and interquartile range for numeric
data; and numbers (No.) and percentages (%) for categoric and
dichotomous variables.

For correlation analyses regarding cortical atrophy assessment
in the overall data set, we analyzed the intermodality agreement

between NCCT and MR imaging rat-
ings. When we examined the distribu-
tion of our data, most cortical atrophy
data fell into the “no atrophy” and
“mild atrophy” categories. With such a
data distribution, use of conventional
methods for interrater reliability like
the Cohen k can result in misleadingly
low k values, even in the setting of
good agreement, also known as the k

paradox.27 The Gwet agreement coeffi-
cient 1 (AC1)28 is particularly useful in
this setting because it provides a more
stable coefficient with varying preva-
lence or marginal probability.29 We
used a linear-weighed Gwet AC1 for
our agreement calculations. The Gwet
coefficient was also used for assessment
of intermodality agreement for the ran-
dom subset of 200 cases for which both
NCCT and MR imaging were read by
the same readers (100 cases each).

Although Gwet did not describe the
level of agreement with categorized AC1

results, Landis and Koch’s level of agreement was used to interpret
AC1.28,30 Such categorizations have been used in discussing the
results of prior studies using the Gwet AC1.30 An AC1 of 0.21–0.40
was considered fair agreement, 0.41–0.60 was considered moderate,
0.61–0.80 was considered substantial, and 0.81–1.00 was considered
almost perfect.31 We performed agreement analyses for binary
assessment of atrophy: no atrophy (atrophy grade 0) versus any at-
rophy (atrophy grade 1 or more) (Online Supplemental Data).

For correlation analysis in the measurement of subcortical at-
rophy between NCCT and MR imaging, we used Pearson correla-
tion analyses. A Pearson correlation of 0.1–0.39 was considered
as weak, a coefficient of 0.4–0.69 was considered moderate, and a
coefficient of 0.7–0.89 was considered strong.32 Scatterplots were
first drawn to visualize any outliers or linear correlations. In addi-
tion, we used Bland-Altman plots to visualize the agreements
between NCCT and MR imaging. The patterns of the plots help
interpret the correlation between NCCT andMR imaging beyond
numeric data.33,34 For example, a Bland-Altman plot with con-
centrated data reveals that the both sets of data are highly corre-
lated, whereas the plot with parallel data shows that the difference
among data are constant. A narrow difference in the former plot
means that the concentration of data is high and the bias between
measurements is low. One of the radiologic indicators of early sur-
gical decompression in patients with an ischemic brain is the
bicaudate ratio of ,0.16.35 We performed Gwet AC1 analysis for
binary comparison of the CC/IT ratio (,0.16 and $0.16). All
P values #.05 were considered significant, and analyses were per-
formed using STATA/MP 16.1 (StataCorp).

RESULTS
Among the 1105 patients enrolled in the ESCAPE-NA1 trial, 1102
(99.7%) had interpretable NCCT and 568 (51.4%) had interpreta-
ble 24-hour MR imaging. Interpretable baseline NCCT and 24-

FIG 1. Flow diagram showing inclusion and exclusion of cases.
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hour MR imaging were available in 566 (51.2%) patients. We
excluded 8 cases for which subcortical atrophy was not assessable
due to severe brain edema (Fig 1). Of the remaining 558 cases, 282
were women, with a mean age of 67.2 (SD, 13.7) years (Table 1).
Multiplanar reformation of FLAIR images was available in 399
(71.5%) patients.

Cortical Atrophy
When using MR imaging, the rate of participants with any atrophy
(GCA $ 1) was higher compared with when GCA assessments
were performed using NCCT (ie, 245/558 [43.9%] and 133/558
[23.8%] for MR imaging and NCCT, respectively). This finding
was also true for other cortical atrophy scales, such as the Koedam
scale (ie, Koedam $ 1 with NCCT¼ 172/558 [30.8%] and with
MR imaging¼ 261/558 [46.8%]) and the MTA scale (ie, MTA of
$1 with NCCT¼ 123/558 [22.0%] and with MR imaging¼213/
558 [38.2%]). The agreement values of binary (no versus any atro-
phy) assessments (Gwet AC1¼ 0.500–0.554) were lower than the
values of standard assessments (Gwet AC1¼ 0.784–0.833). GCA
assessment showed almost perfect agreement between NCCT and
MR imaging (Gwet AC1¼ 0.815; P, .001) (Table 2). Regional
cortical atrophy assessments showed substantial-to-almost-perfect
agreement (Gwet AC1. 0.784, P, .001) (Online Supplemental
Data). Additional intrarater intermodality analyses of the GCA
(for cases read by the same person) showed moderate-to-substan-
tial agreement (Gwet AC1¼ 0.775 and 0.547; P, .001).

Subcortical Atrophy
Subcortical atrophy assessments (CC/IT ratios) were similar when
using NCCT compared with MR imaging (CC/IT ratio of $0.16

with NCCT¼ 87 [15.6%] and with MR imaging¼ 93 [16.7%]) with
a Pearson correlation coefficient of 0.746 (P, .001). Bland-Altman
plots depicting NCCT assessments compared with MR imaging
showed a low difference in highly concentrated areas (mean differ-
ence of the ratio was 0.0002; 95% limits of agreement, 0.005–0.005),
suggesting highly correlated measurements (Fig 2).33,34

DISCUSSION
In this post hoc analysis of 558 participants in the ESCAPE-NA1
trial who underwent baseline NCCT and 24-hour follow-up MR
imaging, we show that pragmatic visual ratings of cortical atro-
phy on NCCT strongly correlate with atrophy assessments on
MR imaging, though atrophy grades tended to be lower when
assessed on NCCT compared with 24-hour MR imaging across
different rating scales including GCA, Koedam, and MTA.
Moreover, we found a strong correlation between NCCT and MR
imaging for subcortical atrophy measurements using the inter-
caudate distance on the nonaffected hemisphere.

Compared with previous literature mostly involving consider-
ably smaller patient samples, our study shows similar or higher
agreement between atrophy ratings performed on NCCT and
MR imaging. One observational study including 70 patients with
stroke that assessed cortical and subcortical atrophy on NCCT
and MR imaging using a more complex 5-point visual rating
scale21 found lower agreement than in our study (weighted k ¼
0.43–0.61 for cortical atrophy and 0.53–0.70 for subcortical atro-
phy). In a prospective cross-sectional study of 30 patients sus-
pected of having dementia, the GCA and MTA scales on NCCT
and MR imaging20 showed agreement similar to our results
(weighted k ¼ 0.83 for the GCA scale, 0.86 and 0.88 for the MTA
scale on the right and left side, respectively. Notably, in this study,
imaging acquisitions were from patients recruited in a memory
clinic rather than the acute emergency setting. In addition, a
recently conducted retrospective study including 214 patients
with neurodegenerative disorders used computational atrophy
analyses including automated volumetrics of different brain
regions (ie, frontal, temporal, parietal, and occipital) and showed
strong correlations of the obtained volumes in all regions
(Pearson correlation. 0.82) between NCCT and MR imaging.12

Our study adds to previous literature providing empiric evi-
dence that a simple visual assessment of brain atrophy on routine
NCCT is feasible in patients with acute neurologic conditions
such as stroke or traumatic brain injury and represents a valuable

diagnostic tool in the emergency setting
when the numbers of acutely unwell
patients are relatively high and perform-
ance of MR imaging or sophisticated
volumetric analyses is not practical.

Pragmatic visual atrophy assess-
ment may have important prognostic
value complementing routine neuroi-
maging beyond the confirmation of
acute stroke diagnosis and depiction of
ischemic penumbra to inform treat-
ment planning as well as recovery
expectations for patients and treating
physicians.

Table 1: Baseline characteristics (n= 558)
Clinical Characteristics

Age (mean) (yr) 67.2 (SD, 13.7)
Sex (female) (No.) (%) 282 (50.5)
Hypertension (No.) (%) 386 (69.2)
Current smoker (No.) (%) 130 (23.3), n¼ 557
Dyslipidemia (No.) (%) 245 (43.9)
Atrial fibrillation (No.) (%) 172 (30.8)
Coronary artery disease (No.) (%) 121 (21.7)
Diabetes mellitus (No.) (%) 92 (16.5)
Any prior stroke (No.) (%) 76 (13.6)
Peripheral vascular disease (No.) (%) 19 (3.4)
Systolic blood pressure (mean) (mm Hg) 147.4 (SD, 25.1) n¼ 557
ASPECTS (median) (IQR) 8 (7–9) n¼ 552

Note:—IQR indicates interquartile range.

Table 2: Agreement and correlation between NCCT and MR imaging for cortical and sub-
cortical atrophy assessments, respectivelya

NCCT MRI Gwet AC1a

GCA (median) (min-max)b 0 (0–2) 0 (0–3) 0.815
GCA $1 (No.) (%) 133 (23.8) 245 (43.9) 0.500
Koedam (median) (min-max)b 0 (0–2) 0 (0–3) 0.784
Koedam $1 (No.) (%) 172 (30.8) 261 (46.8) 0.512
MTA (median) (min-max)b 0 (0–4) 0 (0–4) 0.833
MTA $1 (No.) (%) 123 (22.0) 213 (38.2) 0.554
CC/IT ratio (median) (IQR)b 0.12 (0.09–0.14) 0.12 (0.09–0.15) 0.746 (Pearson correlation)
CC/IT ratio $0.16 (No.) (%)c 87 (15.6) 93 (16.7) 0.523

Note:—min indicates minimum; max, maximum.
a All P values are ,.001.
b Full categoric scale is provided. Linear-weighted Gwet AC1.
c Cutoff is chosen on the basis of prior literature.35
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While an important value of our article is in demonstrating
how simple measurements of brain atrophy on NCCT compare
with MR imaging measurements, the specific setting of acute
stroke used for our study is also of interest, given the emerging
recognition of atrophy and other such measures of brain frailty as
important mediators of treatment outcome in acute stroke.36-38

Because there is now considerable impetus for future acute stroke
studies to factor such variables into the analyses, our finding that
cortical and subcortical atrophy can be feasibly measured on
NCCT in the acute setting is reassuring. In addition, future stud-
ies could examine how the underestimation of atrophy burden
on NCCT affects the prediction of poststroke outcomes.

Limitations
First, because all raters in our study had several years of experience
with neuroimaging readings and received similar training using
the scales at the start of the study, we cannot comment on to what
extent interrater differences in experience or training could con-
tribute to discrepancies between NCCT and MR imaging assess-
ments. Second, even though we used the h-ICD to account for
any stroke-related edema, possible evolution of edema during the
24-hour interval between baseline NCCT and follow-up MR

imaging could theoretically confound comparisons. However,
cases with extensive midline shift and/or sulcal or ventricular
effacement that were noninterpretable on the basis of the judg-
ment of the reader were excluded and accounted for ,1% of the
cases in the data set. Third, because this was a multicenter interna-
tional trial, scanners differed from one site to another, and we did
not impose specific MR imaging parameters beyond the expecta-
tions for a minimum set of sequences. However, this choice
allowed us to perform a more pragmatic comparison of ratings
performed on CT and MR imaging that is more generalizable to
the heterogeneities of real-world practice.

CONCLUSIONS
Brain atrophy can be feasibly evaluated using simple measures in
emergently acquired NCCT imaging. Subcortical atrophy measure-
ment using CC/IT ratios are highly reproducible on both NCCT
and MR imaging axial planes. Cortical atrophy assessments on
NCCT have substantial or better agreement with MR imaging rat-
ings but generally underestimate the severity of atrophy.

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

Prospective, Longitudinal Study of Clinical Outcome and
Morphometric Posterior Fossa Changes after Craniocervical

Decompression for Symptomatic Chiari I Malformation
Alaaddin Ibrahimy, Tianxia Wu, Jessica Mack, Gretchen C. Scott, Michaela X. Cortes, Fredric K. Cantor,

Francis Loth, and John D. Heiss

ABSTRACT

BACKGROUND AND PURPOSE: The time course of changes in posterior fossa morphology, quality of life, and neurologic function
of patients with Chiari I malformation after craniocervical decompression requires further elaboration. To better understand the
pace of these changes, we longitudinally studied patients with Chiari I malformation, with or without syringomyelia, before and af-
ter the operation for up to 5 years.

MATERIALS AND METHODS: Thirty-eight symptomatic adult patients (35 women, 3 men) diagnosed with Chiari I malformation only
(n¼ 15) or Chiari I malformation and syringomyelia (n¼ 23) and without previous Chiari I malformation surgery were enrolled in a
clinical study. Patients underwent outpatient study visits and MR imaging at 7 time points (ie, initial [before the operation], 3
months, 1 year, 2 years, 3 years, 4 years, and 5 years) during 5 years. The surgical procedure for all patients was suboccipital craniec-
tomy, C1 laminectomy, and autologous duraplasty.

RESULTS:Morphometric measurements demonstrated an enlargement of the CSF areas posterior to the cerebellar tonsils after the
operation, which remained largely stable through the following years. There was a decrease in pain and improved quality of life af-
ter the operation, which remained steady during the following years. Reduction in pain and improved quality of life correlated
with CSF area morphometrics.

CONCLUSIONS: Most changes in MR imaging morphometrics and quality of life measures occurred within the first year after the
operation. A 1-year follow-up period after Chiari I malformation surgery is usually sufficient for evaluating surgical efficacy and
postoperative MR imaging changes.

ABBREVIATIONS: CMI ¼ Chiari I malformation; KPS ¼ Karnofsky Performance Scale; LS ¼ least square; PFD ¼ posterior fossa and foramen magnum decom-
pression surgery; PCF ¼ posterior cranial fossa; PFDD ¼ PFD with dural opening and duraplasty; RM-ANCOVA ¼ repeated measures ANCOVA; RM-ANOVA ¼
repeated-measures ANOVA; TP ¼ time point

In Chiari I malformation (CMI), tonsillar herniation and poste-
rior fossa underdevelopment disrupt normal CSF dynamics.1

Typical CMI symptoms are posterior headache and suboccipital
neck pain, aggravated by straining, coughing, and the Valsalva

maneuver. Symptoms of visual disturbances, dizziness, imbalance,

fatigue, and cognitive impairment also occur. Patients with associ-

ated syringomyelia often have spinal cord symptoms and signs.2

Surgical indications in CMI include syringomyelia-related neuro-

logic deficits and cough-related headache.2-4 Posterior fossa and

foramen magnum decompression surgery (PFD) reduces CMI

symptoms, restores CSF flow, and treats syringomyelia.5,6

PFD for CMI varies from bony decompression to operations
opening the dura, arachnoid, and fourth ventricle, reducing ton-
sillar size, and including duraplasty.6 Intraoperative MR imaging
or sonography can assess whether posterior bone removal
decompressed the cerebellar tonsils and opened the CSF path-
ways or if additional decompression measures are necessary.7-9

Most symptoms improve after PFD surgery.10-13 Children
improve more than adults.14 Complications like CSF leakage,
swallowing dysfunction, aseptic meningitis, and infection wor-
sen surgical outcomes.15
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PFD affects anatomic morphologies and CSF flow.7,16-19

Favorable treatment outcomes follow PFD, which enlarges the

retrotonsillar CSF space and relieves CSF flow obstruc-

tion.13,18,20 Tonsillar ectopia decreases after PFD, almost 50% in

studies by Heiss et al17,18 and Nikoobakht,13 but 7%, 19%, and

33%, respectively, in studies by Bond et al,7 Quon et al,19 and

Eppelheimer et al16 The CSF pathway expands in various

amounts after PFD surgery. In patients undergoing PFD with

dural opening and duraplasty (PFDD), the retrotonsillar CSF

space enlarged 11–13mm and the ventral foramen magnum

CSF space enlarged 0.8–2mm.17,18 PFDD enlarged the ventral

CSF width more in patients with syringomyelia.16,18 In another

duraplasty study, the retrotonsillar space widened 9.7mm

but the ventral CSF width did not change significantly.16 In a

study of PFD, most (86%) without duraplasty, the foramen mag-

num CSF pathways enlarged only 1 mm dorsally and 0.2mm

ventrally.7

Khalsa et al,21 in 2017, reported that more significant (5.89%
versus 1.54%) posterior fossa enlargement after PFD was associ-
ated with relief of CMI-related headache and reduced tonsillar
ectopia. Noudel et al20 reported that complete recovery was
associated with a 15% increase in posterior cranial fossa (PCF)
volume, and partial recovery, with a 7% increase in PCF volume
after PFD.

This prospective, longitudinal study of patients with CMI
with and without syringomyelia treated with PFDD aimed to
achieve the following: 1) quantify the change in the posterior
fossa and upper cervical spine morphometrics between before
PFDD surgery (baseline, denoted “�0.5 time point [TP]”) and
TPs up to 5 years after PFDD surgery, and 2) determine the
change in symptomatology between before PFDD surgery (base-
line) and TPs after surgery. The study also evaluated whether the
Karnofsky Performance Scale (KPS) score, the primary perform-
ance outcome measure of the study, was related to retrotonsillar
CSF space expansion after the operation, the primary morpho-
metric outcome measure of the study, or other morphometric
changes (exploratory measures). Establishing the timing of func-
tional improvement and morphologic changes following PFDD

may guide neurosurgeons advising
patients with CMI about expected re-
covery and MR imaging after PFDD.

MATERIALS AND METHODS
Study Population and Ethics
Thirty-eight adult patients (35 women,
3 men) diagnosed with CMI only
(n¼ 15) or CMI and syringomyelia
(n¼ 23) and without previous CMI
surgery were enrolled in a clinical pro-
tocol and underwent PFDD surgery.
The NIH Combined Neuroscience
Institutional Review Board approved
the research protocol: 10N0143. Con-
sent was obtained from all patients. All
patients were evaluated and treated at a
single clinical site. The mean age at sur-

gery was 40.6 (SD, 12.6) years (range, 20.3–64.9 years). The pro-
tocol specified outpatient study visits and MR imaging 7 times
(ie, initial [before the operation], 3 months, 1 year, 2 years, 3
years, 4 years, and 5 years after the operation). MR images and
clinical data were collected between 2010 and 2021. MR images
were stored in the PACS server. Clinical data were recorded on
case report forms, transcribed, and stored in a secure database.
All 38 patients attended at least 1 scheduled visit after the opera-
tion, and 14 completed the 5-year protocol (Table 1).

Surgical Procedure
All patients underwent the operation in a prone, horizontal position
with the head in a neutral or gently flexed posture. The surgical pro-
cedure included a suboccipital craniectomy, C1 laminectomy, and
sometimes removal of the superior part of the lamina of C2. The
bony opening decompressed the inferior cerebellar hemispheres
and cerebellar tonsils. A Y-shaped durotomy was performed. The
arachnoid was preserved. Intradural structures were not manipu-
lated. An autologous dural graft of the occipital pericranium meas-
uring 4 � 4 cm was sewn to the durotomy edges using a 4–0
braided nylon suture.18

Image Registration and Midsagittal Plane Selection
We used Matlab (MathWorks), FSL (http://www.fmrib.ox.ac.uk/
fsl), and bash scripts in parallel to register 3D T1 MR images to
the Montreal Neurological Institute images (MNI152_T1_brain.
nii.gz, from FSL) and identify the midsagittal plane. DICOM
(.dcm) images were initially converted to NIfTI (.nii.gz) format.
The “dcm2nii” Unix command compressed file sizes. FSL com-
mands extracted the brain fromMR images. A linear image regis-
tration tool (FLIRT command; FMRIB Linear Image Registration
Tool; FLIRT; http://www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) regis-
tered the skull-free image to the atlas image (MNI152_T1_brain.
nii.gz). The FSL transformation matrix, including the superior-
inferior ROI, was applied to the original images, registering them
in the atlas image orientation. The final midsagittal MR image in
the midsagittal plane of the atlas was saved as a Matlab file for
morphometric measurements.

Table 1: Number of subjects at each TP category for clinical outcomes and morphometric
measurements
TP categories
TP (yr) –0.5 0.5 1 2 3 4 5
Relative to surgery (mo) –9 to –1 0–9 9–18 18–30 30–42 42–54 .54

Number of subjects for each TP
Morphometric measurements 38 35 31 23 19 17 14
KPS score 36 34 32 24 22 16 14
Average pain 34 33 32 23 21 14 14
Mean of affective pain 34 33 32 23 21 14 14
Mean of continuous pain 33 33 32 23 21 14 14
Mean of intermittent pain 34 33 32 23 21 14 14
Mean of neuropathic pain 34 33 32 23 21 14 14
ASIA total score 35 35 33 23 24 17 14
Ambulatory score 35 35 33 24 24 17 14
Cognitive subtotal 35 35 32 24 22 16 14
McCormick class score 35 35 32 24 24 17 14
Motor subtotal 35 35 32 24 22 16 14
Total FIM 35 35 32 24 22 16 14

Note:—ASIA indicates American Spinal Injury Association; FIM, Functional Independence Measure.
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Morphometric Measurements and Software
Wemade 9 morphometric measurements using 2 custom software
programs developed in Matlab (Table 2, Fig 1, and Supplemental
Online Video). In previous studies, these measurements signifi-
cantly changed after PFDD surgery.16,22 PFDD removes the opis-
thion. A described method reconstructed the McRae line on
postsurgical images.16,18

Clinical Outcomes Measures
The primary clinical outcome measure was the KPS score change
between before and after the operation. The KPS was graded on a
0–100 scale at study visits, representing the patient’s ability to per-
form everyday activities, work, and function without assistance.23

Exploratory clinical outcomes included the following: 1) the
Short-form McGill Pain Questionnaire, a self-reported pain
questionnaire used in longitudinal studies;24 2) the McCormick
Clinical/Functional classification, a 4-grade scale ranging from
grade I (normal or insignificant functional neurologic deficit) to
grade IV (severe deficit, quadriparesis, usually not independ-
ent);25 3) the Functional Ambulatory Score, a 4-grade scale
ranging from 1 (ambulant without a walking aid) to 4 (complete
motor and sensory paraplegia); 4) the American Spinal Injury
Association motor grading scale,26 a 0–100 scale based on a sum
of the strengths of 5 upper- and 5 lower-extremity muscles
graded from 5 (normal) to 0 (total paralysis); and 5) the
Functional Independence Measure, a 13-item questionnaire
assessing motor and cognitive functioning on a 1 (total assis-

tance) to 7 (complete independence)
ordinal scale.27 The Chicago Chiari
Outcome Scale complication compo-
nent graded complications as 1 (persis-
tent complication, poorly controlled), 2
(persistent complication, well-con-
trolled), 3 (transient complication), and
4 (uncomplicated course).28

Morphologic Outcomes Measures
The primary morphometric outcome
measure was the dorsal CSF space,
denoted by 5 in Fig 1. The dorsal CSF
space (5) summated the anterior-poste-
rior widths of the foramen magnum CSF
space (5a) and the retrotonsillar space
(5b). Eight other morphometric meas-
ures shown in Table 2 were exploratory.

Data Distribution
TPs represented the order of scheduled
study visits, including MR imaging
scans and clinical data collection. The

FIG 1. Morphometric measurements on a presurgery MR image (A) and a postsurgery MR image (B)
for the same patient 1 year later. 1) CSF area posterior to PCF, 2) anterior CSF area, 3) posterior CSF
area, 4) cerebellar height, 5a) posterior dorsal width 1 (5b) anterior dorsal width ¼ total dorsal CSF
width, 6) ventral CSF width, 7) cerebellar tonsillar position, 8) occipital bone length, and 9) cerebellum-
clivus bone angle. Note that the syrinx in the presurgical MR image resolved after surgery
(Supplemental Online Video).

Table 2: Description of morphometric measurements

Morphometric Measurement Description
Area

1 CSF area posterior to PCF (mm2) CSF area posterior to a line drawn between the IOP and opisthion, and
posterior to the cerebellum

2 Anterior CSF area (mm2) CSF area in the upper cervical spinal canal anterior to the spinal cord between
the FM and inferior limit of the C2 vertebra

3 Posterior CSF area (mm2) CSF area in the upper cervical spinal canal posterior to the spinal cord between
the FM and inferior limit of the C2 vertebra

Length
4 Cerebellar height (mm) Distance between the most superior point of the superior vermis and the most

inferior point of the tonsil
5 Total dorsal CSF width (mm) Width of the CSF space measured at the level of the FM, anterior to the

cerebellum, posterior to the brainstem and posterior the cerebellum,
anterior to the subarachnoid space

6 Ventral CSF width (mm) Width of the CSF space measured at the level of the FM, anterior to the
brainstem, posterior to the subarachnoid space

7 Cerebellar tonsillar position (mm) The perpendicular distance between the most inferior tip of the cerebellar
tonsils and the McRae line

8 Occipital bone length (mm) Length between a point at the midpoint of the occipital bone at the level of
the tentorium and IOP and the most inferior tip of the occipital bone

Angle
9 Cerebellum-clivus bone angle (degree) The angle subtended by the major axis of the cerebellum with the posterior

margin of the clivus bone

Note:—IOP indicates internal occipital protuberance; FM, foramen magnum.
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TP before surgery was –0.5, with the negative sign connoting
before surgery. The TP values without negative sign prefixes con-
noted visits after surgery.

Statistical Analysis
The initial statistical plan of analysis was a repeated measures
analysis of variance (RM-ANOVA) or analysis of covariance
(RM-ANCOVA), assuming normality. The Box-Cox transforma-
tion was applied to the 12 clinical variables with skewed distribu-
tions. However, the transformation did not work for 6 of them,
and the Friedman test was performed. The Shapiro-Wilk method
tested the normality assumption.

For each morphometric and transformed clinical variable, ei-
ther RM-ANOVA or RM-ANCOVA was used to evaluate the
change with time. The TP (years from the operation) variable was
treated as categorical because the change in all variables across
time did not show linear trends. Age and diagnosis (with and
without syringomyelia) were considered covariates, and the signif-
icance level of .1 was applied to covariate selection (including 2
interactions: TP � age and TP � diagnosis). For the compound
symmetry, the heterogeneous covariance structure was selected
based on the Akaike information criterion to account for the cor-
relation among the repeated measures from the same subject and
the heterogeneity of time variance. The Dunnett method was
applied to multiple comparisons using TP �0.5 or TP 0.5 as the
control. The Bonferroni correction was used for multiple compar-
isons. For the Box-Cox transformed variables, the back-trans-
formed least square (LS) means and 95% CI were reported.

Spearman correlation coefficients were calculated to assess the
association between the clinical and morphometric variables based
on the following: 1) the relative change: between pre- (TP¼ �0.5)
and postsurgery (TP ¼ 0.5): 100 � (post to pre)/pre, and 2) the
measurements at TP ¼ �0.5 and TP ¼ 0.5. The P values were not
adjusted for the multiple statistical tests of the exploratory varia-
bles. SAS Version 9.4 (SAS Institute) was used for statistical analy-
sis, and P values,.05 were considered statistically significant.

RESULTS
Morphometric Measurements
Age and diagnosis (CMI only versus CMI and syringomyelia)
did not significantly affect any morphometric variables except
for the anterior CSF area and cerebellum-clivus bone angle (F-
test, P value. .1). RM-ANOVA was, therefore, used for all
morphometric variables except the anterior CSF area and cere-
bellum-clivus bone angle (Fig 2). The RM-ANCOVA analyzed
the anterior CSF area (diagnosis as a covariate) and the cerebel-
lum-clivus bone angle (age as a covariate). The RM-ANOVA or
RM-ANCOVA (Fig 2) showed a significant change across TPs
(F-test, df¼ 6, ventral CSF width: P¼ .023, others: P, .0001) in
all variables except the anterior CSF area in the CMI-only group
(F-test, df ¼ 6, P, .1499). The difference between presurgery
(TP ¼ –0.5, control) and each postsurgery TP was significant
(adjusted P, .0001). Furthermore, the change between the first
(TP¼ 0.5) and postsurgical TPs for the CSF area posterior to
the PCF was also significant (P, .05). For the posterior CSF
area, a significant change was observed at TPs 1 and 2 (P, .05).
For the other 7 variables, the difference between the first

postsurgery TP (TP ¼ 0.5, control) and each postsurgical TP
(TP¼ 1–5) was not significant (adjusted P. .05).

The total dorsal CSF width increased by 12mm after PFDD
surgery (Fig 2). The posterior CSF area increased its preoperative
size .2.5-fold after the operation. The CSF area posterior to the
PCF increased 3-fold by 3–6months after the operation (TP¼
0.5), 4-fold at TP¼ 1, and remained stable thereafter.

The ventral CSF width for the entire CM cohort did not
change significantly following PFDD (P. .05). The RM-
ANCOVA confirmed significant interaction between diagnosis
and TP (P¼ .0374). The anterior CSF area following PFDD sur-
gery increased by .25% in the CMI and syringomyelia group
but,10% in the CMI-only group (Fig 2).

The change from baseline for the cerebellar tonsillar position
inferior to the McRae line, cerebellar height, occipital bone
length, and cerebellum-clivus bone angle occurred within the first
3–6months after surgery (Fig 2). The cerebellar tonsillar position
inferior to the McRae line decreased 2mm 3–6 months after sur-
gery (TP¼ 0.5) and 0.8mmmore in following years. The cerebel-
lar height decreased by 2mm following PFDD surgery. The
occipital bone length was 23mm shorter following PFDD sur-
gery. PFDD surgery produced a 3°–4° reduction in the cerebel-
lum-clivus bone angle 3–6months after the operation (TP¼ 0.5).

Clinical Outcomes
Clinical outcomes significantly changed across TPs (F-test,
df¼6, P, .01; RM-ANOVA). Age and diagnosis had no signifi-
cant effect (F-test P value. 0.1). The difference between presur-
gery (TP ¼ �0.5 as a control) and postsurgery TP ¼ 0.5 was
significant (adjusted P, .05) for the KPS score and pain varia-
bles (Fig 3). After the PFDD surgery, the mean KPS score
increased from 81 to 88 (Fig 3). Average pain and other pain
measures decreased by almost 50% 3–6months following PFDD
surgery and remained stable thereafter (Fig 3). The other 6 clini-
cal variables (American Spinal Injury Association total score,
Functional Ambulatory Score, Total Functional Independence
Measure Cognitive Subtotal, Motor Subtotal, McCormick Class
Score) did not change significantly following PFDD surgery
(Friedman test, df¼ 6, P. .05).

Five transient treatment complications occurred. There were
endotracheal tube–related tongue abrasions in 3 patients, one of
whom also had postoperative pneumonia. Another patient devel-
oped atrial fibrillation requiring cardioversion 4 days postopera-
tively. There were no CSF leaks or wound infections.

Correlation between Clinical Outcomes and
Morphometric Measurements
There was no significant correlation at TP ¼ �0.5 between any
clinical outcomes and morphometric measurements. At TP¼ 0.5,
the posterior CSF area was weakly correlated with average pain
and mean of intermittent pain (n¼ 33, r¼ 0.375, P¼ .0314;
r¼ 0.431, P¼ .013, respectively), and the total dorsal CSF width
was weakly correlated with average pain, mean of intermittent
pain, and mean of neuropathic pain (n¼ 33, r¼ 0.39, P¼ .0248;
r¼ 0.413, P¼ .0168; r¼ 0.366, P¼ .0362, respectively). The rela-
tive change in the KPS score had a weak negative correlation with
occipital bone length (n¼ 28, r ¼ �0.483, P¼ .0093). The relative
change of the cerebellum-clivus bone angle was weakly associated
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with the mean of affective pain (exploratory tests; n¼ 28,
r¼ 0.407, P¼ .0314).

The Online Supplemental Data contain detailed statistical
results like LS-means, 95% confidence intervals, and P values
from the Dunnett multiple comparisons for morphometric meas-
urements and clinical variables.

DISCUSSION
This study evaluated clinical signs and symptoms and posterior
fossa morphology in patients with CMI before, at 3–6months,
and then annually for 5 years after craniocervical decompression
and duraplasty. Clinical symptoms improved after the operation.
We used 9 previously validated morphometric measures.16 Seven
of the 9 measures changed significantly between the pre- and 3- to
6 -month post-PFDD visits (Table 1).16-18,21 All changes occurred
within 3–6months after the operation, except for the CSF area

posterior to the PCF, which increased 25% between 3 and 6
months and 1 year after the operation (Fig 2).

In the present study, 60% of subjects had syringomyelia. The
anterior CSF area significantly increased (27%) following PFDD
surgery for the CMI with syringomyelia group, but not in the
CMI-only group.16,18 Ventral CSF width combining CMI groups
increased by 0.3 mm postsurgery, a statistically insignificant
change.7,16 The semiautomated measurements used were more
accurate than manual measurements.18

Among the 12 clinical symptoms, the KPS score increased sig-
nificantly following PFDD surgery. Average pain and all 4 pain
subcategories (mean of affective pain, mean of continuous pain,
mean of intermittent pain, and mean of neuropathic pain)
decreased significantly following PFDD surgery. Craniectomy
reduced the occipital bone length by a mean of 24mm, or 60%.
More significant length reduction correlated weakly with KPS score
improvement.16,18

FIG 2. Morphometric length, angle, and CSF area measurements (LS-means and 95% CI). A, CSF area posterior to the PCF. B, Posterior CSF area.
A and B, RM-ANOVA F-test (df¼ 6) of TP: P value, .0001. C, Anterior CSF area for CMI-only, and for patients with CMI plus syringomyelia; C,
RM-ANCOVA (diagnosis as a covariate), F-test (df ¼ 6) for the interaction (diagnosis � TP): P¼ .0374. RM-ANOVA F-test (df ¼ 6) for TP: P. .05
for CMI-only, no multiple comparisons: P, .0001 for CMI and syringomyelia (SM). D, Cerebellar height. E, Total dorsal width. F, Ventral CSF
width. G, Cerebellar tonsillar position, H, Occipital bone length. I, Cerebellum-clivus bone angle. RM-ANOVA F-test (df ¼ 6) of TP: P value,
.0001 except for ventral CSF width (P¼ .023, F). Hash tag indicates the Dunnett adjusted P value, .05 at the TP compared with TP ¼ –0.5; plus
sign, the Dunnett adjusted P value , .05 at the TP compared with TP ¼ 10.5; asterisk, the Dunnett adjusted P value, .01 at the TP compared
with TP¼ –0.5.
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The posterior CSF area doubled by 3–6months after the oper-
ation, reached 2.5 times its preoperative size by 1 year after the
operation, and remained stable thereafter.16,18 After PFDD sur-
gery, total dorsal CSF width increased by 9–12mm, .3.5 times
its preoperative size, because of increased posterior CSF area,
upward tonsillar migration, and reduced occipital bone length.
The dura expanded posteriorly into the craniectomy. At TP¼ 0.5
postsurgery, the posterior CSF area weakly correlated with aver-
age pain and mean of intermittent pain. Total dorsal CSF width
weakly correlated with average pain, mean of intermittent pain,
and mean of neuropathic pain. Patients with a larger posterior
CSF area after PFDD had less pain relief.

The cerebellum-clivus bone angle decreased 3°–5° after PFDD
decompression because tonsillar compression and entrapment
relief allowed the inferior cerebellum to rotate posteriorly and
superiorly.18 Eppelheimer et al16 reported less (2.2°) counter-
clockwise rotation. The change in cerebellar rotation weakly cor-
related with the relative change in mean affective pain.

Limitations
Patients infrequently did not complete functional measurement
questionnaires. Clinical outcomes did not consider surgically
related changes in syrinx size.2,3,17

CONCLUSIONS
After posterior fossa decompression, CMI symptoms and func-
tional performance of patients improved, and their retrotonsillar
CSF space enlarged. Symptomatic and MR imaging morphometric

changes occurred within the first postoperative year. One year is
sufficient for evaluating surgical efficacy and postoperative MR
imaging changes after PFDD surgery.

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

Progressive Changes in Cerebral Apparent Diffusion Values in
Fabry Disease: A 5-Year Follow-up MRI Study

Koen P.A. Baas, Albert J. Everard, Simon Körver, Laura van Dussen, Bram F. Coolen, Gustav J. Strijkers,
Carla E.M. Hollak, and Aart J. Nederveen

ABSTRACT

BACKGROUND AND PURPOSE: White matter lesions are commonly found in patients with Fabry disease. Existing studies have shown
elevated diffusivity in healthy-appearing brain regions that are commonly associated with white matter lesions, suggesting that DWI
could help detect white matter lesions at an earlier stage This study explores whether diffusivity changes precede white matter lesion
formation in a cohort of patients with Fabry disease undergoing yearly MR imaging examinations during a 5-year period.

MATERIALS AND METHODS: T1-weighted anatomic, FLAIR, and DWI scans of 48 patients with Fabry disease (23 women; median
age, 44 years; range, 15–69 years) were retrospectively included. White matter lesions and tissue probability maps were segmented
and, together with ADC maps, were transformed into standard space. ADC values were determined within lesions before and after
detection on FLAIR images and compared with normal-appearing white matter ADC. By means of linear mixed-effects modeling,
changes in ADC and DADC (relative to normal-appearing white matter) across time were investigated.

RESULTS: ADC was significantly higher within white matter lesions compared with normal-appearing white matter (P, .01), even
before detection on FLAIR images. ADC and DADC were significantly affected by sex, showing higher values in men (60.1 [95% CI,
23.8–96.3] �10–6mm2/s and 35.1 [95% CI, 6.0–64.2] �10–6mm2/s), respectively. DADC increased faster in men compared with women
(0.99 [95% CI, 0.27–1.71] �10–6mm2/s/month). DADC increased with time even when only considering data from before detection
(0.57 [95% CI, 0.01–1.14] �10–6mm2/s/month).

CONCLUSIONS: Our results indicate that in Fabry disease, changes in diffusion precede the formation of white matter lesions and
that microstructural changes progress faster in men compared with women. These findings suggest that DWI may be of predictive
value for white matter lesion formation in Fabry disease.

ABBREVIATIONS: ERT ¼ enzyme replacement therapy; IQR ¼ interquartile range; LME ¼ linear mixed effect; MNI ¼ Montreal Neurological Institute;
NAWM ¼ normal-appearing white matter; TP ¼ time point; WML ¼ white matter lesion

Fabry disease is a rare, X-linked lysosomal storage disorder
caused by a mutation in the galactosidase alpha (GLA) gene.1

This mutation causes a deficiency of a-galactosidase A activity,
resulting in the accumulation of glycosphingolipids, mainly glo-
botriaosylceramide, primarily in the cardiovascular system, brain,

and kidneys.2 Accumulation in the arterial walls is believed to
contribute to cerebrovascular and cardiac diseases, which are
among the leading causes of death in patients with Fabry disease.
Among other neurologic findings, white matter lesions (WMLs)
are found in nearly one-half of all patients.3-5 WML burden
increases with age and is associated with cognitive decline.5,6

Although the prevalence, severity, and progression of WMLs are
comparable in men and women, men developWMLs at a younger
age.4,7 Moreover, a higher prevalence of WMLs in men with clas-
sic compared with nonclassic Fabry disease has been reported.8

The pathophysiology of WMLs in Fabry disease is complex and
incompletely understood. Cell damage in the cerebrovascular sys-
tem may impair the autoregulation of cerebral perfusion, resulting
in a hyperdynamic circulation and endothelial dysfunction caused
by shear stress and incompliant vessel walls.4,9,10 Combined with
glycosphingolipid storage in endothelial cells, these effects might
cause the release of reactive oxygen species, further compromising
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endothelial cells and accelerating vascular dysfunction.11,12 Patients
with Fabry disease with and without WMLs have shown increased
CBF but decreased glucose metabolism in the WM, indicating
microangiopathy.13 Last, increased CSF protein levels have been
reported, indicating blood-brain barrier dysfunction.14

MR imaging is the criterion standard imaging technique to
detect brain alterations in Fabry disease, including WMLs. DWI
can accurately quantify microstructural WM changes and has been
used in patients with Fabry disease.5,15,16 These studies showed ele-
vated mean diffusivity in healthy-appearing brain regions that are
commonly associated with WMLs.5,15,16 Moreover, WMmean dif-
fusivity was found to be correlated with plasma globotriaosylcera-
mide levels.5 These findings suggest that DWI could help to detect
WML formation at an earlier stage and potentially provide a tool
to evaluate treatment options like enzyme replacement therapy
(ERT). However, these studies were of a cross-sectional design,
prohibiting the assessment of longitudinal changes required to
investigate whether changes in diffusion precede WML formation.
Therefore, this study aimed to explore whether DWI can detect
microstructural changes before WMLs appear on FLAIR-weighted
images in a cohort of patients with Fabry disease undergoing yearly
MR imaging examinations during a 5-year period.

MATERIALS AND METHODS
For this retrospective, observational study, we adhered to the
guidelines of the STrengthening the Reporting of OBservational
studies in Epidemiology (STROBE) statement. Data collection
has been described before.17 The Amsterdam University Medical
Centers (location in the Academic Medical Center) are the
national referral center for patients with Fabry disease in the
Netherlands. Follow-up at the outpatient clinic ranged from 6
months to once every 2 years and included brain MR imaging
scans. Follow-up data from patients with a confirmed Fabry dis-
ease diagnosis were collected in a local database after patients
provided written informed consent. From this database, follow-
up data collected between 2013 and 2019 were extracted. All
patients were classified as having the classic or nonclassic pheno-
type using predefined criteria.8,18,19 Patients were included if
good-quality FLAIR-weighted, T1-weighted, and DWI scans from
at least 3 visits were available. According to Dutch law, no ap-
proval of the study protocol was needed because this was a retro-
spective study and patients were not subjected to procedures or
rules of behavior in addition to regular clinical follow-up.

Image Acquisition
MR imaging scans were acquired on 3T scanners (Ingenia;
Philips Healthcare). T1-weighted anatomic scans were acquired
with the following parameters: TR/TE: 9/4.1ms, flip angle: 8°, re-
solution: 0.5 � 0.5 � 0.9 mm3, FOV: 256� 256 � 170 mm3, and
number of averages: 1. DWI scans were acquired with 2 b-values,
0 and 1000 s/mm2. Other acquisition parameters were the follow-
ing: TR/TE: 6340/83ms, flip angle: 90°, resolution: 0.9 � 0.9 �
3.0 mm3, FOV: 229 � 229 �147 mm3, and number of averages:
2. FLAIR acquisition parameters were as follows: TR/TE: 4800/
356ms, flip angle: 90°, resolution: 1.04� 1.04 � 1.12 mm3, FOV:
250 � 250 � 360 mm3, and number of averages: 2. MR imaging
software upgrades introduced some variation in acquisition

parameters of the DWI scan (Online Supplemental Data).
Periodic image-quality tests using a vendor-provided phantom
were performed during the course of the study, including before
and after software upgrades. Any observed abnormalities were
addressed by the vendor before continuation. Patient positioning
and planning of the scans were performed according to standard
clinical procedures. FLAIR scans were assessed by a neuroradiol-
ogist for WMLs according to the Fazekas scale. The Fazekas scale
rates WMLs in the periventricular and deep brain separately
from zero (no WMLs) to 3 (severe confluent WMLs) and adds
both scores, resulting in a total score that can range from zero
to 6.

Postprocessing
Postprocessing was performed in Matlab (Version 2019b;
MathWorks). An overview of the processing steps is schemati-
cally shown in Fig 1.

T1-weighted scans were segmented into GM, WM, and CSF
probability maps using CAT12 (https://neuro-jena.github.io/
cat12-help/) and nonlinearly registered to standard Montreal
Neurological Institute (MNI) space using SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12) (Fig 1A). After registration to
MNI space, tissue probability maps were thresholded at 0.8.

WMLs were automatically segmented on the FLAIR images
using the lesion segmentation toolbox (https://www.applied-
statistics.de/lst.html) lesion-prediction algorithm20 and manually
corrected (Fig 1B). This segmentation was performed only on
FLAIR images that were scored.0 on the Fazekas score to avoid
false-positive detections. WML probability maps were thresh-
olded at 0.2, which was deemed appropriate on the basis of visual
inspection (Online Supplemental Data). Corrected WML maps
were registered to MNI space.

ADC maps were fitted from the DWI data using the FMRIB
Software Library (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) (Fig 1C)
and registered to MNI space using the previously obtained trans-
formation matrix.

After transformation to MNI space, normal-appearing white
matter (NAWM) was defined by subtracting the WML masks of
every available time point (TP) from the WM masks (Fig 1D).
WML and NAWM masks were eroded by 1 voxel, and 3-voxel
dilated GM and CSF masks were subtracted from the resulting
masks to prevent partial volume effects. Unconnected lesions of,5
voxels were excluded (not shown). The resulting lesion masks were
termed “full lesion.” Additionally, masks were created that included
only WMLs that developed between 2 study visits, denoted as “new
lesion.” New lesion masks were created by subtracting the single-
voxel dilated full lesion masks from all previous TPs from the cur-
rent full lesion mask. Again, lesions of,5 voxels were excluded.

The median ADC within the created masks was calculated at
each TP (before and after the first appearance on FLAIR-weighted
images; Online Supplemental Data). Naming conventions as in
the Online Supplemental Data will be used. The TP of first detec-
tion on a FLAIR-weighted image was defined the reference TP
(time¼ 0) for that ROI, to which all ADC values were temporally
shifted. The difference between ADC within WMLs and NAWM
(DADC) was calculated by subtracting the median ADC within
the NAWM from the lesion ADC.
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Statistical Analysis
Statistical analyses were performed in R Studio (Version
2022.2.3.492; http://rstudio.org/download/desktop). Descriptive
statistics are reported as mean (SD) or median and interquartile
range (IQR) if not normally distributed. ADC values within full
and new lesions were compared with corresponding NAWM
ADC values using 2-tailed paired t tests with a Bonferroni multi-
ple comparison correction.

Linear mixed effect (LME) modeling was used to investigate
changes in ADC and DADC with time.21 This investigation was
only for new lesions because the age of lesions originating from
before the first MR imaging scan was unknown. Subjects were
assigned as the random effect and TP of lesion segmentation as a
crossed random effect to account for multiple TPs per patient

and multiple lesion segmentations per patient, respectively.22 The
random effects structure was determined for each model sepa-
rately as described in the Online Supplemental Data. Next, a pri-
ori–determined fixed and interaction effects were added. Fixed
effects included time (in months, respectively, to the reference
point), sex, and age. Age at baseline was used and centered
around the mean. Finally, interaction effects between time and
sex and between time and age were included.

ADC � Timeþ Sexþ Agebaseline þ ðTimejSubjectÞ
þð1jTPsegÞ þ Time : Sexþ Time : Agebaseline:

If the model could not converge, the structure was simplified as
described in the Online Supplemental Data. Model assumptions

FIG 1. Overview of postprocessing steps. T1-weighted scans were segmented in native space and registered to MNI space (A). WMLs were auto-
matically segmented on FLAIR images, thresholded, and manually corrected (B). ADC maps were fitted from DWIs with b-value ¼ 0 and 1000 s/
mm2 (C). WML masks and ADC maps were registered to MNI space using the transformation matrix from the T1 registration. NAWM masks were
created by subtracting the WML masks from the WM segmentation (D). WML masks were eroded with 2 voxels. Last, GM and CSF masks were
dilated with 3 voxels and subtracted from the resulting WML mask and NAWMmask.
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were tested by fitting of the residuals against the observed data and
inspecting their normality. Estimated effects and their 95% CIs are
reported.

Models were also evaluated using only the ADC values before
detection on FLAIR-weighted images (time, 0). To investigate
NAWMADC in patients with and without lesions, we included a
grouping variable “presence of lesions” as a fixed effect, indicating
whether WMLs, at any TP, had been found in a patient.

Data Availability
Data are available on reasonable request but not publicly avail-
able. Because of the rarity of the disease, even anonymized data
can be linked to a specific individual.

RESULTS
Data from 49 patients with Fabry disease initially fulfilled the
inclusion criteria. Five FLAIR scans and three T1 scans were
excluded because of artifacts detected during image analysis, lead-
ing to the exclusion of 1 patient because ,3 complete TPs were
available. After exclusion, 48 patients with Fabry disease (23
women, all classic phenotypes, all on ERT) with a median of 5

TPs (range, 3–6 TPs) were left, totaling
229 included scan data sets (Table 1).
The median interval between TPs was
364 days (range, 196–1134 days). At
baseline, 29 (60%) patients had WMLs
(18 women; median age, 49 years;
range, 21–69 years). Four patients with-
out WMLs at baseline developed
WMLs during the study, totaling 33
(69%) patients (18 women; median age,
47 years; range, 21–69 years) who had
WMLs by the end of the study. In
patients who had lesions at baseline,
lesion volume increased significantly
during the study (median, 0.6 [IQR,
1.6] mm3 and 1.05 [IQR, 3.1] mm3;
Z¼ 15, P, .01).

WMLs were predominantly found
in the periventricular WM (Fig 2). At
time point 1 (TP1), the mean ADC
within NAWM was 765 (SD, 32) �
10�6 mm2/s compared with 1113 (SD,
138)� 10�6 mm2/s (t[24] ¼ �14,
P, .01) within the full lesion at that TP
(full lesion TP1). ADC within full
lesion ROIs from all TPs are shown in
the Online Supplemental Data.

When we combined new lesion
ADC values with the same time respec-
tive to their reference point, ADC was
significantly higher compared with
NAWM up to 5 years before detection
on FLAIR-weighted images (Fig 3A;
t[8] ¼ 3.9, P¼ .047). Similarly, DADC
was significantly higher than zero up to
5 years before detection (Fig 3B; t(8) ¼

3.9, P¼ .047). Increased ADC values within WMLs before detec-
tion on FLAIR-weighted images also seemed apparent on FLAIR
scans and ADC maps of individual patients who developed new
WMLs during the study (Fig 4).

LME modeling revealed that sex had a small-but-significant
positive fixed effect on NAWM ADC values, showing a 22.1
(95% CI, 3.7–40.4) �10�6 mm2/s higher ADC intercept for men
compared with women (P¼ .02; Online Supplemental Data).
Neither time, age, nor the presence of lesions had a significant
effect on NAWMADC.

ADC and DADC within new lesions were significantly
affected by sex, with higher intercepts in men compared with
women (60.1 [95% CI, 23.8–96.3] �10–6 mm2/s, P, .01 and 35.1
[95% CI, 6.0–64.2] �10–6 mm2/s, P¼ .02 respectively; Tables 2
and 3). ADC but not DADC was also higher and increased faster
in older patients, indicated by the fixed effect of age (2.1 [95% CI,
0.6–3.7] �10–6 mm2/s/month, P, .01) and the interaction effect
between age and time (0.04 [95% CI, 0.00–0.07] �10–6 mm2/s/
year/month, P¼ .03). The effects of time, sex, and age on ADC
are shown in Fig 5. DADC values increased significantly faster in
men compared with women (0.99 [95% CI, 0.27–1.71] �10–6

Table 1: Patient characteristics and WML scores

All Men Women
Patient characteristics
No. of patients (%) 48 25 (52%) 23 (48%)
Classic phenotype (No.) (%) 48 (100%) 25 (100%) 23 (100%)
No. of scan data sets (No.) 229 117 112
Age at first MR imaging (median) (range) (yr) 44 (15–69) 31 (15–55) 46 (22–69)
Patients ,18 yr (No.) (%) 2 (4.2%) 2 (8.0%) 0 (0.0%)
Ever ERT (No.) (%) 48 (100%) 25 (100%) 23 (100%)
Months treated (mean) 89 (SD, 34) 92 (SD, 39) 86 (SD, 30)
Events before first MR imaging
Cerebrovascular event (No.) (%) 2 (4.2%) 1 (4.0%) 1 (4.3%)
TIA (No.) (%) 1 (2.1%) 1 (4.0%) 0 (0.0%)
Kidney function at first MR imaging
eGFR in mL/min/1.73 m2 (median) (range) 101 (40–154) 105 (49–154) 100 (40–127)
eGFR,60mL/min/1.73 m2 (No.) (%) 5 (10.4%) 3 (12%) 2 (8.7%)

WML scores
Fazekas first MR imaging (median) (range) 1 (0–6) 0 (0–6) 1 (0–6)
Fazekas first MR imaging (mean) 1.5 (SD, 1.7) 1.4 (SD, 2.0) 1.5 (SD, 1.3)
Fazekas. 0 first MR imaging (No.) (%) 29 (60%) 11 (44%) 18 (78%)
Fazekas last MR imaging (median) (range)a 1 (0–6) 1 (0–6) 1 (0–6)
Fazekas last MR imaging (mean) 1.5 (SD, 1.6) 1.6 (SD, 1.9) 1.4 (SD, 1.3)
Fazekas. 0 last MR imaging (No.) (%) 33 (69%) 15 (60%) 18 (78%)

Note:—eGFR indicates estimated glomerular filtration rate.
a For 32 patients, additional MR imaging after Fazekas scoring was performed. For these patients, the last known
Fazekas score was used.

FIG 2. Lesion prevalence in patients with Fabry disease. Y, Z, and X coordinates refer to standard
MNI space.
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mm2/month, P, .01). Time itself had a significant fixed effect
only on DADC (0.49 [95% CI, 0.03–0.95] �10–6 mm2/month,
P¼ .04; Online Supplemental Data).

When we evaluated the models using only the TPs before
detection, none of the effects describing ADC remained signifi-
cant, though sex nearly did (35 [95% CI, –3.6–74.5] �10–6 mm2,
P¼ .075; Tables 2 and 3). For DADC, only the significant fixed
effect of time remained (0.57 [95% CI, 0.01–1.14] �10–6 mm2/
month, P¼ .047; Online Supplemental Data).

DISCUSSION
In this 5-year follow-up study, ADC within WMLs of patients
with Fabry disease was assessed before and after detection on
FLAIR-weighted images in a unique longitudinal data set. ADC
values were already increased compared with NAWM in regions
that at later TPs were positively identified as WMLs on FLAIR
MR imaging. This increase in ADC with time was affected by sex,
with men showing a faster increase in ADC than women.

With Fabry disease being an X-linked disease, men are gener-
ally more severely affected by it than women. Indeed, this study
shows that ADC within WMLs is higher and diverges faster from
NAWM values in men compared with women, a finding not
observed before.7,23,24 However, 1 study reported a comparable
WML load between men and women, despite the men being
younger, suggesting an earlier onset of WMLs in men.7 A differ-
ent study comparing diffusivity was limited by its small sample
size (n¼ 27), cross-sectional setup, and combined inclusion of
classic and nonclassic patients.24 Although here only slightly
more patients with WMLs were included (n ¼ 33), the longitudi-
nal design resulted in 472 observations for the analysis.

Higher ADC values were found in regions confirmed as
WML at later TPs, consistent with earlier research showing
increased diffusivity in NAWM areas commonly associated with
WMLs16 and indicating that changes in diffusion precede WML
detection on FLAIR images. When only the TPs before detection
were entered into the model, no effects remained statistically sig-
nificant for ADC. For DADC, only time remained statistically sig-
nificant. This finding may be explained by a lack of statistical
power to detect changes in ADC while still detecting ADC

increasing faster compared with
NAWM. We did not develop a predic-
tion model for WMLs based on ADC
but merely showed an association
between increased ADC and WML de-
velopment at later TPs. To determine
the predictive value of DWI, a model
should be verified using a separate data
set. Nevertheless, our findings add to
the existing evidence that changes in
diffusion precede the formation of
WMLs in patients with Fabry disease.

The increasing ADC values with age
in WMLs were not observed when con-
sidered relative to NAWM (DADC).
This finding suggests that the observed
effect of age is not WML-specific but
rather affects WM globally. However,

time had no significant effect on NAWMADC. These ambiguous
results emphasize the need for caution when interpreting the
NAWM ADC results from this patient population. On the other
hand, heterogeneous age-related microstructural alterations
across the WM25 might prevent the observation of a time effect
when considering global WMADC.

A limitation of this study is the absence of an age- and sex-
matched control group. Therefore, ADC within lesions could be
compared only with NAWM ADC from other brain regions.
NAWMADC values were similar to literature values from healthy
control studies (804 [SD, 110]� 10�6 mm2/s).26 However, it is
possible that WM is affected globally in patients with Fabry dis-
ease and that areas detected as lesions are just more severely
affected than NAWM. This possibility would align with the patho-
genesis of patients with MS as observed in studies using magnetiza-
tion transfer imaging27 and DTI.28 A potential continuation of this
study could address this limitation by including a carefully matched
healthy control group. Nonetheless, the assessment of diffusion
within WMLs both before and after their detection on FLAIR
images remained unaffected by the absence of a control group.

All patients included here received ERT, hampering the analy-
sis of the effect of ERT. Treatment duration was explored as a pa-
rameter in the LME models but did not yield a statistically
significant finding, possibly due to selection bias. Earlier studies
reported ambiguous results on the effect of ERT on WMLs. Two
studies did not find an effect,3,29 while a third study found that
WML burden was more likely to remain stable in patients on
ERT.30 Although its ability to evaluate ERT is uncertain, this study
shows that DWI could still be useful in clinical decision-making.
For example, ERT may be delayed until signs of disease progres-
sion are observed. In such cases, DWI could serve as a more sensi-
tive marker for detecting early changes. Moreover, if DWI reveals
that WMLs continue to progress despite ERT, this finding may be
a signal to consider discontinuing the therapy. However, a more
thorough validation of the predictive value of DWI must be per-
formed before it can be relied on for such applications.

Some other limitations should be acknowledged. Due to the
rarity of the disease, the number of included patients is relatively
low, limiting statistical power. However, the longitudinal study

FIG 3. ADC (A) and DADC (B) in new lesion ROIs compared with NAWM. ADC within lesions with
the same time (in years) relative to their reference point were combined to calculate mean values
(data points) and their SDs (shaded areas). For example, ADCTP1 within the new lesion TP2 and
ADCTP2 within new lesion TP3 both have time ¼ �1 but are compared with the HAWM ADC
from TP1 and TP2, respectively. Paired t tests showed that the ADC within lesions was significantly
higher than the ADC within NAWM and that DADC was significantly higher than zero at every
time. NAWM indicates normal appearing white matter.
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FIG 4. Yearly FLAIR scans and ADC maps. Three of these patients developedWMLs during the study (A–C), while 1 patient did not (D). Scans are
shown in chronologic order from left to right. NewWMLs are indicated by the orange arrows. The patient in B also had a large WM hyperinten-
sity at the right parieto-occipital sulcus, which was diagnosed as a result of infarction before the study. Color scales are optimized for each
patient individually. Z values indicate the Z coordinate in standard MNI space.
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design partly overcomes this limitation. Given the low sample

size, exclusive inclusion of patients with the classic phenotype,

and the primary focus on investigating the potential predictive

value of DWI, a comparison among patients with different GLA

gene mutations or phenotypes was not conducted, which remains

a topic for future research. Second, because of the large number

of MR images, a semiautomated approach was used to segment

the WMLs rather than manual segmentation by a trained neuro-

radiologist. Last, the acquisition protocol used in this study was

not initially designed for a scientific investigation but rather for

initial exploration, explaining why a more comprehensive tech-

nique like DTI was not used in this patient group.

CONCLUSIONS
This work presents the analysis of a unique, longitudinal data set

of DWI and FLAIR MR imaging in patients with Fabry disease.

Adding to the existing body of literature, these results indicate

that changes in diffusion precede the formation of WMLs, sug-

gesting that DWI may be of predictive value for WML formation

in Fabry disease. Moreover, these results show that WML diffu-

sivity progresses faster in men compared with women.
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FIG 5. Visualization of LME models describing the ADC within new lesions. The graphs show how time and sex would affect the ADC of 36-, 46-,
and 56-year-old patients superimposed on the measured data (A–C respectively). ADC is higher and increases faster in men compared with women
and increases faster in older patients.

Table 2: Summary of the obtained LME models describing ADC and DADC

Predictors
ADC DADC

Estimates CI P Estimates CI P
(Intercept) 836 810–862 ,.01 84.4 63.1–105.7 ,.01
Time (mo) 0.41 �0.08–0.91 .10 0.49 0.03–0.95 .04
Male sex 60.1 23.8–96.3 ,.01 35.1 6.0–64.2 .02
Age (baseline, mean centered, year) 2.1 0.6–3.7 ,.01 1.10 �0.16–2.36 .09
Time:male sex 0.72 �0.05–1.50 .07 0.99 0.27–1.71 ,.01
Time:age 0.04 0.00–0.07 .03 0.03 �0.00–0.06 .09
Observations 472 464
Marginal R2 0.227 0.199
Conditional R2 0.689 0.613

Table 3: Summary of the obtained LME models describing ADC and DADC before lesion detection on FLAIR-weighted images

Predictors
ADC before Detection DADC before Detection

Estimates 95% CI P Estimates 95% CI P
(Intercept) 834 806–861 ,.01 83.2 59.9–106.5 ,.01
Time (mo) 0.44 �0.17–1.04 .15 0.57 0.01–1.14 .047
Male sex 35.4 �3.6–74.5 .08 10.7 �21.8–43.1 .52
Age (baseline, mean centered) (yr) 1.0 �0.8–2.8 .25 0.32 �1.22–1.86 .68
Time:male sex �0.16 �1.10–0.79 .74 0.11 �0.71–0.94 .79
Time:age �0.00 �0.05–0.05 .85 �0.00 �0.05–0.04 .87
Observations 233 225
Marginal R2 0.114 0.035
Conditional R2 0.601 0.452
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INTERVENTIONAL

Partial (SAVE) versus Complete (Solumbra) Stent Retriever
Retraction Technique for Mechanical Thrombectomy: A

Randomized In Vitro Study
Magda Jablonska, Jiahui Li, Riccardo Tiberi, Pere Canals, Santiago Ortega, Alejandro Tomasello, and Marc Ribo

ABSTRACT

BACKGROUND AND PURPOSE: Mechanical thrombectomy has become a first-line treatment for acute ischemic stroke. Several
techniques combining stent retrievers and distal aspiration catheters have been described. We aimed to characterize the efficacy
of 2 commonly used techniques according to clot characteristics.

MATERIALS AND METHODS: Soft (mean stiffness¼ 95.77 [SD, 5.80] kPa) or stiff (mean stiffness ¼ 205.63 [SD, 6.70] kPa) clots (3 �
10 mm and 2 � 10 mm, respectively) were embolized to the distal M1 segment of the MCA in an in vitro model. The technique
was randomly allocated (1:1): stent retriever assisted vacuum-locked extraction (SAVE) versus complete retraction (Solumbra). The
primary end point was the percentage of first-pass recanalization. Secondary end points were periprocedural distal embolization
measures.

RESULTS: A total of 130 mechanical thrombectomies were performed (50 for soft clots and 15 for stiff clots per arm). Overall, the
rate of first-pass recanalizaton was 35% with Solumbra and 15% with SAVE (P, .01). For stiff clots, the first-pass recanalizaton was
equal for both methods (27%; P¼ 1.00). With soft clots, the first-pass recanalizaton was higher with Solumbra (38%) than with SAVE
(12%; P, .01). When we used soft clots, the maximum embolus size (mean, 1.19 [SD, 0.9] mm versus 2.16 [SD, 1.48]mm; P, .01) and
total area of emboli (mean, 1.82 [SD, 2.73] versus 3.34 [SD, 3.2]; P¼ .01) were also lower with Solumbra than with SAVE.

CONCLUSIONS: Clot characteristics may influence the efficacy of the thrombectomy technique. In occlusions caused by soft clots,
complete retrieval into the distal aspiration catheters achieved higher rates of first-pass recanalizaton and lower embolization.

ABBREVIATIONS: DAC ¼ distal aspiration catheter; %FPR ¼ percentage of first-pass recanalization; MT ¼ mechanical thrombectomy; SAVE ¼ stent re-
triever assisted vacuum-locked extraction; Solumbra ¼ total retraction; SR ¼ stent retriever

Stroke is the second leading global cause of mortality, with an
annual fatality rate of approximately 3.3 million worldwide.1

Endovascular treatment has proved its efficacy in patients with
acute ischemic stroke due to large-vessel occlusion.2-4 First-pass
recanalization (FPR), defined as a single pass of the device to
achieve complete or successful recanalization without the use of
rescue therapy,5 has been related to improved functional out-
comes and identified as an independent predictor of no disability
at 90 days.6

A better understanding of the device-clot interactions during
all steps of mechanical thrombectomy (MT) is needed to opti-
mize the technique to achieve the highest rates of FPR. In vitro
studies have demonstrated that clot composition and biomechan-
ical characteristics may impact device performance and the out-
come of a procedure.7,8

Stent retrievers (SRs) have undoubtedly shown their safety
and efficacy in the endovascular treatment of stroke.9 Moreover,
different treatment strategies combining a SR with aspiration
through a distal access catheter (DAC) have been proposed to
increase recanalization rates. Strategies commonly referred to as
stent retriever assisted vacuum-locked extraction (SAVE) and
complete retraction (Solumbra) are probably the most fre-
quently used by neurointerventionalists.

The Solumbra technique consists of fully retracting the
entire SR inside the DAC under continuous aspiration at the
level of the occlusion site before retracting the DAC.10 Full
ingestion of the clot at the occlusion site potentially avoids
embolization of the whole clot or fragments to uninvolved arte-
rial territories such as the anterior cerebral artery during retrieval.
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In contrast, with the SAVE technique, the SR is only partially
retracted inside the DAC, with the intention of pinching the clot
between the SR and the tip of the DAC; continuous aspiration is
also applied to this area to increase clot entrapment.11 Then the
whole system is retracted into the guiding catheter under this con-
figuration. The main potential advantage is the reduction of the
probability of stripping the clot at the time of the ingestion into
the exiting catheter. The clot is never fully retracted into the DAC
and is only ingested into the guiding catheter, which has a larger
inner diameter at the level of the ICA. Therefore, the probability
of clot shaving during this critical step with embolization of the
resulting fragments is theoretically reduced.

To date, there is no clear evidence supporting an increased ef-
ficacy of one technique over the other, and both are routinely
used in clinical practice according to the neurointerventionalist’s
preferences. We hypothesized that the efficacy of each technique
might be related to the mechanical characteristics of the clot.

This randomized, in vitro study aimed to compare 2 MT tech-
niques, SAVE versus Solumbra, in terms of FPR and periproce-
dural distal embolization.

MATERIALS AND METHODS
Clot Analogs
Two types of clot analogs, namely soft and stiff, were embo-
lized to create an occlusion within the distal M1 segment of
the MCA in a 3D-printed neurovascular model. Clot analogs
used in the experiments were within the comparable stiffness
range of aged thrombus retrieved from patients with stroke
(elasticity [E]0%–45% ¼ 170 [SD, 39] kPa).12 The Secant modu-
lus of elasticity at 0%–45% strain (E0%–45%) was a mean of
95.77 [SD, 5.80] kPa and 205.63 [SD, 6.70] kPa for soft and stiff
clots, respectively. Three replicates of the Unconfined
Compression Test were performed per clot type, as previously
described.13

The production of the clots comprises
the preparation of 2 solutions: for stiff
clots, 3% sodium alginate and 40% cal-
cium chloride, and for soft clots, 1% so-
dium alginate and 2% calcium chloride.
The alginate solution was stained using
red food coloring to increase the visibility
of the clot within the model. Such a pre-
pared alginate solution was subsequently
drawn into prepared silicone tubes with
a fixed diameter of 3mm for soft clots
and 2mm for stiff clots. The next step
involved casting the alginate solution
into the solution with calcium ions and
waiting 5minutes to let the reaction
occur. The obtained material was then
cut into equal 10-mm-long fragments to
create ready-to-use clot analogs.

Neurovascular Model
Experiments were conducted using a 3D-
printed neurovascular model (FlowCAT,

Barcelona, Spain), realistically reflecting human neurovascular
anatomy obtained from anonymized CT scans (Fig 1). The
model included a fragment of the descending aorta, aortic arch,
bilateral carotid arteries, and a complete circle of Willis. The
manufacturing procedure has been previously described.14 The
model functions in a closed circulatory system with the mean
water temperature maintained at 36.6 [SD, 1]°C and the contin-
uous flow rate fixed at 800mL/min (Fig 2).

In Vitro MT Technique
Before each experiment, preprocedural data were recorded, con-
sisting of clot dimensions before embolization, clot length, and
location after the initial embolization inside the model.

The clot was inserted into the model through an access port at
the proximal portion of the ICA. Flow was subsequently activated
in the model, resulting in an embolization of the clot to the distal
M1 segment of the MCA. After primary embolization, the experi-
ments were randomized to 1 of the 2 study arms: complete
(Solumbra) versus partial (SAVE) stent retrieval into the DAC
(1:1). The type of clot was known to the operator.

Initially, 30 in vitro MTs were performed using stiff clots,
followed by 30 MTs with soft clots. After a preplanned interim
analysis, further experiments with stiff clots were abandoned for
futility reasons, and 60 additional experiments with soft clots
were performed.

The sameMT setup was used for conducting every experiment.
The 8F sheath was plugged into a silicone tube that acts as an

extension of the descending aorta to mimic femoral access. A
long sheath (Cerebase DA 8F; Cerenovus) was placed in the distal
C3 ICA segment. A triaxial system composed of a DAC (React
71; Medtronic), a microcatheter (Phenom 21; Medtronic), and a
microguidewire (Synchro 14; Stryker) was advanced. Permanent
saline flush lines were connected to the long sheath, DAC, and
microcatheter, simulating the clinical setting. After we crossed
the clot with the microguidewire and microcatheter into 1 of the

FIG 1. Virtual model of the circle of Willis segmented vessels. ACA indicates anterior cerebral
artery; AcomA, anterior communicating artery; PcomA, posterior communicating artery; PCA,
posterior cerebral artery.
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M2MCA branches, the microguidewire was exchanged for an SR
(Solitaire 4 � 40; Medtronic). SR deployment was performed
using the push-and-fluff technique15 from the M2 to the M1
MCA segment, aligning the proximal ends of the clot and the
stent. The SR (Medtronic, MN) was replaced after every 10
experiments.

After SR deployment, the DAC was advanced up to the prox-
imity of the clot. Manual aspiration with a 60 -mL syringe
(VacLok; Merit Medical) was initiated through the DAC, and the
MT technique was performed according to the study arm alloca-
tion. Each experiment was video recorded. Only 1 MT attempt
was performed per clot. FPR was defined as no remnant clot frag-
ments of.1mm either in the model (partial recanalization) or in
the filter (distal embolization). Partial recanalization (TICI 2b50)
was defined as the presence of particles of.1mm in the filter but
no remnant in the model. After the experiment, the number, size,
and location of distal emboli were registered. The primary end
point was the percentage of first-pass recanalization (%FPR).
Secondary end points were periprocedural distal embolization
measures. After each experiment, the entire model and equip-
ment were flushed to ensure no residual contaminants were left.

Filter Analysis
The model included an outflow filter designed to trap particles of
.100 mm to precisely evaluate the periprocedural distal

embolization of small particles. Before each experiment, a new fil-
ter was installed in the model. After each experiment, the filter
was removed, and the contents were stained with Congo red dye
to increase the visibility and accurate assessment of the smallest
particles. A photograph of each filter was obtained using a high-
resolution camera (VZ-R; IPEVO). An independent researcher,
who was blinded to all experimental data, analyzed the images by
processing an algorithm developed in Matlab R2020a
(MathWorks) as previously described.14 The algorithm automati-
cally provided the following data about emboli collected in the fil-
ter: Feret diameter of the largest embolus (maximum [max]-E),
total count of emboli (count-E), total count of emboli larger than
1 mm (count-E. 1mm), and total area of emboli (area-E), thus
providing a detailed characterization and quantification of distal
emboli generated at each pass.

Statistical Analysis
Statistical analyses were performed using SPSS, Version 23.0 soft-
ware (IBM).

Emboli variables were expressed as mean (SD). The x 2 test
was used to compare both techniques regarding the %FPR. A t
test was used to analyze the distal emboli parameters. The statisti-
cal significance was defined as P,.05.

RESULTS
We performed a total of 130 MTs at the level of the left distal
M1 MCA segment: 50 cases per arm for soft clots and 15 cases
per arm for stiff clots. Overall, FPR was achieved in 25% (33/
130) of the cases: 35% (23/65) for Solumbra and 15% (10/65) for
SAVE (P, .01). Partial recanalization (TICI 2b50) was achieved
in 73% (48/65) for Solumbra and 63% (41/65) for SAVE
(P¼ .186). Analyses of emboli showed better results with
Solumbra technique: Lower maximal embolus diameter (mean,
1.24 [SD, 1] mm versus 2.03 [SD, 1.43] mm; P, .01), lower total
area of emboli (mean, 1.98 [SD, 3] versus 3.36 [SD, 3.38];
P¼ .01), and lower count E . 1 mm (mean, 1.12 [SD, 1.71]mm
versus 1.71 [SD, 1.85]mm; P ¼ .06) compared with SAVE
(Online Supplemental Data).

Stiff Clots
There was no statistical difference between the 2 techniques in
FPR: Solumbra 27% (4/15) versus SAVE 27% (4/15) and partial
recanalization (TICI 2b50) (47% [7/15] versus 47% [7/15]; P¼ 1).
No significant differences were identified in distal emboli analy-
ses (Online Supplemental Data and Fig 3).

Soft Clots
With soft clots, the Solumbra technique achieved higher rates of
FPR (38% [19/50] versus 12% [6/50]; P, .01) and partial recana-
lization (TICI 2b50) (82% [41/50] versus 68% [34/50]; P¼ 106).

The Solumbra technique also showed a lower maximal embolus
size (mean, 1.19 [SD, 0.9]mm versus 2.16 [SD, 1.48]mm; P, .01)
and a lower total area of emboli (mean, 1.82 [SD, 2.73] versus 3.34
[SD, 3.18]; P¼ .01). Additional emboli measures are shown in Fig 3.

FIG 2. Flow loop setup including the neurovascular model, continuous
pump, temperature regulator, and inflow and outflow filters.
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DISCUSSION
This randomized in vitro thrombectomy study assessing 2 differ-
ent DAC 1 SR combination techniques demonstrates that clot
characteristics influence angiographic outcomes according to the
technique used. While complete and partial retrieval of the SR
into the DAC have similar efficacy with stiff clots, complete re-
trieval showed superior outcomes with soft clots.

Several studies indicated that MT outcome and device perform-
ance may be influenced by clot composition and its biomechanical
characteristics.16 While soft clots are prone to fragmentation17 but
are more easily ingested into smaller-diameter catheters, stiff clots
are characterized by high rigidity, probably less friability, increased
resistance to be ingested into the catheters, and higher friction
against the vessel wall.13 The physical characteristics of the syn-
thetic clot analogs used in the present experiments mimic these
features and remain within the reported biomechanical ranges of
human clots obtained from thrombectomies.12 The adjunctive
effect of aspiration, generating a protective flow reversal, might
also be modified by clot characteristics: Soft clots, easily ingested
into the DAC, allow continuous transmission of the negative pres-
sure to the tip of the catheter, generating a sustained local flow re-
versal. On the other hand, stiff clots that remain stuck or pinched
at the tip of the catheter interfere with the transmission of the neg-
ative pressure and interrupt the local flow reversal. Thus, small clot
fragments generated by the tip of the catheter during ingestion
(clot-shaving effect) or while dragging the clot with the SR through
the vessel tortuosities (roll-out effect) have higher probabilities of
embolizing to distal or new vascular territories. Our hypotheses are
confirmed by the frequencies of occurrence of the aforementioned

phenomena for individual MT techni-
ques. Clot shaving was observed more
frequently while performing the
Solumbra technique than with SAVE
(17% versus 13%) (Online Supplemental
Data), and the roll-out effect was more
common in the SAVE group than in the
Solumbra group (20% versus 2%)
(Online Supplemental Data).

Given these characteristics, total re-
trieval of the SR and the clot (Solumbra)
at the initial clot location (ie, M1 MCA
segment) should theoretically be favored
in occlusions caused by soft clots for dif-
ferent reasons. First, a softer clot will still
be ingested into the DAC (even with the
DAC being smaller than the base cathe-
ter), and second, eventual shaved clot
fragments will be locally aspirated by the
uninterrupted flow reversal (Online
Supplemental Data). On the other hand,
a partial retrieval of the SR into the
DAC (SAVE) seems apparently more
adequate for stiff clots because the inges-
tion of a less deformable clot will be
finally made into a larger catheter (the
base catheter positioned in the ICA) and
the local flow reversal being interrupted

by the clot itself seems less relevant in clots that, by nature, are pre-
dominantly nonfriable (Online Supplemental Data).

This hypothesis is mainly supported by the present findings, in
which the total retrieval of the SR at the level of the occlusion led
to improved FPR rates and a lower distal emboli count, mainly
with soft clots. In contrast, when retrieving stiff clots, the efficacy
was overall significantly lower than with soft clots, but the 2 stud-
ied methods had very similar results. It is possible that if even
stiffer clots were to be used, the results might have shown a com-
plete shift, indicating a higher efficacy of the partial SR retrieval
technique.

The results of our study may not have a direct impact on clini-
cal practice until the nature and characteristics of the clot cannot
be definitively predicted before retrieval. However, indirect rec-
ommendations can still be made. Our preferred protocol would
be to perform a total retrieval of the SR in the first attempt, con-
sidering that softer clots are more prevalent and that in the event
that the clot is of stiff, it will remain unfragmented in the original
location. If the initial technique fails, the neurointerventionalist
could assume that the clot is of a stiffer nature, and a second
attempt, partially retrieving the SR, could increase the probability
of success. Proceeding inversely with frontline partial retrieval of
the SR technique may result in clot fragmentation and emboliza-
tion of softer clots outside of the DAC during retrieval and before
final ingestion into the sheath (Online Supplemental Data).

Additionally, the skills of the interventionalist could be
another factor that influences the efficacy, especially when adopt-
ing the SAVE technique. The SAVE technique requires that the
SR remain partially retracted into the DAC during the whole

FIG 3. Recanalization rate and distal emboli parameters according to the treatment arm and the
type of clot. A, %FPR. B, Total count of emboli (count-E). C, Feret diameter of the largest embolus
(max-E). D, Total area of emboli (area-E).
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maneuver until the system is totally retracted into the base cathe-

ter. However, it is frequently observed that due to the elongation

of the DAC, which is not paralleled by the SR wire, the SR is pro-

gressively (on occasions totally) retracted into the DAC during

the operation, increasing the chances of clot shaving and rolling

before ingestion into the base catheter (Online Supplemental

Data). The frequency of elongation of the DAC during the SAVE

technique leading to premature clot ingestion was found to be

22%, being more common for stiff clots compared with soft clots

(53% versus 12%). To minimize this phenomenon, the interven-

tionalist should release the tension of the DAC as much as possi-

ble before initiating the SAVE technique and control the relative

position of the SR and the DAC during the whole procedure,

steps that require substantial skills and expertise of the interven-

tionalist. In our study, there were also unsuccessful attempts for

each technique, in which the clot remained in its original location

(Solumbra 9%, SAVE 5%; P¼ .289). We provide supplemental

videos that demonstrate the mechanisms of MT failure for both

techniques (Online Supplemental Data).
Our results are in contrast to those of a recently published in

vitro study comparing multiple MT methods in terms of FPR,
which demonstrated the superiority of the SAVE technique
regarding the %FPR.18 The differences may be due to the lower
number of experiments performed using the present techniques
with the same thrombectomy setup (SAVE n¼ 6; Solumbra
n¼ 6), a different method of assessing distal emboli, and, espe-
cially, the use of a smaller DAC size (0.061 versus 0.071 in the
present study), which directly affects aspiration efficacy and clot
ingestion.19 Using a larger-bore DAC predominantly favors the
Solumbra technique because the clot is ingested by the DAC only
with this technique. Under the SAVE technique, the diameter of
the DAC may have a limited impact because clot ingestion occurs
at the base catheter. In any case, the contradictory results suggest
that further research to define the optimal device combination
for each clot type is still required.

Limitations
As in every in vitro study, our experiments have some limitations.
Although the anatomy in the neuroanatomic model is repro-
duced very realistically, the material from which the model is
made cannot fully reflect the plasticity of the human vasculature
and mimic the interactions among the vessel wall, devices, and
the clot. In addition, clot analogs were used in the study, which
do not fully reflect the heterogeneous structure and wide range of
characteristics of human thrombus.

In our study, we used only 1 type of SR and DAC; thus, the
results should not be applied universally and may be different
with other device combinations.

Another limitation of our study arises from the use of a single
clot size. This choice was motivated by the desire to minimize the
accumulation of confounding variables and maintain consistency
in our experimental conditions. Nevertheless, we are well-aware
that the diverse sizes of clots could substantially impact the effec-
tiveness of the different MT techniques. Thus, we advocate further
research in this sense to enrich our understanding and optimize
treatment outcomes.

Despite these limitations, given the randomized design, the
rates of FPR comparable with the rates achieved in clinical prac-
tice, and the large quantity of experiments, it is reasonable to
assume that the conditions of our experiment replicated real clin-
ical settings to a high degree.

CONCLUSIONS
Clot characteristics may influence the efficacy of the thrombec-
tomy technique. In occlusions caused by soft clots, complete re-
trieval of the SR into the DAC achieved higher rates of FPR and
lower distal embolization.

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

Peritumoral Signal on Postcontrast FLAIR Images:
Description and Proposed Biomechanism in Vestibular

Schwannomas
John C. Benson, Matt L. Carlson, and John I. Lane

ABSTRACT

BACKGROUND AND PURPOSE: Anecdotally, postcontrast FLAIR images of vestibular schwannomas can show peritumoral hyperin-
tense signal, hypothesized to represent gadolinium extravasation. This study assessed the incidence of this phenomenon in a
cohort of patients with treatment-naïve sporadic vestibular schwannomas.

MATERIALS AND METHODS: A retrospective review of 20 patients with presumed vestibular schwannoma based on characteristic
imaging findings and with dedicated internal auditory canal imaging, including postcontrast T1W1 and postcontrast FLAIR, was per-
formed. Tumor size and location were recorded, as was the presence or absence of a fundal fluid cleft. Images were reviewed for
the presence of peritumoral hyperintense signal on FLAIR images (a “halo”) and for both subjectively and objectively elevated signal
in the ipsilateral cochlea and fundus.

RESULTS: Patients were randomly selected from an institutional vestibular schwannoma registry. Eleven (55.0%) were women. A peritu-
moral halo was present in 90% of patients, averaging 1.0 (SD, 0.2)mm in thickness. The maximum mean FLAIR signal in the ipsilateral
fundus (205.9 [SD, 110.2]) was significantly greater than on the contralateral side (121.6 [SD, 27.8]) (P¼ .02). Maximum mean ipsilateral
intracochlear signal (167.8 [SD, 104.5]) was also significantly greater than on the contralateral side (113.4 [SD, 40.1]) (P¼ .04).

CONCLUSIONS: A peritumoral halo on postcontrast FLAIR images was present in 90% of our cohort with randomly selected, treat-
ment-naïve sporadic vestibular schwannomas. Although its mechanism is unknown, this signal is hypothesized to represent gadolin-
ium extravasation, given an ipsilateral increased signal in the adjacent internal auditory canal fundus and cochlea.

ABBREVIATIONS: CPA ¼ cerebellopontine angle; IAC ¼ internal auditory canal; VS ¼ vestibular schwannoma

Vestibular schwannomas (VSs) are benign nerve sheath neo-
plasms that account for approximately 80% of cerebello-

pontine angle (CPA) tumors in adults.1 The lifetime prevalence
of developing a VS is 1 in 500.2 Even small tumors may lead to
ipsilateral nonfunctional hearing and tinnitus, while medium
and large-sized vestibular schwannomas may result in addi-
tional symptoms such as trigeminal neuropathy or neuralgia or
brainstem compression with attendant hydrocephalus.3 VSs that
grow with time have been shown to exhibit higher levels of
intratumoral inflammation.4 Although physical compression
from a growing tumor adequately explains the mechanism of
trigeminal symptoms and noncommunicating hydrocephalus,
even very small tumors that do not fill the cross-diameter of the
internal auditory canal (IAC) (ie, do not compress the cochlear

nerve) are often associated with progressive sensorineural hear-
ing loss. Moreover, many studies indicate that the degree of
hearing loss is poorly associated with tumor size at diagnosis,5

and progressive hearing loss is expected to occur even in tumors
that do not exhibit growth.6

The imaging appearance of VSs has been extensively reported.
In general, the tumors tend to extend from the IAC into the
CPA, often with an “ice cream cone” configuration.7 VSs typically
demonstrate homogeneous tumoral enhancement, though 5%–
15%may have intratumoral cystic changes.8 Intratumoral hemor-
rhage, too, may be present; one study found microhemorrhages
on T2*-weighted imaging in .90% of tumors.9 Compressive
edema of the brachium pontis, cerebellum, and/or brainstem is
observed in 5% of cases.10 In the past decade, there has been
growing interest in changes of fundal fluid and labyrinthine fluid
signal in association with vestibular schwannomas.11 Previous
studies have demonstrated that increased FLAIR signal and
decreased T2 signal occur in many cases and correlate with the
development of progressive hearing loss.12 There are also studies
examining early and delayed gadolinium signal in the fundus and
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labyrinth.13 The mechanisms behind this phenomenon remain
unknown but may include buildup of endogenous proteins and
metabolites (“biologic pollution”) from trapped CSF, increased
permeability of the blood-labyrinthine barrier, activation of an
inflammatory cascade, and/or tumor “shedding” or “leaking.”

Anecdotally, peritumoral signal has been observed around
VSs on postcontrast 3D FLAIR imaging. The incidence and char-
acterization of this finding have not yet been assessed in a system-
atic study, however, and the mechanism for this finding also
remains unexplored. This study sought to further define this
radiologic finding by evaluating peritumoral FLAIR signal in a
cohort of patients with treatment-naïve sporadic vestibular
schwannomas.

MATERIALS AND METHODS
Patient Selection
This study was performed following approval by the local institu-
tional review board. A retrospective radiologic review was com-
pleted of a random sample of 20 patients diagnosed with a
presumed vestibular schwannoma (based on imaging findings).
The size of the patient cohort (n¼ 20) was chosen as a number
deemed sufficient to achieve the goal of this study: to confirm an-
ecdotal evidence of the presence of peritumoral post-FLAIR sig-
nal in patients with treatment-naïve VSs to establish it as a
potential biomarker for future study. Neither the size nor the
appearance of VSs was used as an inclusion criterion for the stud-
ied cohort.

All patients underwent dedicated IAC MR imaging between
October 11, 2017, and November 23, 2021. No examinations
required exclusion for artifacts such as motion. In addition, to
assess precontrast FLAIR images in the same patient cohort, we
completed a review of MR imaging performed before the included
study with precontrast FLAIR images performed through the IAC.
As noted in the results, precontrast FLAIR images were available
for evaluation in 16/20 patients. Demographic information was
assessed using a review of the electronic medical record.

MR Imaging Parameters
A 3T Siemens scanner (Magnetom Prisma) with multichannel
phased array coils was used to image all patients (with either a
32- or a 64-channel head coil). Dedicated IAC imaging was per-
formed using axial 3D T1 sampling perfection with application-
optimized contrasts by using different flip angle evolution
(SPACE sequence; Siemens) (TR¼ 600 ms, TE¼ 32 ms, data
matrix¼ 192 � 192, acquisition time¼ 4 minutes 0 second),
axial 3D T2 SPACE (TR¼ 1300 ms, TE¼ 184 ms, data matrix¼
320 � 320, acquisition time¼ 3 minutes 55 seconds), axial 3D
fat-saturated postcontrast T1 SPACE (TR¼ 600 ms, TE¼ 32 ms,
data matrix¼ 192� 192, acquisition time¼ 4 minutes 0 second),
and axial 3D postcontrast FLAIR (TR¼ 5000 ms, TE¼ 379 ms,
data matrix¼ 192 � 192, acquisition time¼ 4 minutes 29 sec-
onds). The FOV for each sequence was 150mm.

Imaging Review
A blinded retrospective review was performed by 2 Certificate of
Added Qualification–certified neuroradiologists (J.C.B., J.I.L.).
All VSs were evaluated for laterality, location, and size. Location

was categorized as being completely within the IAC, completely
in the CPA, or in both the IAC and CPA. Size was based on the
largest single axial dimension. For VSs located in both the IAC
and CPA, only the largest dimension of the CPA component was
measured, in accordance with reporting guidelines.14 Fundal cleft
size was assessed by measuring between the lateral-most aspect of
the VS and the IAC fundus. Obstruction of the fundus from the
remainder of the IAC and/or CPA by the VS was assessed using
axial T2 SPACE images; obstruction was defined as a region of
complete occlusion of the IAC by the tumor.

The presence or absence of peritumoral signal on FLAIR
images (here referred to as the peritumoral “halo”) was assessed
by fusing and overlaying axial postcontrast FLAIR images with
both axial fat-saturated postcontrast T1W1 and axial T2 SPACE
images using the institutional PACS system. The difference in
tumor size between these images was used to measure the thick-
ness of the halo, if present. Image subtraction was also used to
better define the differences between both the tumor margins and
the halo. Only 1 MR imaging examination was assessed per
patient; changes across serial examinations were not evaluated as
part of this study.

In addition, the maximum signal intensity of specified areas
was measured on postcontrast FLAIR images: the ipsilateral fun-
dus (if a cleft was present) and the ipsilateral cochlea. Free-form
ROIs were used for each measurement to precisely outline these
anatomic structures. The contralateral fundus and cochlea were
also measured to provide internal reference. The ipsilateral and
contralateral signal intensities were compared using the statistical
methods outlined below. Each measurement was obtained using
our institution’s PACS system.

Any interobserver disagreements regarding the presence or
absence of a halo or abnormal signal in the fundus were resolved
by consensus. For the measured thickness of the halo, the average
measurement between observers was used.

Statistical Analyses
Means and SDs were calculated for all continuous variables.
Statistical calculations were performed using BlueSky Statistics
software (https://www.blueskystatistics.com/). The Student t test
was used to calculate statistical differences among continuous
variables. The Cohen k was used to calculate interobserver agree-
ment with categoric variables, and Bland-Altman plots were used
to calculate interobserver agreement with continuous variables.
The threshold for statistical significance was set at P, .05.

RESULTS
Twenty patients were included; 11/20 (55.0%) were women, and
the average age was 69.5 years (SD, 10.2). Eleven VSs (55.0%) were
located on the right; 16/20 tumors (80.0%) were located entirely
within the IAC, while 4 exhibited CPA extension of the tumor.
None of the observed VSs were isolated to the CPA. The average
size of all tumors was 5.8 (SD, 3.1) mm (Table). A fundal cleft was
present in 16 patients (80.0%). The average size of the fundal cleft,
when present, was 2.3 (SD, 1.8)mm. Of the patients with a fundal
cleft, the VS obstructed the fundus in 5 patients (38.5%). In
patients with a nonobstructed fundus, the tumor was either smaller
than the diameter of the IAC or the tumor was centered along one
wall of the IAC with a patent CSF cleft on the other side.
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Hyperintense peritumoral signal (halo) was present on post-
contrast FLAIR images in 90% of patients. In general, the
observed halo was nonuniform in thickness around the circum-
ference of the tumors (Fig 1). The halo itself was difficult to con-
firm as being outside the tumor borders without the use of
overlay/fused images in the PACS system. The average maximum
thickness of the halo in the axial plane was 1.0 (SD, 0.2)mm.
Interobserver agreement regarding the presence or absence of a
halo was nearly perfect (k ¼ 0.95), while the interobserver corre-
lation coefficient of the halo thickness was 0.38.

Regarding the 2 tumors that lacked a halo, one was 14mm and
the other was 8mm. The 14-mm tumor lacked a fundal cleft,
potentially affecting the ability to visualize a peritumoral halo. Both
fusion and subtraction on the 8-mm tumor were somewhat diffi-
cult, possibly affecting the ability to visualize a halo in that lesion.

Sixteen patients had prior MR imaging with precontrast FLAIR
imaging of the IAC available for review (the average time between

prior and current MR imaging was 62.9 [SD, 24.6]months). None
of these studies (0%) showed abnormal peritumoral signal on pre-
contrast FLAIR images.

Of patients with a fundal cleft, hyperintense signal was
observed in the fundus on postcontrast FLAIR images in 13 of 16
(82.3%). Ten of those 13 patients had tumoral obstruction of the
fundus. Interobserver agreement for observation of a fundal cleft
signal was moderate (k ¼ 0.46). On average, the maximum signal
in the ipsilateral fundus on postcontrast FLAIR images was 205.9
(SD, 110.2), which was significantly greater than the average sig-
nal in the contralateral fundus (121.6 [SD, 27.8]) (P¼ .02).

Pathologically increased FLAIR signal was subjectively observed
in the ipsilateral cochleae structures in 10 patients (50.0%) (Fig 2).
Of those 10 patients, the fundal cleft was obstructed in 6. On post-
contrast FLAIR images, the mean measured maximum intraco-
chlear signal (167.8 [SD, 104.5]), on average, was greater than
contralateral cochlear signal (113.4 [SD, 40.1]) (P¼ .04).

DISCUSSION
This study assessed the incidence of
peritumoral signal on postcontrast
FLAIR images in a cohort of patients
with vestibular schwannoma. We
found that a previously undescribed
peritumoral halo was observed in a
high proportion of cases, typically
measuring about 1mm in maximum

FIG 1. Example of a peritumoral halo on postcontrast FLAIR images. Postcontrast fat-saturated T1-weighted image (A) demonstrates a vestibular
schwannoma extending from the right IAC into the CPA. Postcontrast FLAIR image (B) shows a discontinuous peritumoral hyperintense halo
that extends beyond the tumor margins on postcontrast T1-weighted images (arrows). Corresponding subtraction FLAIR image (C) confirms the
presence of a halo (arrows).

FIG 2. Multiple findings of possible gadolinium leakage from a vestibular schwannoma. Fused axial T2 SPACE and postcontrast T2 FLAIR image
(A) shows a vestibular schwannoma centered in the left porus acusticus with a peritumoral halo (arrows) that extends past the solid tumor bor-
ders. Hyperintense signal was observed in the ipsilateral IAC fundus and asymmetrically elevated signal in the ipsilateral cochlea on the postcon-
trast T2 FLAIR image (B). Noncontrast FLAIR image on a prior study (C) does not show abnormal peritumoral signal, indicating that this finding
should not represent peritumoral edema.

Sizes and incidence of multiple imaging findings
Findings

Size
Vestibular schwannoma (mean) (mm) 5.8 (SD, 3.1 )
Fundal cleft (mean) (mm) 2.3 (SD, 1.8)
Peritumoral halo (mean) (mm) 1.0 (SD, 0.2)

Incidence
Peritumoral halo (No.) (%) 18/20 (90%)
Hyperintense signal in fundal cleft (No.) (%) 13/16 (82.3%)
Elevated intracochlear signal on postcontrast FLAIR (No.) (%) 10/20 (50.0%)
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thickness. This halo is difficult to detect without the use of coregis-
tered/fused images or image subtraction. Asymmetrically elevated
postcontrast FLAIR signal was also present in both the fundus
and ipsilateral cochlea, confirming the findings of prior studies.

The most logical explanation for the observed findings is that
the hyperintense halo represents extratumoral leakage of gadolin-
ium, because it was not demonstrated on any precontrast FLAIR
images. The presence of halos on postcontrast FLAIR images, but
not postcontrast T1WI, could be due to $1 factor. It is possible
that leakage is better visualized on FLAIR images because of
superior sensitivity to the T1-shortening effect of gadolinium.15,16

It is also possible that the FLAIR images better depicted gadolin-
ium leakage because they were acquired later in the imaging pro-
tocol, allowing interval leaching of contrast into the peritumoral
space.

Because the halos were nonuniform in appearance and not
circumferential peritumoral rings, we hypothesize that the early
gadolinium leakage becomes trapped in a peritumoral space cre-
ated by the enveloping arachnoid or within cysts and/or adhe-
sions. As seen during microsurgical tumor dissection, VSs are
surrounded by a thin, irregular, arachnoid layer that is variably
adherent to the tumor surface. Additionally, peritumoral cysts
have been well-documented previously,17 and vestibular schwan-
nomas specifically are known to exist in an inflammatory micro-
environment.18 Thus gadolinium may have become caught in the
veil of the peritumoral arachnoid or peritumoral cysts before
leaking further into the adjacent CSF. Elevated signal in the ipsi-
lateral fundus and cochlea suggests that additional leakage does
occur, possibly in a more diluted manner than the halo effect.

It is not clear why the leaked contrast seems to be locally
transported and/or resorbed in the ipsilateral cochlea, even in
cases in which the IAC is not occluded. It is possible that even
partial occlusion of the IAC (or underlying anatomic constraints
of the IAC structure) leads to somewhat stagnant flow of leaked
gadolinium into the adjacent CSF, which then, preferentially, is
concentrated in the adjacent cochlea rather than diffusing more
broadly into the CSF. Altogether, the precise pathophysiology of
the observed findings is likely even more complex than what we
have outlined, and it is possible that the halo sign is not specific
to VS. Further studies using larger cohorts and a greater variety
of tumors should help to develop a more comprehensive model.

The concept of VS contrast extravasation is not new. VSs have
previously been hypothesized to leak gadolinium into the adja-
cent structures, most notably the ipsilateral cochlea. Yamazaki et
al,19 for example, found that ipsilateral cochleae have higher sig-
nal intensity on postcontrast FLAIR. In that study, the authors
demonstrated a convincing increase in intracochlear signal inten-
sity on postcontrast FLAIR images compared with precontrast
images, and gadolinium leakage into the IAC fundus. This
increased ipsilateral cochlear signal on postcontrast FLAIR signal
has been assessed elsewhere.20 The authors contended that the
intracochlear signal was suggestive of increased permeability of
the blood-labyrinthine barrier in the setting of a VS.19 Most inter-
esting, Fig 3 in the article of Yamazaki et al also seems to show a
peritumoral halo on postcontrast FLAIR images, though neither
fused nor subtraction images were shown. The finding was not
discussed by the authors.

Pathologically elevated signal is known to be present in the ip-
silateral cochlea of patients with VSs on precontrast FLAIR imag-
ing. Unlike the cochlear enhancement observed by Yamazaki et
al,19 this intrinsic T2/FLAIR hyperintensity in the cochlea is
attributed to elevated well-documented protein in the peril-
ymph.21,22 Historically, labyrinthine taps to test for proteinaceous
fluid were used as a diagnostic test for VSs.23 Although the cause
of increased perilymphatic protein remains unknown, the mecha-
nism favored by many authors is the blockage of neuroaxonal
protein transportation, related to compression of the vestibuloco-
chlear nerve.21

Conceivably, the detection of elevated protein seen on FLAIR
and gadolinium in the fundus and labyrinth may be related to the
tumor obstructing the IAC and creating a relatively stagnant
small reservoir of CSF. In this setting, low levels of leached pro-
tein or contrast from the tumor may accumulate to sufficient lev-
els to be detected. This possibility may explain the relative
gradient seen in FLAIR and gadolinium, with higher concentra-
tions often occurring in the fundus adjacent to the tumor com-
pared with the labyrinth. In contrast, any tumor or contrast
leaked medially into the relatively large CPA cistern will naturally
dilute and recirculate in the �125 mL of CSF in the remaining
subarachnoid space, which turns over approximately 3 times
daily. Prior literature has identified elevated levels of circulating
CSF protein in individuals with small vestibular schwannomas
and associated communicating hydrocephalus, implicating pro-
tein sludging as a mechanism for reduced CSF resorption.24

Finally, a very recent publication proposed that peritumoral
“rim” enhancement on FLAIR could help differentiate meningio-
mas from malignant dural-based tumors.25 The rim of peritu-
moral contrast shown in that study is very similar to the halo we
describe in the current findings. The authors of that study opined
that the observed findings were due to the dual blood supply (me-
ningeal and pial) of meningiomas. This supply led to relative
intratumoral signal loss on FLAIR (due to T2 shortening in the
setting of high gadolinium concentrations) and relatively hyper-
intense signal in the pial-supplied tumor capsule. The results of
the current study, however, seem to refute the findings of this
recent publication. Most important, vestibular schwannomas are
nonencapsulated tumors and do not have a dual blood supply.26

Also, as previously stated, the halos observed in the current study
are irregular and do not appear to conform to a smooth capsule.
Last, enhancement of a tumor capsule would not explain the
more diffuse gradient that seems to occur in our cohort, in which
gadolinium appears to accumulate in the fundus and cochlea.
Together, we believe that these findings are evidence of gadolin-
ium leakage, as stated above.

The results of this current study leave many questions unan-
swered, and future studies will be needed for further exploration.
For example, the incidence and/or appearance of peritumoral halos
may vary among patients with sporadic VSs compared with VSs
related to neurofibromatosis type 2, or in untreated-versus-treated
tumors. It may also be useful to determine whether the presence of
a peritumoral halo predicts the stability or growth of a tumor. At
present, these topics are outside of the scope of the current study.

This study has several limitations, including being a retrospec-
tive review. The goal of defining the radiologic finding of a
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peritumoral halo is somewhat limited in scope, and the results
of this study are preliminary and based on a small cohort.
Additional studies using large sample sizes will be needed to
confirm these findings, as well as to assess the clinical relevance.
In addition, many of the VSs analyzed in this study were rela-
tively small. Future studies will also be needed to address
whether tumor size has an impact on the thickness and/or
appearance of a peritumoral halo. Also, the precontrast FLAIR
images that were available for review were part of separate MR
imaging examinations. Thus, no precontrast FLAIR imaging
was available for direct comparison with postcontrast FLAIR in
this study. Finally, the proposed mechanisms for the observed
peritumoral halo are hypothetical and based on limited prior
studies. It is possible that the peritumoral signal on postcontrast
FLAIR images simply represents an imaging artifact. Also,
because the average halo thickness was around 1mm, the preci-
sion of the reported measurements may be questionable, given
the pixel size on standard PACS calipers.

CONCLUSIONS
A peritumoral halo on postcontrast FLAIR images was observed
in nearly all vestibular schwannomas in our cohort of 20 patients,
usually measuring about 1mm in thickness. Although the patho-
physiologic mechanism of this finding is uncertain, we hypothe-
size that this halo may represent local leakage of gadolinium into
the peritumoral space.

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

Differentiation between Chondrosarcoma and Synovial
Chondromatosis of the Temporomandibular Joint Using CT

and MR Imaging
B.G. Jang, K.H. Huh, H.G. Yeom, J.H. Kang, J.E. Kim, H.J. Yoon, W.J. Yi, M.S. Heo, and S.S. Lee

ABSTRACT

BACKGROUND AND PURPOSE: Chondrosarcoma and synovial chondromatosis of the temporomandibular joint share overlapping
clinical and histopathologic features. We aimed to identify CT and MR imaging features to differentiate chondrosarcoma from
synovial chondromatosis of the temporomandibular joint.

MATERIALS AND METHODS: The CT and MR images of 12 and 35 patients with histopathologically confirmed chondrosarcoma and sy-
novial chondromatosis of the temporomandibular joint, respectively, were retrospectively reviewed. Imaging features including lesion size,
center, enhancement, destruction/sclerosis of surrounding bone, infiltration into the tendon of the lateral pterygoid muscle, calcification,
periosteal reaction, and osteophyte formation were assessed. A comparison between chondrosarcoma and synovial chondromatosis was
performed with a Student t test for quantitative variables and the Fisher exact test or linear-by-linear association test for qualitative vari-
ables. Receiver operating characteristic analysis was performed to determine the diagnostic performance for differentiation of chondro-
sarcoma and synovial chondromatosis based on a composite score obtained by assigning 1 point for each of 9 imaging features.

RESULTS: High-risk imaging features for chondrosarcoma were the following: lesion centered on the mandibular condyle, destruc-
tion of the mandibular condyle, no destruction/sclerosis of the articular eminence/glenoid fossa, infiltration into the tendon of
the lateral pterygoid muscle, absent or stippled calcification, periosteal reaction, internal enhancement, and size of $30.5mm. The
best cutoff value to discriminate chondrosarcoma from synovial chondromatosis was the presence of any 4 of these high-risk
imaging features, with an area under the curve of 0.986 and an accuracy of 95.8%.

CONCLUSIONS: CT and MR imaging features can distinguish chondrosarcoma from synovial chondromatosis of the temporoman-
dibular joint with improved diagnostic performance when a subcombination of 9 imaging features is used.

ABBREVIATIONS: AUC ¼ area under the curve; CBCT ¼ conebeam CT; CS ¼ chondrosarcoma; LPM ¼ lateral pterygoid muscle; MDCT ¼ multidetector
row CT; NPV ¼ negative predictive value; PPV ¼ positive predictive value; ROC ¼ receiver operating characteristic; SC ¼ synovial chondromatosis; TMJ ¼ tem-
poromandibular joint

Chondrosarcoma (CS) and synovial chondromatosis (SC) are
tumor or tumorlike lesions of the temporomandibular joint

(TMJ) that are characterized by cartilaginous neoplasia or meta-
plasia with variable calcification associated with a mass that causes
bony changes of the mandibular condyle and/or the articular emi-
nence/glenoid fossa complex.1-7 CS is a malignant neoplasm

generating a variably calcified cartilage matrix, which accounts
for �20%–27% of all primary malignant bone tumors.1,8 CS
usually arises in the pelvis, humerus, and/or femur, with only
12% originating in the head and neck region.2,8 Even in the
head and neck region, CS is rare in the TMJ, with only about 49
cases reported through 2020.2 SC is a benign tumorlike arthrop-
athy characterized by formation of nodular cartilage in the syno-
vial joints.3,5 These cartilaginous nodules can detach from the
synovium and produce intra-articular loose bodies6 that are
nourished by synovial fluid and can be calcified.4 SC predomi-
nantly manifests in the knee, hip, and elbow and is uncommon
in the TMJ.5 Approximately 400 cases of TMJ involvement have
been reported through 2021.7

Differentiating CS from SC is essential because they require
different therapeutic approaches. The criterion standard for CS
treatment is surgical resection.9 Resection for CS must be as wide
as possible, and a large healthy tissue margin of $2 cm seems to
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positively affect prognosis.9,10 In contrast, treatment of SC, if
indicated, generally includes open joint surgery to remove all
affected synovium and loose bodies but usually conserves the
mandibular condyle. If the lesion causes damage to the mandibu-
lar condyle, then high condylectomy can be considered.11

Clinicians, radiologists, and even pathologists may have diffi-
culty differentiating CS from SC of the TMJ.12-15 Presenting
symptoms such as pain, trismus, and/or swelling are similar,2,3

and their imaging features have not been systematically com-
pared in previous studies. Moreover, because low-grade CS and
SC share some histopathologic features such as binucleated chon-
drocytes and considerable cellularity, problems have been raised
with a definitive histopathologic diagnosis.16-19 Histopathologic
discrimination between CS and SC is especially difficult in cases
of secondary CS, which develops from a pre-existing cartilagi-
nous tumorlike arthropathy such as SC, compared with primary
CS, which arises de novo.14 Thus, differentiation between CS and
SC based on imaging is very important. Recently, certain imaging
features of CS, such as outward growth from the mandibular con-
dyle and infiltration into the tendon of the lateral pterygoid mus-
cle (LPM) attachment, were reported, and the possibility of
differentiation from other lesions of the TMJ was suggested.2

Comparisons using consistent imaging parameters for CS and SC
of the TMJ have not, however, been reported.

The aim of this study was to assess the diagnostic performance
of a series of specific CT and MR imaging parameters for differ-
entiation of CS from SC of the TMJ.

MATERIALS AND METHODS
This retrospective study was approved by the institutional review
board of Seoul National University Dental Hospital (ERI19009),
and informed consent was waived.

The histopathologic database of our institution between
January 2001 and October 2020 was searched for patients who
had a proved diagnosis of CS or SC of the TMJ. Patients with sec-
ondary SC due to degenerative change were excluded.

Clinical information was obtained from the electronic medi-
cal record. Demographic characteristics, affected side, and chief
symptom were analyzed.

Image Acquisition
For all patients with CS, both multide-
tector row CT (MDCT) and MR imag-
ing were performed. For patients with
SC, MDCT, conebeam CT (CBCT), and
MR imaging were performed on 27, 13,
and 24 patients, respectively. All patients
with SC underwent either an MDCT or
MR imaging examination for soft-tissue
evaluation and MDCT or CBCT exami-
nation for hard-tissue evaluation. All
patients with CS and 12 patients with
SC underwent either MDCT and/or MR
imaging with contrast media.

Contrast-enhanced CT was per-
formed using an MDCT scanner
(Somatom Sensation 10; Siemens)

from the orbit to the bottom of the sternum. The scan parameters
used were 150 mAs, 120 kV, and 1- to 2-mm section collimation.
After scanning the scout image, contrast media (1.5mL/kg, iopro-
mide, Ultravist 370; Bayer HealthCare Pharmaceuticals) was
injected intravenously at a rate of 2.0–3.0mL/s. A 3T MR imaging
system (Magnetom Skyra; Siemens) and a 1.5T MR imaging sys-
tem (Signa HDxt; GE Healthcare) were used on 20 and 16 of 47
patients, respectively. Thirty-two- and 16-channel phased array
coils were used for the 3T and 1.5T scanners, respectively. Section
thickness of 4–6mm, 320� 240 or 320� 192 matrix size, and
19� 19 or 22� 22 cm FOV were used. Axial and coronal non-fat-
suppressed or fat-suppressed T2-weighted fast spin-echo (TR,
3000–5600ms; TE, 60–110ms); axial and coronal non-fat-sup-
pressed T1-weighted spin-echo (TR, 500–600ms; TE, 10–15ms);
axial, coronal, and sagittal gadolinium-enhanced fat-suppressed
T1-weighted spin-echo (TR, 500–700ms; TE, 9–15ms) images
were acquired. For contrast-enhanced fat-suppressed T1-weighted
sequences, a contrast agent (0.1mmol/kg, gadopentetate dimeglu-
mine, Magnevist; Schering) was injected intravenously via a power
injector with a flow rate of 1.5mL/s. CBCT imaging was per-
formed using a DINNOVA3 scanner (HDXWILL), with an FOV
of 20� 19 cm for men and 20� 14 cm for women, 9 mAs, 100 kV
(peak), and isotropic voxels of 0.3mm.

Analysis of Imaging Features
Imaging features assessed were lesion center, destruction or scle-
rosis of the mandibular condyle or articular eminence/glenoid
fossa, infiltration into the tendon of the LPM in the pterygoid
fovea, calcification, periosteal reaction, presence or absence of
osteophytes, enhancement pattern, and lesion size. Each imaging
feature was reviewed through a multiplanar assessment of axial,
coronal, and sagittal images.

The lesion center was assessed as mandibular condyle or joint
space origin of the lesion on MR imaging and/or MDCT images.
The presence of bone destruction or sclerosis was assessed on
CBCT or MDCT images. Infiltration into the tendon of the LPM
was defined as replacement of the LPM attachment by a mass in
the pterygoid fovea (Fig 1) and was assessed as present or absent.
According to the World Health Organization classification
scheme and previous studies,7,20,21 the pattern of calcification was

FIG 1. Schematic drawings of the degree of infiltration into the tendon of the LPM by a mass in
the pterygoid fovea. Complete and partial infiltration is shown in A and B, respectively. For such
cases, a score of 1 is assigned. No infiltration with an intact LPM attachment is shown in C, in
which case a score of zero is assigned. MC indicates mandibular condyle.
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classified on MDCT or CBCT images
as absence of calcification, stippled
type (punctate) (Figs 2 and 3), floccu-
lent type (irregularly shaped), ring-and-
arc type (curvilinear, comma-shaped,
or annular) with or without a stippled
and flocculent type (Fig 4), or popcorn
type (amorphous calcifications often
with a ring-and-arc type). The presence
of a periosteal reaction and/or osteo-
phytes of the mandibular condyle was
assessed on MDCT or CBCT images.
“Osteophyte” was defined as a beaklike
exophytic structure emanating from the
cortical surface of the mandibular con-
dyle. The enhancement pattern was
assessed as peripheral enhancement or
internal enhancement, including septa-
like, heterogeneous solid, and focal
solid. The presence of internal enhance-
ment was evaluated only on contrast-
enhanced MDCT or MR images. Lesion
size onMR orMDCT images was quan-
titatively assessed as the longest diame-
ter (X) on an axial plane, the longest
diameter (Y) perpendicular to the lon-
gest diameter on the axial plane, and
the longest diameter (Z) in the cranio-
caudal direction on a coronal or sagittal
plane. The lesion size was calculated by
dividing the sum of X, Y, and Z by 3.
To evaluate whether the shape of the
lesion was a long saddle, analogous to
the shape of the synovium, which is the
origin of SC, or a sphere, analogous to
the shape of the mandibular condyle,
which is the origin of most of CSs, we
calculated the ratio of X to Z (X/Z).

Two oral and maxillofacial radiolog-
ists with 20 and 15 years of experience,
respectively, analyzed all CT and MR
imaging scans for imaging analyses
while blinded to the histopathologic
and clinical information. In addition,
they were blinded to the purpose of this
study as well. In cases of disagreement
between the 2 radiologists, discrepancies
were resolved by consensus.

Statistical Analysis
Interobserver agreement was assessed
by calculation of the Cohen k coeffi-
cient for qualitative variables and the
intraclass correlation coefficient for
quantitative variables. The strength of
the Cohen k coefficient was consid-
ered as follows: .0.80, almost perfect

FIG 2. CS of the right TMJ in 54-year-old woman. Axial MDCT with bone and soft-tissue windows
(A and B). T2-weighted MR (C) and contrast-enhanced T1-weighted MR (D) images demonstrate a
large mass infiltrating the tendon of the lateral pterygoid muscle (asterisk) in the pterygoid fovea
and show septalike internal enhancement. Stippled calcification and severe destruction of the
mandibular condyle with a spiculate periosteal reaction are revealed (A and B). Note the lesion
center on the mandibular condyle. Sagittal MDCT (E) and T2-weighted MR images (F) show the
eroded mandibular condyle and the intact articular eminence. Note the disc (arrow) located
between them. This mass showed all 9 high-risk imaging features for CS and received a composite
score of 9.

FIG 3. CS of the left TMJ in 44-year-old woman. Axial MDCT (A), fat-suppressed T2-weighted
MR (B), and contrast-enhanced T1-weighted MR (C) images reveal a mass surrounding the man-
dibular condyle. Sagittal MDCT (D) and contrast-enhanced T1-weighted MR images (E) demon-
strate the mass center in the joint space. Lesion centered on the superior joint space (arrows),
destruction and sclerosis of the articular eminence/glenoid fossa, absence of periosteal reac-
tion, and the relatively small lesion size favor SC. On the other hand, destruction of the man-
dibular condyle, infiltration into the tendon (arrowhead) of the lateral pterygoid muscle
(asterisk), stippled calcification, and internal enhancement favor CS. A histopathologic examina-
tion after mass resection resulted in a diagnosis of CS. This TMJ mass revealed 4 high-risk imag-
ing features and a composite score of 4. It was not easy to differentiate CS from SC by imaging
features.
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reliability; and 0.60–0.80, substantial reliability.22 The strength of
the intraclass correlation coefficient was considered as follows:
.0.90, excellent reliability; and 0.75–0.90, good reliability.23

Comparisons of each clinical and imaging feature between the CS
and SC groups were performed using the Fisher exact test, x 2

test, or a linear-by-linear association test for qualitative variables
and a Student t test for quantitative variables, all at a .05 signifi-
cance level.

For statistically significant imaging variables, receiver operat-
ing characteristic (ROC) analysis with determination of the
Youden index was performed to identify the best discriminating
value to differentiate between the 2 diseases. Sensitivity, specific-
ity, accuracy, positive predictive value (PPV), negative predictive
value (NPV), and area under the curve (AUC) for differentiation
were calculated using the best discriminating value. An AUC of

0.5–0.7 was defined as poor discrimina-
tion; 0.7–0.8, as acceptable; 0.8–0.9, as
excellent; and.0.9 as outstanding.24

Finally, for statistically significant
variables, a score of 1 or 0 was assigned
to each on the basis of the cutoff value.
A point of 1 indicates a high-risk fea-
ture for CS, while zero indicates a
favorable feature for SC. A composite
score for differentiating CS from SC
was created by summing the points of
all variables. ROC analysis with deter-
mination of the Youden index was per-
formed to evaluate the best cutoff
value of the composite score to differ-
entiate CS from SC.

SPSS Statistics 23 (IBM) was used
for all statistical analyses.

RESULTS
Analysis of Clinical Features
No statistically significant difference
was found in age, male-to-female ratio,
right-to-left ratio, or chief symptom of
swelling, pain, and/or trismus between
CS and SC (Table 1).

Analysis of Imaging Features
All imaging features of CS and SC are
summarized in Table 2. The interobserver
agreement between the 2 readers was
almost perfect and excellent for imaging
variables, respectively (P, .001).

Imaging features that were statisti-
cally significant for differentiating CS
from SC were as follows: 1) lesion center
(P, .001), 2) destruction of the man-
dibular condyle (P¼ .037), 3) destruc-
tion of the articular eminence/glenoid
fossa (P¼ .012), 4) sclerosis of the artic-
ular eminence/glenoid fossa (P, .001),
5) infiltration into the tendon of the

LPM (P, .001), 6) pattern of calcification (P¼ .008), 7) periosteal
reaction (P¼ .001), 8) internal enhancement (P, .001), and 9)
lesion size (P, .001).

The presence of calcification showed no statistical signifi-
cance. When a calcification pattern was considered as a dimen-
sional continuum from the absence of calcification to popcorn
calcification, however, a significant difference in pattern was
observed by the linear-by-linear association test (P¼ .008).

Diagnostic Performance of Each Imaging Feature and
Composite Scoring Model
The discriminating values for each imaging feature to differentiate
CS from SC were as follows: 1) “Mandibular condyle” for lesion
center, 2) “Presence” for destruction of the mandibular condyle, 3)
“Absence’” for destruction of the articular eminence/glenoid

FIG 4. SC of the left TMJ in 52-year-old man. Axial MDCT (A and B) and fat-suppressed T2-
weighted MR images (C) show a mass surrounding and eroding the mandibular condyle. Sagittal
MDCT (D) and contrast-enhanced T1-weighted MR images (E) reveal the mass to be centered on
the joint space. Ring-and-arc calcification, intact attachment of tendon (blue arrowheads) of the
lateral pterygoid muscle (red asterisk), lesion center on the joint space, and a relatively small
lesion size favor an imaging diagnosis of SC. The result of a preoperative incisional biopsy was CS,
but the final histopathologic diagnosis was changed to SC after mass resection. This TMJ mass
showed 3 high-risk imaging features and received a composite score of 3.

Table 1: Clinical features of CS and SCa

Independent Variables Total (n= 47) CS (n= 12) SC (n= 35) P Value
Ageb (mean) (yr) 49.3 (SD, 13.5) 50.3 (SD, 15.6) 48.9 (SD, 13.2) .756
Sexc .659
Male 7 (14.9) 1 (8.3) 6 (17.1)
Female 40 (85.1) 11 (91.7) 29 (82.9)
Sided .679
Right 25 (53.2) 7 (58.3) 18 (51.4)
Left 22 (46.8) 5 (41.7) 17 (48.6)
Chief complaint
Swellingd 11 (23.4) 5 (41.7) 6 (17.1) .118
Painc 43 (91.5) 11 (91.7) 32 (91.4) 1.000
Trismusc 20 (42.6) 8 (66.7) 12 (34.3) .089

a Values are the number of patients with percentage in parentheses or the mean 6 SD.
b Student t test.
c Fisher exact test.
d x 2test.
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fossa, 4) “Absence” for sclerosis of the articular eminence/gle-
noid fossa, 5) “Presence” for infiltration into the tendon of
LPM, 6) “Stippled calcification” for pattern of calcification, 7)
“Presence” for periosteal reaction, 8) “Presence” for internal
enhancement, and 9) “30.5 mm” for lesion size (Fig 5).

Sensitivity, specificity, accuracy, PPV, NPV, and AUC for
each imaging feature for differentiating CS from SC are listed
in Table 3. The maximum value of sensitivity (100%) was
obtained for infiltration into the tendon of the LPM and inter-
nal enhancement, while the maximum value of specificity
(100%) was revealed for the lesion center. The single imaging
feature that showed outstanding performance (AUC¼ 0.929;
95% CI, 0.855–1.000) was infiltration into the tendon of the
LPM.

ROC analysis for the composite score based on the presence
of each high-risk feature for CS is presented in Fig 6, and a scor-
ing rubric for each imaging feature is provided in the Online
Supplemental Data. The best cutoff value to distinguish CS from
SC was observed for the presence of$4 high-risk features
(Youden index ¼ 0.917; AUC ¼ 0.986; 95% CI, 0.950–1.000).
This cutoff value showed 100.0%, 91.7%, 95.8%, 92.3%, and
100.0% values for sensitivity, specificity, accuracy, PPV, and
NPV, respectively.

DISCUSSION
The present study investigated CT and MR imaging features to
differentiate between CS and SC of the TMJ. The imaging distinc-
tion between these 2 entities is important because a preoperative
histopathologic examination can yield low rates of a correct dif-
ferential diagnosis between CS and SC.2,14 The present study

analyzed 9 imaging features to differentiate between CS and SC.
The single imaging feature with the highest performance for the
differential diagnosis was infiltration into the tendon of the
LPM, followed by lesion size, internal enhancement, and sclero-
sis of the articular eminence/glenoid fossa. If at least 1 of 4 imag-
ing features showing the 4 highest AUCs is observed, CS should
be included in the differential diagnosis. Moreover, with a com-
bination of the 9 imaging features, the diagnostic performance
is improved.

Infiltration into the tendon of the LPM, an imaging feature
for CS, was first reported in a previous study2 and demonstrated
the highest AUC and sensitivity (100%) for the prediction of
CS. The lesion center on the mandibular condyle and resultant
infiltration into the tendon of the LPM in CS could be explained
by the conventional intramedullary type of most cases of CS.8

All SC in the present study showed a lesion center in the joint
space, which can be understood by the joint synovium as the or-
igin of the SC.25 We think that benign tumorlike arthropathies
arising in the synovium rarely infiltrate the tendon of the LPM;
thus, this imaging feature might be a strong discriminator
between other benign and malignant tumors of the TMJ, though
further study is required.

The lesion size of CS was significantly larger than that of SC,
with a cutoff value of $30.5 mm. According to the Milgram
classification of SC, which divides SC into onset phase I (intra-
synovial involvement), transitional phase II (intrasynovial
involvement and free bodies), and resolution phase III (multiple
free bodies), the onset phase I represents an inflammatory intra-
synovial process.25 CS with a malignant nature can show more
rapid growth and a resultant larger size compared with SC. In

Table 2: Imaging features for CS and SCa

Independent Variables Total (n= 47) CS (n= 12) SC (n= 35) P Value Interobserver Agreement
Lesion center ,.001b,c .832f

Joint space 40 (85.1) 5 (41.7) 35 (100)
Mandibular condyle 7 (14.9) 7 (58.3) 0 (0)

Destruction of the mandibular condyle 31 (66.0) 11 (91.7) 20 (57.1) .037b,c .905f

Sclerosis of the mandibular condyle 23 (48.9) 8 (66.7) 15 (42.9) .193c .872f

Destruction of the articular eminence/glenoid
fossa

31 (66.0) 4 (33.3) 27 (77.1) .012b,c .856f

Sclerosis of the articular eminence/glenoid fossa 29 (61.7) 2 (16.7) 27 (77.1) ,.001b,c .861f

Infiltration into the tendon of the LPM 17 (36.2) 12 (100.0) 5 (14.3) ,.001b,c .908f

Calcification 37 (78.7) 8 (66.7) 29 (82.9) .251c .828f

Pattern of calcification .008b,d .835f

Absence 10 (21.3) 4 (33.3) 6 (17.1)
Stippled 9 (19.1) 6 (50.0) 3 (8.6)
Flocculent 4 (8.5) 0 (0.0) 4 (11.4)
Ring-and-arc 9 (19.1) 0 (0.0) 9 (25.7)
Popcorn 15 (31.9) 2 (16.7) 13 (37.1)
Periosteal reaction 12 (25.5) 8 (66.7) 4 (11.4) .001b,c .827f

Osteophyte 10 (21.3) 2 (16.7) 8 (22.9) 1.000c .873f

Peripheral enhancement 19 (79.2) 11 (91.7) 8 (66.7) .317c .864f

Internal enhancement 15 (62.5) 12 (100.0) 3 (25.0) ,.001b,c .830f

Lesion size 28.5 (SD, 7.4) 37.1 (SD, 8.2) 25.6 (SD, 4.2) ,.001b,e .932g

X/Z ratio 1.6 (SD, 0.3) 1.5 (SD, 0.2) 1.7 (SD, 0.3) .067e .928g

a Values are the number of patients with percentages in parentheses or the mean 6 SD.
b Statistically significant.
c Fisher exact test.
d Linear-by-linear association test.
e Student t test.
f Cohen k coefficient.
g Intraclass correlation coefficient.
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the body, CSs tend to be large tumors, and most exceed 4 cm
in maximal lesion size.8,26 The average lesion size of 25 cases
of SC anywhere in the whole body, including large joints such
as shoulder and knee, was 3.9� 1.7 cm.27 The larger lesion size
in CS than in SC is consistent with findings in previous
studies.8,26,27

The presence of internal enhancement was significantly more
frequent in CS than in SC and showed high sensitivity (100%) for
CS in the present study. Heterogeneous solid and focal solid
enhancement in CS might represent malignant cells rather than
cartilaginous tissue.2 On the other hand, septalike enhancement
in cartilaginous tumors or cartilaginous tumorlike conditions

FIG 5. ROC curves for qualitative and quantitative variables show that the best discriminating values for differentiating CS from SC are the fol-
lowing: Mandibular condyle for lesion center, Presence for destruction of the mandibular condyle, Absence for destruction of the articular emi-
nence/glenoid fossa, Absence for sclerosis of the articular eminence/glenoid fossa, Presence for infiltration into the tendon of lateral pterygoid
muscle, Stippled pattern of calcification, Presence for periosteal reaction, Presence for internal enhancement, and 30.5 mm for lesion size. Of
the 9 variables, except for pattern of calcification and mean lesion size, the remaining 7 variables were dichotomous qualitative variables with
discriminating values determined at 1 of the 2 characteristics. On the other hand, mean lesion size was a quantitative variable, and the discrimi-
nating value was determined at the point of 30.5mm, which revealed the maximum Youden index among multiple points. Last, the pattern of
calcification, the 5 patterns, namely absence, stippled, flocculent, ring-and-arc, and popcorn, were considered as a dimensional continuum in
ascending order and converted into an ordinal quantitative variable. The ROC curve was then constructed, and the discriminating value was
derived at the point of stippled calcification, which indicates that CS showed a higher prevalence in absence or stippled calcification, and SC, in
the other calcification patterns.
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such as SC are thought to be fibrovascular tissue caused by a
lobulated growth pattern.27-29 Thus, various patterns of internal
enhancement might allow differentiation of CS from other be-
nign tumors.

Destruction of the mandibular condyle and no destruction/scle-
rosis of the articular eminence/glenoid fossa were significantly
more commonly observed in CS than in SC. These significant
differences could be explained by the lesion center on the man-
dibular condyle in most CS, while SC has a lesion center in the
joint space, especially the superior joint space.7,30,31 The articu-
lar disc can protect the articular eminence/glenoid fossa from
the mass of CS arising from the mandibular condyle and might
protect the mandibular condyle from the mass of SC if it is cen-
tered at the superior joint space.

The present study has some limitations. First, this was a retro-
spective study with a small number of patients, so the possibility
of overfitting cannot be avoided. A prospective multicenter study
with a larger number of patients is needed to validate the diag-
nostic performance of the imaging features in the present study.
Second, multivariate regression analysis is desired to determine
the most impactful independent variables and how those varia-
bles interact with each other. In the present study, though the
number of imaging parameters was large, and the number of
patients was relatively small. This feature prevented regression
analysis, and 1 or 0 point was assigned to each imaging variable
for calculating the composite score. Third, MR imaging is better
than CT for evaluating infiltration into the tendon of the LPM,
but not all the patients with SC underwent MR imaging. For 11
of 35 patients, the infiltration into the tendon of the LPM was
assessed on MDCT images, and calcifications throughout the SC
lesions made it possible to evaluate the extent of the lesion rela-
tive to the tendon of the LPM. Fourth, the type of imaging per-
formed was not consistent between patients with CS and those
with SC. The fact that MR imaging and contrast-enhanced
images were obtained for all patients with CS but not for patients
with SC might have influenced the evaluation of the readers. In
other words, absence of MR imaging or a contrast image could
indicate a low suspicion for CS.

CONCLUSIONS
On the basis of our small case series, we suggest that CT and MR
imaging features can differentiate CS and SC. Single imaging fea-
tures with the highest performance for a differential diagnosis
were infiltration into the tendon of the LPM, followed by lesion
size and internal enhancement. A combination of imaging fea-
tures showed very good performance for the differential diagno-
sis, so that a TMJ mass with$4 high-risk imaging features can be
considered likely CS. Further validation with additional data sets
will be informative.
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FIG 6. The ROC curve of the composite score for distinguishing CS
from SC. The score was assessed by assigning 1 point for each of the
following high-risk imaging features for chondrosarcoma: lesion cen-
ter on the mandibular condyle, destruction of the mandibular con-
dyle, no destruction of the articular eminence/glenoid fossa, no
sclerosis of the articular eminence/glenoid fossa, infiltration into the
tendon of the lateral pterygoid muscle, absence or stippled calcifica-
tion, periosteal reaction, internal enhancement, and$30.5mm lesion
size. The ROC analysis demonstrated that the best cutoff value for
differentiating CS from SC was 14 points (Youden index¼ 0.917,
AUC¼ 0.986; 95% CI, 0.950–1.000).

Table 3: Diagnostic performance of each qualitative and quantitative parameter that showed a statistically significant difference
for differentiating CS from SCa

Independent Variables Prevalence
Sensitivity

(%)
Specificity

(%)
Accuracy

(%)
PPV
(%)

NPV
(%)

AUC
(95% CI)

Lesion center (mandibular condyle) CS 7/12 SC 0/35 58.3 100.0 89.4 100.0 87.5 0.792 (0.611–0.972)
Destruction of the mandibular
condyle (presence)

CS 11/12 SC 20/35 91.7 42.9 55.3 35.5 93.8 0.673 (0.510–0.835)

Destruction of articular eminence/
glenoid fossa (absence)

CS 8/12 SC 8/35 66.7 77.1 74.5 50.0 87.1 0.719 (0.542–0.896)

Sclerosis of the articular eminence/
glenoid fossa (absence)

CS 10/12 SC 8/35 83.3 77.1 78.7 55.6 93.1 0.802 (0.654–0.950)

Infiltration into the tendon of the
LPM (presence)

CS 12/12 SC 5/35 100.0 85.7 89.4 70.6 100.0 0.929 (0.855–1.000)

Calcification (absence or stippled) CS 10/12 SC 9/35 83.3 74.3 76.6 52.6 92.9 0.729 (0.556–0.901)
Periosteal reaction (presence) CS 8/12 SC 4/35 66.7 88.6 83.0 66.7 88.6 0.776 (0.604–0.948)
Internal enhancement (presence) CS 12/12 SC 3/12 100.0 75.0 87.5 80.0 100.0 0.875 (0.719–1.000)
Mean lesion size ($ 30.5mm) CS 10/12 SC 5/35 83.3 85.7 85.1 66.7 93.8 0.889 (0.773–1.000)

a The items in parentheses correspond to the characteristics of CS, and 1 point was assigned if relevant imaging features in the parentheses were present.
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Performance of Neck Imaging Reporting and Data System
(NI-RADS) for Diagnosis of Recurrence of Head and Neck

Squamous Cell Carcinoma: A Systematic Review and
Meta-analysis

Akira Baba, Ryo Kurokawa, Mariko Kurokawa, Takafumi Yanagisawa, and Ashok Srinivasan

ABSTRACT

BACKGROUND: The Neck Imaging Reporting and Data System (NI-RADS) is a reporting template used in head and neck cancer
posttreatment follow-up imaging.

PURPOSE:Our aim was to evaluate the pooled detection rates of the recurrence of head and neck squamous cell carcinoma based
on each NI-RADS category and to compare the diagnostic accuracy between NI-RADS 2 and 3 cutoffs.

DATA SOURCES: The MEDLINE, Scopus, and EMBASE databases were searched.

STUDY SELECTION: This systematic review identified 7 studies with a total of 694 patients (1233 lesions) that were eligible for the
meta-analysis.

DATA ANALYSIS: The meta-analysis of pooled recurrence detection rate estimates for each NI-RADS category and the diagnostic
accuracy of recurrence with NI-RADS 3 or 2 as the cutoff was performed.

DATA SYNTHESIS: The estimated recurrence rates in each category for primary lesions were 74.4% for NI-RADS 3, 29.0% for NI-
RADS 2, and 4.2% for NI-RADS 1. The estimated recurrence rates in each category for cervical lymph nodes were 73.3% for NI-
RADS 3, 14.3% for NI-RADS 2, and 3.5% for NI-RADS 1. The area under the curve of the summary receiver operating characteristic
for recurrence detection with NI-RADS 3 as the cutoff was 0.887 and 0.983, respectively, higher than 0.869 and 0.919 for the pri-
mary sites and cervical lymph nodes, respectively, with NI-RADS 2 as the cutoff.

LIMITATIONS: Given the heterogeneity of the data of the studies, the conclusions should be interpreted with caution.

CONCLUSIONS: This meta-analysis revealed estimated recurrence rates for each NI-RADS category for primary lesions and cervical
lymph nodes and showed that NI-RADS 3 has a high diagnostic performance for detecting recurrence.

ABBREVIATIONS: AUC ¼ area under the curve; CE-CT ¼ contrast-enhanced CT; CE-MRI ¼ contrast-enhanced MRI; DOR ¼ diagnostic odds ratio; NI-RADS ¼
Neck Imaging Reporting and Data System; sROC ¼ summary receiver operating characteristic

Follow-up imaging after head and neck cancer treatment is used
for the assessment of the treatment response and the detection

of recurrence. Recurrences may involve the primary site and/or
cervical lymph nodes, and early detection of such recurrences may
facilitate subsequent salvage therapy.1,2 Posttreatment follow-up
imaging of head and neck cancer is often challenging, however,

because of the anatomic complexity of the head and neck region,
complex resection and reconstruction operations, and the post-
treatment effects of radiation and chemotherapy that mimic recur-
rent disease. These factors affect radiologists’ interpretations,
rendering them nonuniform and potentially suboptimal.3,4

The Neck Imaging Reporting and Data System (NI-RADS) is
a head and neck cancer posttreatment follow-up imaging report-
ing template that was proposed by the American College of
Radiology in 2016 to standardize imaging interpretation and
communication between clinicians and radiologists.5 NI-RADS
provides standardized terminology, report structure, and evalua-
tion categories to convey the degree of suspicion of recurrence in
the interpretation of imaging studies. The NI-RADS lexicon
established for the evaluation of both posttreatment primary sites
and cervical lymph nodes has 4 categories (category 1 [no evi-
dence of recurrence], category 2 [low suspicion], category 3 [high
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suspicion], and category 4 [definitive recurrence]). NI-RADS 1–3
provide linked recommendations for clinical management along
with an estimate of the degree of suspicion for recurrent head
and neck cancer.

Most previously published studies of the diagnostic perform-
ance of NI-RADS have been limited by small sample sizes.
Therefore, the purpose of this systematic article was to summa-
rize the existing data and estimate the detection rate for recurrent
head and neck squamous cell carcinoma for each NI-RADS cate-
gory and to compare diagnostic test accuracy estimates using NI-
RADS 3 versus 2 cutoffs for detecting recurrent lesions.

MATERIALS AND METHODS
Study Selection
This study was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) 2020 statement.6 We searched the Cochrane data-
base and confirmed that there were no reviews/meta-analyses
similar to the present research design. On November 10, 2022,
MEDLINE via PubMed, Scopus, and EMBASE databases were
screened using the following search terms, without any language
or date limits: “Neck Imaging Reporting and Data System” or
“NI-RADS.”

Inclusion criteria for this evaluation were as follows:

• Data on the number of lesions in each NI-RADs category and
the number of proven primary site or cervical lymph node
recurrences

• Data including either primary sites or lymph nodes in NI-
RADs 1, 2, or 3

• Data with contrast-enhanced CT (CE-CT), contrast-enhanced
MRI (CE-MRI), PET/CT, or PET/MRI

• Data with the pathology of squamous cell carcinoma only
• Original studies that investigated human findings
• In cases of duplicate publications, the highest quality or most
recent publication was selected

• Written in English

The exclusion criteria were as follows:

• Studies published before 2016
• Studies without an identified imaging period from treatment
• The full text was unavailable
• Studies with incomplete data
• Review, case reports, and systematic review/meta-analysis
articles

• Books and conference proceedings only that lacked an associ-
ated peer-reviewed full-fledged publication

Data Extraction
Two board-certified radiologists with 13 and 9 years of experi-
ence, respectively, in head and neck radiology reviewed the full
text of the eligible studies and extracted the following informa-
tion from the included studies by consensus: first author’s
name, study region, publication year, study period, study design,
number of patients, age, sex, tumor subsite, pathology, treat-
ment method, type of imaging technique, vendor and model of
equipment used, imaging period from therapy, reference stand-
ard, and recurrent and nonrecurrent lesions for each NI-RADS

category. Any disagreements were resolved by consensus agree-
ment of the evaluators.

Quality and Risk Assessment
The Newcastle-Ottawa Scale was used to assess the quality of the
included studies in accordance with the Cochrane Handbook for
Systematic Reviews of Interventions for included nonrandomized
studies.7,8 The scale rates the following 3 factors: selection (0–4
points), comparability (0–2 points), and exposure (0–3 points),
with total scores ranging from 0 (lowest) to 9 (highest). Studies
with scores of.6 were identified as “high-quality” choices.

Data Analyses
Proportional meta-analyses were performed using a random
effects model or a common effects model to determine the esti-
mated prevalence of recurrent disease for each NI-RADS cate-
gory. The following data were available for this analysis: 2 articles
for which all data from NI-RADS 1–3 of the primary lesions and
cervical lymph nodes were available,9,10 1 article with only NI-
RADS 3 data available for the primary lesions and cervical lymph
nodes,11 1 article with only NI-RADS 2 and NI-RADS 3 data
points available for the primary lesion,12 1 article with only pri-
mary lesion data fromNI-RADS 1–3 due to an additional modifi-
cation of the NI-RADS assessment for the cervical lymph node,13

1 article with only primary lesion data from NI-RADS 1–3 avail-
able,14 and 1 article with only cervical lymph node data from NI-
RADS 1–3 available due to case overlap of primary lesion cases
with another article.15 Forest plots were used to assess and sum-
marize the data. Heterogeneity among the outcomes of the stud-
ies included in this article was evaluated using the I2 statistic.

Significant heterogeneity was indicated by a ratio .50% in I2

statistics. Publication bias was assessed using funnel plots. In 4
articles for which all case number data for recurrence and nonre-
currence from each of NI-RADS 1–3 at the primary lesions were
available9,10,13,14 or in 3 articles for which all case number data
for recurrence and nonrecurrence from each of NI-RADS 1–3 at
the cervical lymph nodes were available,9,10,15 we divided the data
for the diagnostic accuracy analysis into groups of NI-RADS 3
and NI-RADS 1/2 when NI-RADS 3 was used as the cutoff, and
into groups of NI-RADS 2/3 and NI-RADS 1 when NI-RADS 2
was used as the cutoff. Data were pooled using random or fixed
effects models to summarize the estimates of sensitivity, specific-
ity, and diagnostic odds ratio (DOR). Bivariate models were used
to construct summary receiver operator characteristic (sROC)
curves and calculate the area under the curve (AUC). All statisti-
cal analyses were performed using R, Version 4.2.2 (http://www.
r-project.org/).

RESULTS
Study Selection and Characteristics
Our initial search identified 257 records, and 185 remained after
removing duplicates and/or conference proceedings and book
chapters. In the next screening, 85 articles published before 2016,
non-English language reports, review articles, case reports, and
systematic reviews/meta-analyses were excluded. After applying
the inclusion/exclusion criteria, we identified 7 articles with 694
patients (1233 lesions) for this review (Fig 1).9-15
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The data extracted from the 7 studies are outlined in the
Online Supplemental Data. All were published between 2019 and
2022, with 2 studies from North America, 2 from South Asia, 2
from Africa, and 1 from Europe. The studies had a median
Newcastle-Ottawa Scale score of 4 (range, 4�5). The 6 studies for
which information regarding the sex of individual participants
was available included 419 men and 191 women (male/
female ratio ¼ 2.2:1). The studies had a mean age range of 49–
63.4 years and a median age range of 59–62 years. The primary
tumor subsites in the studies included the nasopharynx, orophar-
ynx, hypopharynx, larynx, oral cavity, sinonasal cavity, and sali-
vary gland. The 6 studies for which treatment methods were
available included radiation therapy, chemoradiotherapy, sur-
gery, surgery plus radiation therapy, and surgery plus chemora-
diotherapy. The imaging modalities in the studies were CE-CT,
CE-MRI, PET/CT, or PET/CT with CE-CT. Imaging was per-
formed.1.5�3months after completion of therapy.

In the reference standard, histology and follow-up were used
in all articles to determine recurrent lesions, whereas only follow-
up was used in 3 articles to determine nonrecurrent lesions. In
NI-RADS at the primary site, 6 articles were available for NI-
RADS 3; five, for NI-RADS 2; and 4, for NI-RADS 1, for a total of
710 lesions evaluated. In NI-RADS for cervical lymph nodes, data

for 4 articles were available for NI-
RADS 3, three for NI-RADS 2, and 3
for NI-RADS 1, for a total of 523
lesions evaluated. For diagnostic per-
formance evaluation using NI-RADS 3
or NI-RADS 2 as a cutoff, 4 articles
were available for NI-RADS at the pri-
mary sites and 3 articles were available
for NI-RADS at the lymph nodes.
Seven studies reported 270 recurrent
lesions and 963 nonrecurrent lesions at
the primary sites and cervical lymph
nodes.

Meta-analysis of Summarized
Recurrence Rate Estimates for
Each NI-RADS Category
A forest plot of the summarized esti-
mates of the prevalence for each NI-
RADS category of recurrent lesions at
the primary sites or cervical lymph
nodes is shown in Figs 2 and 3. At the
primary site, the estimated recurrence
rate for NI-RADS 3 was 74.4% (95%
CI, 59.2%�85.4%; I2 ¼ 74%); for NI-
RADS 2, it was 29.0% (95% CI, 21.2%�
38.2%; I2 ¼ 47%); and for NI-RADS 1,
it was 4.2% (95% CI, 2.6%�6.7%; I 2¼
0%). For cervical lymph nodes, the esti-
mated recurrence rates for NI-RADS 3,
NI-RADS 2, and NI-RADS 1 were 73.3%
(95% CI, 63.0%�81.5%; I2 ¼ 38%),
14.3% (95% CI, 6.1%�30.0%; I2 ¼ 0%),
and 3.5% (95% CI, 2.1%�5.8%; I2 ¼

0%), respectively. Funnel plots of these results are shown in the
Online Supplemental Data.

Meta-analysis of Diagnostic Test Accuracy of Recurrence
with NI-RADS 3 or 2 as the Cutoff
Primary Lesion. A forest plot of the summarized estimates of sen-
sitivity, specificity, and DOR of recurrence detection with NI-
RADS 3 or NI-RADS 2 as the cutoff in the primary lesion is
shown in the Online Supplemental Data, and the sROC for diag-
nostic performance is shown in Fig 4. With NI-RADS 3 as the
cutoff, the estimated sensitivity for recurrence was 60.6% (95%
CI, 39.5%�78.4%), the estimated specificity was 94.6% (95% CI,
84.6%�98.3%), the estimated DOR was 26.6 (95% CI, 13.5�
52.4), and the AUC in sROC was 0.887. With NI-RADS 2 as the
cutoff, the estimated sensitivity for recurrence was 81.8% (95%
CI, 54.5%�94.4%), the estimated specificity was 76.6% (95% CI,
29.5%�96.2%), the estimated DOR was 18.9 (95% CI, 9.4�37.9),
and the AUC in sROC was 0.869.

Lymph Nodes. A forest plot of the summarized estimates of sen-
sitivity, specificity, and the DOR of recurrence detection with NI-
RADS 3 or NI-RADS 2 as the cutoff for cervical lymph nodes is
shown in the Online Supplemental Data, and the sROC for diag-
nostic performance is shown in Fig 5. With NI-RADS 3 as the

FIG 1. The PRISMA 2020 flow chart for the article-selection process. After applying the selection
criteria, we identified 7 articles for the systematic review and the meta-analysis.
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cutoff, the estimated sensitivity for recurrence was 66.9% (95%
CI, 28.9%–90.9%), the estimated specificity was 98.6% (95% CI,
96.7%–99.4%), the estimated DOR was 96.0 (95% CI, 31.1–
296.2), and the AUC in sROC was 0.983. With NI-RADS 2 as the
cutoff, the estimated sensitivity for recurrence was 75.7% (95%
CI, 38.5%–94.0%), the estimated specificity was 89.3% (95% CI,
78.8%–95.0%), the estimated DOR was 21.3 (95% CI, 9.9–45.9),
and the AUC in the sROC was 0.919.

DISCUSSION
This systematic review and meta-analysis used 7 studies reporting
694 patients and 1233 lesions to calculate the summarized esti-
mated detection rates of head and neck cancer recurrence for
each NI-RADS category and to compare the diagnostic accuracy
of NI-RADS 2 and 3 cutoffs to define the optimal cutoff value.
The estimated recurrence rates in the categories of primary
lesions and cervical lymph nodes were 73.3%�74.4%, 14.3%�
29.0%, and 3.5%�4.2% for NI-RADS 3, NI-RADS 2, and NI-
RADS 1, respectively. Furthermore, the summarized estimates of
specificity, the DOR, and the AUC of the sROC for recurrence
detection were higher when NI-RADS 3 was used as a cutoff in
primary lesions or cervical lymph nodes than when NI-RADS 2
was used.

The current lexicon in NI-RADS is
based on standardized report templates
specific to CE-CT and PET/CE-CT,
though NI-RADS can also be used for
the interpretation of CE-MRI or PET/
MR imaging.5,16 Therefore, in addition
to CE-CT and PET/CT, there have been
a number of articles regarding NI-
RADS using CE-MRI and PET/MR
imaging.10,12,14,15,17-21 The inclusion of
T2-weighted images, DWI, and ADC
findings improves the diagnostic per-
formance of NI-RADS.12 Other impor-
tant MR imaging findings include
quantitative values such as ADC values
and dynamic contrast-enhanced MR
imaging parameters, which are reported
to be useful in differentiating recurrent
head and neck cancer and posttreat-
ment effects.22,23 Further reporting on
the utility of these qualitative and quan-
titative MR imaging findings for NI-
RADS incorporation or the establish-
ment of a revised NI-RADS lexicon that
includes these findings and assessment
parameters may be warranted in the
future but is beyond the scope of this
work.

Each NI-RADS category has a dif-
ferent set of clinical recommendations
that have been proposed as follows: NI-
RADS 2: clinical evaluation of the con-
cerning mucosal region, relatively close
follow-up (� 3months) or FDG-PET;

and NI-RADS 3 recommends tissue correlation.5 The results of
the current study showed that the estimated specificity, estimated
DOR, and AUC for head and neck cancer recurrence for NI-
RADS 3 as a cutoff were higher than those for NI-RADS 2 for
both primary lesions and cervical lymph nodes, with an estimated
recurrence rate in NI-RADS 3 as high as 74.5%�74.6%. These
results support using NI-RADS 3 as a cutoff for recurrent lesion
detection and proceeding to the linked clinical recommendation
for NI-RADS 3 of biopsy, an invasive procedure. However, the
estimated recurrence rates of 12.2%�29.8% for NI-RADS 2 in
the results of this study are a relatively cautionary prevalence that
cannot be considered safe. Therefore, close follow-up and direct
testing as recommended by the current lexicon for NI-RADS 2 is
validated by this analysis.

The utility of liquid biopsy for monitoring recurrence in head
and neck cancer is promising24,25 and may have the potential to
be incorporated into future NIRADS clinical recommendations.

Our study does have certain limitations, most notably the lim-
ited number of available studies. The Newcastle-Ottawa Scale
score for all studies was low (4–5), suggesting a high risk of bias.
Variations in the type of imaging technique, the location of head
and neck cancers, time from treatment to imaging studies, and
the reference method among the included studies could have

FIG 2. Forest plot of summary estimates of the prevalence of recurrence for each NI-RADS cate-
gory at the primary site (A, NI-RADS 3. B, NI-RADS 2. C, NI-RADS 1).
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influenced the heterogeneous outcomes. One study that included
only NI-RADS 3 cases11 and another study that included only pri-
mary NI-RADS 2 and NI-RADS 3 cases12 may have dispropor-
tionately affected the results of the meta-analysis of proportions.
Some funnel plots exhibited asymmetry indicating potential publi-
cation bias. Due to the limited number of included studies, how-
ever, a precise evaluation of publication bias was not feasible. Such

heterogeneity and bias among studies must be considered a poten-
tial limitation when assessing the significance of this analysis.

The NI-RADS assessments and outcome differences may also
have been influenced by the treatment method. In the NI-RADS,
only local lesions could be classified into NI-RADS 2a and 2b.5

Of the articles included in this study, the number of recurrences
and nonrecurrences in NI-RADS 2a and 2b could be extracted

for only 2 articles.10,13 Due to the lim-
ited number of available articles, this
study could not perform a meta-analy-
sis of the NI-RADS 2a/2b. Further stud-
ies are warranted to comprehensively
evaluate the diagnostic performance of
the NI-RADS 2a/2b cutoff. Last, al-
though random effects models were
used in some of the tests to treat hetero-
geneity across studies, our conclusions
should still be interpreted with caution
because the underlying studies on this
topic were not strongly based.26 Appro-
priately designed prospective large-
scale trials are needed to validate the
results of this study.

CONCLUSIONS
This meta-analysis demonstrated that
NI-RADS 3 has a high diagnostic per-
formance for detecting clinically signifi-
cant recurrence and confirmed that a
NI-RADS category 3 is the optimal cut-
off value as a clinical recommendation
linked to tissue sampling. Given that
NI-RADS 2 lesions also have relatively
high estimated recurrence rates, careful
follow-up is mandatory in this group of
patients. Considering the limitations,

FIG 3. Forest plot of summary estimates of the prevalence of recurrence for each NI-RADS cate-
gory at the neck node (A, NI-RADS 3. B, NI-RADS 2. C, NI-RADS 1).

FIG 4. sROC for diagnostic performance in the primary site. A, sROC with NI-RADS 3 as the cutoff. B, sROC with NI-RADS 2 as the cutoff.
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including procedural and methodologic heterogeneity among the
eligible studies, further investigation and validation of this study
are needed.
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Automatic Localization of the Pons and Vermis on Fetal
Brain MR Imaging Using a U-Net Deep Learning Model
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Sharon E. Byrd, and Jie Deng

ABSTRACT

BACKGROUND AND PURPOSE: An MRI of the fetus can enhance the identification of perinatal developmental disorders, which
improves the accuracy of ultrasound. Manual MRI measurements require training, time, and intra-variability concerns. Pediatric neurora-
diologists are also in short supply. Our purpose was developing a deep learning model and pipeline for automatically identifying ana-
tomic landmarks on the pons and vermis in fetal brain MR imaging and suggesting suitable images for measuring the pons and vermis.

MATERIALS AND METHODS: We retrospectively used 55 pregnant patients who underwent fetal brain MR imaging with a HASTE
protocol. Pediatric neuroradiologists selected them for landmark annotation on sagittal single-shot T2-weighted images, and the
clinically reliable method was used as the criterion standard for the measurement of the pons and vermis. A U-Net-based deep
learning model was developed to automatically identify fetal brain anatomic landmarks, including the 2 anterior-posterior landmarks
of the pons and 2 anterior-posterior and 2 superior-inferior landmarks of the vermis. Four-fold cross-validation was performed to
test the accuracy of the model using randomly divided and sorted gestational age–divided data sets. A confidence score of model
prediction was generated for each testing case.

RESULTS: Overall, 85% of the testing results showed a $90% confidence, with a mean error of,2.22mm, providing overall better
estimation results with fewer errors and higher confidence scores. The anterior and posterior pons and anterior vermis showed
better estimation (which means fewer errors in landmark localization) and accuracy and a higher confidence level than other land-
marks. We also developed a graphic user interface for clinical use.

CONCLUSIONS: This deep learning–facilitated pipeline practically shortens the time spent on selecting good-quality fetal brain
images and performing anatomic measurements for radiologists.

ABBREVIATIONS: AI ¼ artificial intelligence; AP ¼ anterior-posterior; DL ¼ deep learning; GA ¼ gestational age; SI ¼ superior-inferior

CNS abnormalities are relatively common in fetuses, ranging
from 0.1% to 0.2% in live births and 3% to 6% in stillbirths.1

A diagnosis of fetal brain abnormalities at an early stage is essential.
Fetal sonography is considered the criterion standard of anatomic

measurements. MR imaging is often performed when sonography
is inconclusive to provide additional information for assessing fetal
anatomy during all phases of gestation.2 MR imaging provides
superior soft-tissue contrast and spatial resolution for differentiat-
ing highly variable fetal brain tissue.3 Fetal MR imaging combined
with fetal sonography increases confidence in the early detection of
perinatal disorders of development.

Manual measurements have several disadvantages, including
clinicians’ training requirements, time commitment, and inter-
and intraobserver variability.4 Radiologists must choose the highest
quality image series without motion artifacts or missing anatomy
and then identify and measure various anatomic structures.5 Small
measurement errors may result in misdiagnosis and misguided
pregnancy management.5 Accurate measurements of fetal brain
anatomy are critical to differentiate hypoplastic, absent, or mal-
formed brains from normal brain structures.6 Measurement errors
can have significant consequences in clinical practice because they
can lead to misdiagnosis and misguided pregnancy management.

Received February 6, 2023; accepted after revision August 2.

From the Department of Diagnostic Radiology and Nuclear Medicine (F.V., X.L.,
J.O.A., K.K.M., S.E.B.), Rush Medical College, Chicago, Illinois; Department of
Biostatistics (S.Z.), Yale School of Public Health, New Haven, Connecticut;
Division for Diagnostic Medical Physics (H.A.A., M.S.), Department of Radiology
and Nuclear Medicine, Rush University Medical Center, Chicago, Illinois; and
Department of Radiation Oncology (J.D.), Division of Medical Physics and
Engineering, University of Texas Southwestern Medical Center, Dallas, Texas.

The funding of this project is from the Colonel Robert R. McCormick Professorship
of Diagnostic Imaging fund at Rush University Medical Center, and the Swim
Across America Pilot Project Grant from Rush University Medical Center.

Please address correspondence to Jie Deng, PhD, Department of Radiation
Oncology, University of Texas Southwestern Medical Center, 5323 Harry Hines
Blvd, Dallas, TX 75390-9303; e-mail: jie.deng@utsouthwestern.edu

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7978

AJNR Am J Neuroradiol 44:1191–1200 Oct 2023 www.ajnr.org 1191

https://orcid.org/0000-0002-0803-7831
https://orcid.org/0000-0002-3564-1049
https://orcid.org/0009-0004-3032-5794
https://orcid.org/0000-0001-6734-7402
https://orcid.org/0000-0002-5807-9749
https://orcid.org/0000-0001-6569-7337
https://orcid.org/0000-0001-9514-9390
https://orcid.org/0000-0002-2518-7989
mailto:jie.deng@utsouthwestern.edu


Fetal MR imaging interpretation also requires specialized
training. However, there is a shortage of pediatric neuroradiolo-
gists, resulting in limited availability.

During the past decade, artificial intelligence (AI) algorithms,
specifically deep learning (DL), have significantly advanced
image-recognition tasks.7 The machine learning approaches have
the potential to aid in the early detection of these issues, thereby
enhancing the diagnostic and follow-up processes.

By means of AI, processing of fetal brain MR imaging has
investigated models that automatically predict specific landmarks
and segmentation. Various AI models (primarily convolutional
neural networks and U-Net) were used.8,9 Some models achieved
an accuracy of $95%. AI could aid in the pre- and postprocess-
ing10 and reconstruction,11 predicting gestational age (GA) (with
an accuracy of 1 week),12 fetal brain extraction,13 and fetal brain
segmentation.11,14 AI could also help in GA prediction, fetal
motion detection, motion tracking, pose estimation,15 and super-
resolution reconstruction.11 Recently, several publications devel-
oped AI models for automatic fetal brain anatomic measurements
in a biparietal diameter,16 which were derived from identified
landmarks after several preprocessing steps such as computation
of an ROI, reference section selection, segmentation, midsagittal
line and fetal brain orientation, and, finally, measurements.

In this work, we focused on identifying 2 anterior-posterior
(AP) landmarks of the pons and 2 AP and 2 superior-inferior (SI)
landmarks of the vermis. All the landmarks on each structure
were predicted simultaneously using U-Net multisegmentation
features. We exploited U-Net17 to determine imaging features
surrounding a landmark point and calculated the probability of
any image pixel being the defined landmark point.

In addition, the image pixel with the highest probability
within the output Gaussian distribution mask was predicted as
the landmark point by the U-Net model. Finally, we developed a
tool that could be extended to clinical use on the basis of the pre-
diction model to help radiologists select the best image series for
interpretation and perform fetal brain anatomic measurements
more efficiently.

MATERIALS AND METHODS
Database
This retrospective study, approved by the institutional review
board with a waiver of consent, included 55 fetal MR imaging stud-
ies at different GAs. The studies were selected from a database of
pregnant women who underwent routine clinical fetal screening
at Rush University Medical Center, Chicago, Illinois, between
2007 and 2020. All the selected studies confirmed normal fetal
brain development based on radiology reports. Expert pediatric
neuroradiologists performed image-quality screening and land-
mark annotation on the exported sagittal T2-weighted HASTE
images. Of these 55 patients, some patients had.1 image series,
so the total number of image series was 100. We added image
series for data augmentation, increasing the data set.

Six landmarks, including AP landmarks on the pons and AP/SI
landmarks on the vermis (drawn by the radiologist), served as the
ground truth. In addition, manual biometric measurements on the
pons and vermis were performed according to the standard clinical
recommendations.18

MR Imaging Protocol
Fetal MR images were obtained at our institution using Siemens
1.5T MR imaging scanners (Siemens, Erlangen, Germany), with-
out sedation. Single-shot HASTE images were acquired in the
axial, coronal, and sagittal planes with the following parameters:
TR¼ 1400ms, TE¼ 120ms, FOV¼ 230� 230 mm2, and section
thickness/gap¼ 3/0mm, under free breathing. The fetal age range
was 20–39weeks, and the cases did not involve twins or significant
maternal risk factors.

Image Preprocessing
All images were resized to 512� 512 and augmented through
rotating, flipping, adding Gaussian noise, motion blurring, median
blurring, contrast-limited adaptive histogram equalization, sharp-
ening, embossing, random brightness contrast adjustment, and
random hue saturation adjustment using an open-source library
(albumentations.ai; https://albumentations.ai/) with default param-
eter settings.

The study used original MR images without super-resolution
reconstruction or other quality-selection preprocessing. A prese-
lection process ensured suitable images for the study, focusing on
landmark visibility and differentiation from neighboring struc-
tures. Exclusion criteria included motion artifacts, which hin-
dered landmark identification and blurred anatomic borders.
Consistency was maintained using midsagittal planes for pons
and vermis measurements, avoiding oblique planes. Clinicians
selected the data set for pons and vermis annotations, which
underwent independent verification by radiologists and AI engi-
neers for accuracy and consistency.

An innovative aspect of our research lies in the use of U-Net
for landmark predictions. Rather than using the conventional bi-
nary segmentation output of 0/1, we modified the final output
layer to generate a distribution map indicating the probability of
landmark locations. This novel approach allowed us to extract
valuable information from the U-Net model and precisely predict
the positions of the landmarks, further enhancing the significance
of our article.

Model Performance Validation
The U-Net model was used to fit the Gaussian distribution func-
tion. After the radiologist provided specific landmarks, the AI
model calculated the distribution probability of these landmarks
on the image by collecting the image features.

Model performance evaluation focuses on the probability rela-
tionship between image features and landmarks. Given an unsuit-
able image for labeling the vermis, AI will try to determine where
the most likely landmark point will be. However, confidence in
this point may be low due to differences in the features learned
by image and AI.

With this probability distribution, we feed all the images into
the pipeline and filter out the most suitable images for the physi-
cian’s annotation.

U-Net Model as a Transforming Function
The encoding path of the U-Net model incorporates convolu-
tional and max-pooling layers for feature extraction and dimen-
sion reduction, while the decoding path uses up-sampling and
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concatenation for restoring spatial resolution and creating seg-
mentation maps.

A U-Net model was built to transform an input MR image
into a gray-scale image mask with its vertex representing the loca-
tion of the predicted landmark point (Fig 1).

The transforming function f x; yð Þ can be expressed as the
impact of an arbitrary point x; yð Þ within the mask on the pre-
dicted landmark point x0; y0ð Þ (Equation 1).

Equation 1 f x; yð Þ ¼ f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� x0ð Þ2 þ y� y0ð Þ2

q� �
¼ f rð Þ;

where r represents the radial distance. The gray-scale mask is a
rotationally symmetric function (radius of a circle: R) with a
Gaussian distribution centered on the annotated landmark point
(Fig 2), where R is proportional to the fronto-occipital radius of
the fetal brain (Fig 3). We chose the Gaussian distribution func-
tion f r;m;sð Þ as f rð Þ and simplified it by setting the mean and
SDs ¼ R=2ffiffiffiffiffi

2p
p as in Equation 2:

Equation 2 f r;m;sð Þ ¼ 1

s
ffiffiffiffiffiffiffi
2p

p e�
r�mð Þ2
2s2 ¼ 2

R
e�

4pr2

R2 :

In practical applications, we removed the coefficient 2
R and

replaced it in Equation 1.

Equation 3 f rð Þ ¼ e�
4pr2

R2 ; r 2 0; R½ �; f rð Þ ¼ 0; r.R;

r
R
2 ½0; 1�:

We customized the U-Net for landmark-prediction reliability
by implementing a Gaussian output. This step permits AI to con-
sider landmark-location uncertainty. The probability of a pre-
dicted point being the desired landmark was represented using
this Gaussian function. The confidence score for each landmark
was based on this probability. The model was trained to detect
multiple landmarks simultaneously by generating separate masks
representing the Gaussian probability of each landmark.

We balanced model complexity and computational efficiency
by optimizing the hyperparameters of the model. We used a 3 �
3 kernel size to capture local contextual information efficiently.
The channel depth gradually doubled after each max-pooling
operation to learn more complex representations at different lev-
els. The number of layers was chosen considering the task com-
plexity and available computational resources, finding a suitable
balance for the model.

Our study demonstrated that splitting the DL model outputs
into separate models for pons and vermis landmarks resulted in
improved accuracy. This approach allowed fine-tuned adjust-
ments and enhanced detection of each landmark. By focusing on
specific imaging features, the individual models improved the
identification of anatomic structures. Compared with predicting
all landmarks at once with a single model, this approach achieved
superior performance and increased accuracy in detecting land-
marks in fetal brain MR imaging.

Model Training
In the training process, a normalized weighted binary mean
squared error loss function was used to compensate for the data
imbalance. Other model parameters included batch size ¼ 15 for
both training and validation and epoch ¼ 100 with an early stop
after 10 epochs of loss increasing.

We used the Adam optimizer to update model weights effi-
ciently, the EarlyStopping strategy to prevent overfitting, and the
ModelCheckpoint callback to save weights of the best-performing
model, ensuring reproducibility. The entire training process on
the graphics processing unit Nvidia GeForce RTX 2080 Ti 11Gb
(NVIDIA GeForce RTX 2080 Ti 11Gb) took,2 hours.

K-Fold cross-validation
Two 4-fold cross-validation methods were implemented for
model training and testing (Fig 4). In the first method, the data
set was divided into 4 groups by a sorted range of GAs (ie, 20–
26weeks, 27–29weeks, 30–33weeks, and 34–39weeks) (Fig 4A).
In the second method, the data set was randomly divided with

FIG 1. The architecture of the U-Net model for landmark detection. The U-Net converts a sagittal fetal brain image into gray-scale masks in
which the vertex represents the locations of different landmark points. Up-conv indicates up-sampling operation; conv, convolutional layer;
ReLU, Rectified Linear Activation.
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mixed GAs without overlapping among all groups (Fig 4B). In
each cross-validation fold, 3 groups of patient images were used
as the training data set, and the other group, as the testing data
set.

RESULTS
Model Performance
The randomly divided mixed GA method outperformed the
sorted GA-divided method by providing smaller prediction
errors (P, .001) with higher confidence scores (P, .001).

In the first cross-validation method, in which the data set was
divided by sorted GA weeks, the prediction error distribution with
associated confidence scores for 6 predicted landmarks in 100
image series (ie, the number of total landmarks: 6� 100¼ 600) is
shown in Fig 5 (A, scatterplot; B, contour line plot). Among all
600 predicated landmark locations, 73% (440/600) showed a confi-
dence score of.90%, with a mean prediction error of,2.25mm.
Among the 6 landmarks, the anterior vermis and anterior and
posterior pons were best predicted with fewer errors and higher
confidence scores (Online Supplemental Data). The anterior
and posterior pons and anterior vermis had significantly fewer
errors compared with the posterior vermis (P, .01, P, .01,
and P, .001, respectively). Additionally, the anterior pons had
a significantly higher confidence score than the superior/

inferior/posterior vermis (P, .05, P, .05, and P, .01, respec-
tively), while the posterior pons had a significantly higher confi-
dence score than the superior/posterior vermis (P, .05 and
P, .01, respectively).

In the second cross-validation method, in which the data set
was randomly divided with mixed GA weeks, the prediction
error distribution with an associated confidence score for the
600 predicted landmarks is shown in Fig 6 (A, scatterplot; B,
contour line plot). Among all 600 predicated landmarks, 85%
(511/600) showed a confidence score of.90%, with a mean pre-
diction error of ,2.22mm. Among the 6 landmarks, the poste-
rior pons was the best-predicted landmark, with the smallest
error and highest confidence score (Online Supplemental Data).
The posterior pons had significantly lower error compared with
all other landmarks (P, .05 for the anterior pons and anterior
vermis, and P, .001 for the superior/inferior/posterior vermis).
Additionally, the posterior pons had significantly higher confi-
dence scores than the superior, inferior, and posterior vermis
(P, .05, P, .05, and P, .01, respectively).

Automatic Landmark Detection
We evaluated the differences between manual landmark localiza-
tion performed by a radiologist and an expert pediatric neuroradi-
ologist, as shown in the Table. The variations between their

FIG 2. The cut surface of a 3D rotationally symmetric Gaussian distribution function with the radius (R), and the top represents the landmark
point position.

1194 Vahedifard Oct 2023 www.ajnr.org



manual measurements ranged from a mean of 0.42 (SD, 0.59)mm
for vermis1 to 1.87 (SD, 1.81)mm for vermis2. These disparities
emphasize the presence of interrater variability and the possibility
of measurement inconsistencies with manual assessments.

By automating landmark identification and using DL capabil-
ities, our AI model consistently provides more reliable and con-
sistent measurements.

Figure 7 shows examples of model-predicted landmark loca-
tions with biometric measurements between each pair demon-
strated and compared with manual detections performed by the
radiologist.

Despite variations in image quality and white noise levels, the
AI system maintained accuracy, highlighting its robustness and
adaptability. Figure 7 shows the precision and confidence of our
AI model in 1 case. The left picture has a pixel spacing of 0.41,
resulting in a relatively low resolution. The middle and right
images have a pixel spacing of 0.35, which means better resolu-
tion. However, the right image has significantly more white noise
points. The Online Supplemental Data show confidence and
measurements in these 3 different series. The predictions of AI
had an error rate below 0.5mm and provided confidence scores
for each prediction, enhancing trust in its outputs. (The AI pro-
vided confidence scores for each prediction and selected the opti-
mal predictions with an error rate below 0.5mm, thereby
enhancing the trust of its outputs). Therefore, this AI model
offers a reliable, accurate, and consistent tool for measurements.

Distance Measurement. The Online Supplemental Data illustrate
the “distance measurements” of the pons and vermis, comparing

manual and AI measurements and the corresponding errors. The
error-to-total measurement ratio is reasonable. For instance,
when the confidence threshold is set above 90%, the pons dis-
tance from the average is 10.81mm, with an error of 1.12mm.

Statistical Analysis
Data were transformed to achieve a normal distribution before
we conducted statistical testing. The prediction errors of the 6
landmarks and confidence scores were compared using paired t
tests across the two 4-fold cross-validation methods. The Tukey
Honest Significant Difference test was used to compare and rank
the prediction errors and confidence scores for each landmark
among all 6 landmarks. All statistical analyses were performed
using R Studio (http://rstudio.org/download/desktop). A signifi-
cance level of P, .05 was used.

Clinical Pipeline with Graphic User Interface
An interactive tool was developed on the basis of our developed
model. This graphic user interface was created to help radiolog-
ists identify the landmarks of the pons and vermis and obtain bi-
ometric measurements on fetal MR imaging more efficiently
(Fig 8). This graphic user interface will also provide confidence
for each suggested image. To accept, reject, or modify the land-
mark prediction, the clinicians can judge according to the AI-
provided confidence.

DISCUSSION
We proposed a novel U-Net DL model that automatically detects
anatomical landmarks on the “pons” and “vermis” in fetal brain

FIG 3. Fronto-occipital radius of the fetal brain determines the radius of Gaussian distribution function in a patient at GA week 20 (A–D) and
another at GA week 33 (E–H). The left 2 columns are MR images with a fronto-occipital radius (A and E) and annotated landmark points on the
vermis (B and F). The third column (C and G) shows the image mask with the Gaussian distribution used in model training. The fourth column
shows the image area surrounding the landmark (D and H) determined by the Gaussian distribution function, with an added white circle indicat-
ing the radius range.
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MR imaging. Using these landmark locations, we predicted im-
portant fetal biometric parameters, including vermis diameter
and height, and pons diameter. The critical component of our
model was using U-Net as a transformational function to gener-
ate a gray-scale image mask with a Gaussian distribution by
extracting the imaging features adjacent to the center of the
mask. Although we only tested this model for landmarks on the
pons and vermis with promising results, it may also be applied to
detect landmarks on other brain structures with asymmetric
image features.

This study initially used a 2-stage anisotropic 3D U-Net to
detect fetal brain ROIs. A reference image section on which the
landmarks were identified using a Fetal Measurement by
Landmarks was used. A Gaussian Mixture Model estimated the
landmark measurement reliability. Compared with fetal MR
imaging radiologists, the model yielded a 95% confidence interval
agreement of 3.70mm for cerebral biparietal diameter, 2.20mm
for biparietal bone diameter, and 2.40mm for transcerebral di-
ameter. Our study is the first to automatically detect landmarks
on the pons and vermis on fetal MR imaging using a U-Net as a
function with very few training parameters, reducing the compu-
tational complexity and shortening the training time.

The accuracy of our model depends on learning imaging fea-
tures around landmarks. Given the varying fetal brain size and
appearance at different GAs, we set the mask size proportional to

the fronto-occipital diameter of each brain for adequate feature
extraction. Among the 6 landmarks, 2 on the pons and 4 on the
vermis, the anterior-posterior pons and anterior vermis had bet-
ter accuracy, possibly due to distinctive adjacent image features
like the fourth ventricle, aiding model learning.

We built a pipeline for automatic batch processing of multiple
image series for landmark prediction. It selected the reference
section on the basis of the highest confidence score and skipped
poor-quality images. The reference section was presented to the
radiologists for review, and they were alerted to manually adjust
any landmark prediction with a confidence score of,0.8.

In model training and validation, we implemented 3 schemes
for 4-fold cross-validation (dividing folds by GA weeks versus
dividing folds by mixed weeks). The model trained and validated
with mixed GA weeks provides overall better accuracy compared
with the sorted GA week–divided approach, suggesting that a large
number of imaging features extracted from fetal MR images with
various white/gray matter contrast and anatomic details during fe-
tal brain development are essential to include in model training.

In similar studies, Dovjak et al19 conducted manual studies
on cerebellar vermian lobulation and vermis/brainstem–specific
markers using prenatal MR images. Their research improved
hindbrain malformation classification and provided insights
into vermian growth patterns. In contrast, our study introduces
a DL model for automated identification and measurement of

FIG 4. Two 4-fold cross-validation methods for DL-model training and testing. Method 1 divided the data sets by sorting the ranges of GA
weeks (A). Method 2 divided the data sets randomly with mixed GA weeks (B).
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pons and vermis landmarks in fetal MR imaging. Our approach
enhances efficiency, reduces errors, and offers confidence scores
for predictions.

Advantages of Our Model

1) The benefit of automated landmark localization: The U-Net algo-
rithm offers the advantage of automated landmark localization
and provides associated confidence scores. This feature allows us
to process all sagittal sequences of a patient and automatically
identify the top 5 fetal brain MR image series with the highest
confidence for physicians to choose from ormanually adjust.

2) Time efficiency of the U-Net algorithm: Although the ini-
tial implementation and training of the U-Net algorithm
require time and resources, its application on new fetal
brain MR images is quick and efficient. The model can
automatically identify landmarks and provide measure-
ments without manual intervention. On our hardware
(GeForce RTX 2080 Ti 12G), the average processing time
for our U-Net model to predict 6 markers for an image is as
low as 0.23 seconds, which is negligible compared with the
time required by a physician for manual screening and
measurements.

FIG 5. The scatterplot (A) and contour line plot (B) of the prediction error distribution with associated confidence scores in the sorted GA
week validation method. The x-axis represents the distance (millimeters) between the predicted landmark and the ground truth, and the y-axis
represents the confidence score of the prediction.

FIG 6. The scatterplot (A) and contour line plot (B) of the distribution of prediction error with associated confidence scores in the randomly
mixed GA week validation method. The x-axis represents the distance (millimeters) between the predicted landmark and the ground truth, and
the y-axis represents the confidence score of the prediction.
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3) Consistency and reduced interobserver variability: The U-Net
algorithm offers consistent landmark identification across dif-
ferent images and cases, reducing interobserver variability.
This standardized approach leads to more reliable and repro-
ducible measurements.

4) Accommodation of different resolutions and image quality:
Our U-Net model robustly handles variations in resolution
and evaluates image quality. It assigns confidence scores to
each image slice, prioritizing high-quality images for accurate
measurements and increased diagnostic confidence, resulting
in errors of , 0.5 mm, regardless of resolution and image-
quality differences.

5) Potential of the U-Net algorithm: The model demonstrates
promising accuracy levels, potentially matching or exceeding
human expert annotations. Further validation and optimiza-
tion can enhance its reliability for posterior fossa biometry
quantification.

6) Choosing linear measurements: Our study prioritized using
linear measurements, specifically the diameter of the pons
and vermis, due to their well-established clinical relevance
and diagnostic utility. These measurements have been widely
adopted in clinical practice and have demonstrated their
effectiveness in detecting various brain abnormalities, includ-
ing vermian hypoplasia, Dandy-Walker malformation, and
pontocerebellar hypoplasia. Moreover, monitoring changes
in the pons and vermis offers valuable insights into the neuro-
logic development of the fetus, identifying potential issues
and evaluating posterior fossa lesions.

The Run Algorithm on a Public Data Set
For an additional test, we ran the algorithm on the larger, publicly
available Fetal Tissue Annotation and Segmentation Challenge

(https://feta.grand-challenge.org/), resulting in good accuracy.
Please see Online Supplemental Data, more codes and examples
are provided.

Limitations
This study had some limitations: First, the sample size in each
GA week range was small, possibly leading to insufficient model
training. We used several strategies to enhance the accuracy and
generalizability of our AI model to address the limitation of a
limited number of cases. The MR imaging selection was con-
ducted by experienced medical professionals, ensuring a high-
quality training, validation, and testing data set. We used “trans-
fer learning,” enabling the model to identify distinctive features
across a wider image range, thereby increasing its applicability
in diverse clinical scenarios. Despite the size of our data set, the
promising performance of the model in this pilot study suggests
adaptability across different institutional settings. It provides
landmark coordinates and confidence values, giving clinicians
flexibility in MR image selection.

Second, this study did not assess fetal brain biometry in path-
ologic cases because of a paucity of cases with abnormal pons and
vermis structures across different GA weeks. The study was lim-
ited to a single scanner platform and could potentially be re-
stricted to a single cohort due to the limitation in the cohort. As a
result, the generalizability of this study and its utility on large-
scale data platforms may be limited. We recognize the need for
further validation with larger, diverse data sets to ascertain the
robustness and generalizability of our model in varied clinical
environments.

Ensemble learning is a valuable option for future studies if
additional data are available. This technique involves using all
models obtained through 4-fold cross-validation and selecting

Compared manual landmark localization conducted by a radiologist and an expert pediatric neuroradiologist

Pons1 Pons2 Vermis1 Vermis2 HVermis1 HVermis2
Mean (mm) 1.41 0.79 0.42 1.87 1.28 1.51
SD (mm) 1.12 0.76 0.59 1.81 1.38 1.68

Note:—Pons1 indicates Anterior landmark of Pons; Pons2, Posterior landmark of Pons; Vermis1, Anterior landmark of Vermis; Vermis2, Posterior landmark of Vermis;
Hvermis1, Superior landmark of Vermis (height of vermis); Hvermis2, Inferior landmark of Vermis (height of vermis).

FIG 7. Representative image examples of model-predicted landmark locations with biometric measurements. (The white line is manual annota-
tions by radiologists, and the purple line is DL-model predicted measurements). Three patients (A, 22weeks; B, 22weeks; C, 27weeks) with accu-
rate model-predicted landmarks compared with radiologists.
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the landmark with the highest confidence, though it comes at the
cost of increased processing time.

CONCLUSIONS
A U-Net model was developed to detect AP landmarks on the
pons and AP/SI landmarks on the vermis. Our pipeline includes
image series screening and selection, landmark prediction that
improves radiologists’ efficiency and time in identifying land-
marks, performing anatomic measurements, and screening high-
quality images. Using a U-Net-based DL model, we achieved a
mean error of ,2.22mm and a $90% confidence score in 85%
of the testing cases, resulting in improved estimation accuracy
with reduced errors.

While manual measurements by radiologists often yield ro-
bust results, our AI model brings value by significantly reducing
interrater variability and measurement errors. It accurately iden-
tifies high-confidence landmarks and optimizes image selection,
even in instances in which blurred margins due to motion arti-
facts are present.

We also established a pipeline, graphic user interface, consist-
ing of imaging selection and landmark prediction, followed by an
interactive second check tool to help radiologists quickly locate,
confirm, or adjust the landmarks on the autoselected image slices.

Using U-Net as a transformational function, our model
accurately extracts imaging features around landmarks, par-
ticularly for the anterior and posterior pons and anterior
vermis.

We validated this algorithm on a public data set, demonstrat-
ing good accuracy. The AI model addresses interrater variability,
reduces measurement errors, and saves time, presenting advan-
tages over manual measurements. Implementing AI-driven auto-
mation enables comprehensive and efficient fetal brain MR
imaging assessment, potentially enhancing radiologists’ efficiency
and diagnostic accuracy and improving patient outcomes in fetal
brain MR imaging analysis.

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

Dandy-Walker Phenotype with Brainstem Involvement: 2
Distinct Subgroups with Different Prognosis

C.A.P.F. Alves, J. Sidpra, A. Manteghinejad, S. Sudhakar, F.V. Massey, K.A. Aldinger, P. Haldipur, L.T. Lucato,
S.F. Ferraciolli, S.R. Teixeira, Ö. Öztekin, D. Bhattacharya, A. Taranath, S.P. Prabhu, D.M. Mirsky, S. Andronikou,

K.J. Millen, A.J. Barkovich, E. Boltshauser, W.B. Dobyns, M.J. Barkovich, M.T. Whitehead, and K. Mankad

ABSTRACT

BACKGROUND AND PURPOSE: Although cardinal imaging features for the diagnostic criteria of the Dandy-Walker phenotype have
been recently defined, there is a large range of unreported malformations among these patients. The brainstem, in particular,
deserves careful attention because malformations in this region have potentially important implications for clinical outcomes. In
this article, we offer detailed information on the association of brainstem dysgenesis in a large, multicentric cohort of patients
with the Dandy-Walker phenotype, defining different subtypes of involvement and their potential clinical impact.

MATERIALS AND METHODS: In this established multicenter cohort of 329 patients with the Dandy-Walker phenotype, we include
and retrospectively review the MR imaging studies and clinical records of 73 subjects with additional brainstem malformations.
Detailed evaluation of the different patterns of brainstem involvement and their potential clinical implications, along with compari-
sons between posterior fossa measurements for the diagnosis of the Dandy-Walker phenotype, was performed among the differ-
ent subgroups of patients with brainstem involvement.

RESULTS: There were 2 major forms of brainstem involvement in patients with Dandy-Walker phenotype including the following: 1)
the mild form with anteroposterior disproportions of the brainstem structures “only” (57/73; 78%), most frequently with pontine
hypoplasia (44/57; 77%), and 2) the severe form with patients with tegmental dysplasia with folding, bumps, and/or clefts (16/73;
22%). Patients with severe forms of brainstem malformation had significantly increased rates of massive ventriculomegaly, additional
malformations involving the corpus callosum and gray matter, and interhemispheric cysts. Clinically, patients with the severe form
had significantly increased rates of bulbar dysfunction, seizures, and mortality.

CONCLUSIONS: Additional brainstem malformations in patients with the Dandy-Walker phenotype can be divided into 2 major
subgroups: mild and severe. The severe form, though less prevalent, has characteristic imaging features, including tegmental folding,
bumps, and clefts, and is directly associated with a more severe clinical presentation and increased mortality.

ABBREVIATION: DW ¼ Dandy-Walker phenotype

Cystic malformations of the posterior fossa manifest with var-
ied imaging patterns and diagnoses and have a broad range

of etiologies and clinical outcomes.1 A classic disorder captured in
this group is the historically termed Dandy-Walker malformation,

now Dandy-Walker phenotype (DW). Several causes have been
implicated in the pathogenesis of DW, including chromosomal
abnormalities and genetic variants,2-7 disruptive/acquired events
in fetal life such as prenatal exposure to viruses, drugs, and
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maternal ill-health8,9 as well as fetal sporadic posthemorrhagic
cerebellar events.10,11 However, there have also been recent modi-
fications in formerly well-established associations. For example,
the previously reported association between congenital melano-
cytic nevus syndrome and DW12 has been re-evaluated in a recent
case report and literature review that emphasizes a potential mis-
leading connection between these 2 disorders.13 Nevertheless, it is
important to note that mesenchymal-based gene action has been
shown to play a role in the development of the Dandy-Walker
phenotype in some circumstances.14

Although cardinal imaging features for the diagnostic criteria
of DW have recently been defined by our group,15 there is a large
variability of additional unreported malformations in children
with DW. DW encompasses a broad range of many potential
associated abnormalities, most of them recognized in the supra-
tentorial brain, such as agenesis/dysgenesis of the corpus cal-
losum, hydrocephalus, and abnormalities of cortical migration,
among others.16,17

Contrary to the frequent description of supratentorial findings,
brainstem involvement in patients with DW is far less frequently
cited in the literature. Nevertheless, the brainstem is frequently
involved,15 and unsurprisingly so, given that its development is
closely related to that of the cerebellum.18-20 Furthermore, when
affected, the brainstem is likely to have a major impact on the
brainstem and cerebellar circuitry essential for normal function.21

Proper brainstem function is essential for autonomic nervous sys-
tem functions (ie, breathing, heart rate). Thus, brainstem involve-
ment in DW requires critical attention due to its potential role in
the pathogenesis and clinical outcome of these patients.20

In this article, we present detailed information on the brain-
stem abnormalities found in patients with DW, including the var-
iability of imaging patterns, their potential implications for
human neurodevelopment, and their clinical impact.

MATERIALS AND METHODS
This retrospectivemulticenter, multinational study focuses on a subset
group of patients with DW with brainstem malformations. These
patients were selected from a previously published cohort of 329
patients who were confirmed to have DW on the basis of the modern
diagnostic radiologic criteria established byWhitehead et al.15 Among
the 329 patients, 220 showed some degree of dysmorphism. Of these,
147 (67%) had extrinsic mass effect caused by the surrounding struc-
tures, which provided a better explanation for their brainstem abnor-
mality, for example the compression of the brainstem against the
clivus, most commonly due to hydrocephalus. Since no definitive
signs of primary brainstem dysgenesis were observed in this particular
subset of patients, these patients were excluded. For our analysis, we
included and retrospectively reviewed the MR imaging studies and
clinical records of a cohort of 73 patients with DW and brainstem
malformations. We provide a detailed evaluation of the different
brainstemmalformative findings, including the following:

1. The brainstem region involved (midbrain/tectum, pons, and/
or medulla oblongata)

2. Features of hypoplasia or hyperplasia of each of the brainstem
segments and their ratios to categorize potential developmen-
tal anterior-posterior patterning defects 24

3. Malformation of the brainstem with abnormalities resulting
in deformity of normal brainstem architecture (abnormal
folding, bumps, and clefts) and disturbances of axonal orien-
tation and/or guidance

4. Additional supratentorial malformations, such as abnormal-
ities of cortical migration, commissural dysgenesis/agenesis,
and the presence of cerebral interhemispheric cysts.

Qualitative analyses and quantitative measures including size
and morphology of the posterior fossa and choroid plexus, taenia
tela choroidea complex location, and torcular location were per-
formed following our previous standardized approach.15

Neuroimaging evidence of prior injury (hemorrhage and/or
encephalomalacia) was also reviewed, and comparisons of all var-
iables were performed to search for potential differences and to
define subgroups in our cohort.

All cases were independently reviewed by senior neuroradiolo-
gists at each participating institution, and clinical and radiologic
features were recorded. Qualitative and quantitative measures
and the reporting of additional brainstem malformations were
reviewed via independent analysis by the first author (C.A.P.F.A.).
Subsequently, all discrepancies and disagreement were solved by
a third reviewer (K.J.M.), a pediatric neuroradiologist with
.15 years of experience, and a final consensus with the first
author (C.A.P.F.A.) was determined for those discrepant cases.
The minimum requirements for the inclusion of postnatal MR
imaging were having at least 2 series of T1-weighted imaging
and T2-weighted imaging with section thicknesses of #5 mm.
Additional sequences were reviewed in most cases (when avail-
able). All MR imaging was performed at 1.5T or 3T.

Continuous variables are presented as the mean (SD), while
categoric variables are presented as the percentage frequency.
The Kolmogorov-Smirnov test was used to examine the normal-
ity of continuous variables, and the Mann–Whitney U test was
used to assess differences among continuous variables. The
Pearson x 2 test and Fisher exact test were used to evaluate the
associative significance between 2 categoric variables. Statistical
analyses were performed using the Statistical Package for the
Social Sciences (SPSS, Version 26; IBM).

The study was conducted after site-specific institutional
review board approval with informed consent waived due to its
retrospective nature.

RESULTS
Seventy-three patients (44 female, 60.3%; 29 male, 39.7%) were
eligible for inclusion (age range, 1 day to 24 years of age). Fifty-
seven MR images (78.1%) were obtained using 1.5T scanners,
and 16 (21.9%) were obtained using 3T scanners. Genetic abnor-
malities were present as the presumed cause of DW in 22 (30.1%)
patients. Fifteen patients presented with known risk factors for
DW: Eight (11%) had vascular injuries; 5 (6.8%) were associated
with maternal diseases, including maternal diabetes and congeni-
tal heart disease; and 2 (2.7%) were associated with prenatal infec-
tions, including prenatal cytomegalovirus. In the remaining 36
(49.3%) patients, there were no known risk factors, and no
genetic analysis was performed. The complete descriptive analysis
of study subjects is available in the Table 1.
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Two subgroups of brainstem malformations were observed in
our DW cohort with forms defined as the following: 1) mild, 57
(78.1%) patients with changes limited to the size and proportion
of the brainstem structures, and 2) severe, 16 (21.9%) patients in
whom malformation of the brainstem included posterior teg-
mental dysplasia with an abnormal posterior fold, bumps, and
clefts in the tegmentum (Figs 1 and 2). The comparative

imaging and clinical analyses of these 2
groups are presented in the Table 2.
The Kolmogorov-Smirnov test was
used to evaluate the normality of the
posterior fossa perimeter and fastigial
recess angle, with P values of .001 and
.019, respectively. Therefore, due to the
significant difference between these 2
variable distributions from a normal
distribution, the Mann-Whitney U test
was used to compare these 2 variables
between the groups.

The mild form of brainstem mal-
formation in the DW cohort was char-
acterized mainly by the presence of
pontine hypoplasia (44/57; 77%) and,
more rarely, hypoplasia or hyperplasia of
other segments of the brainstem, includ-
ing the medulla and midbrain/tectum
(13/57; 23%) (Fig 1).

Patients in the severe brainstem
DW cohort had more complex malfor-
mations: All presented with tegmental
dysgenesis characterized by architec-
tural disorganization of $1 segment of
the brainstem, including evidence of a
posterior folding, bumps, or clefts, with
flattening of the ventral portions of
the brainstem, imaging features with
parallels to those of axonal guidance
disturbance noted in patients with
tegmental and bulbar cap dysplasia
(Fig 3 and Online Supplemental
Data).22,23 Among the significant imag-
ing features observed in this group, the
most important findings to highlight
include macrocrania in 10 (62.5%),
mostly secondary to severe ventriculo-
megaly; massive enlargement of the
posterior fossa and increased rates of
the extreme vermian hypoplasia in 9
(56.3%); increased rates of additional
malformative features involving the
corpus callosum in 12 (75.0%) patients,
cerebral interhemispheric cysts in 9
(56.3%) subjects (Fig 4), and gray mat-
ter abnormalities in 10 (62.5%) patients
compared with the mild group. Clinical
differences were also observed between
groups, including increased rates of

bulbar dysfunction in 12 (75%) patients and seizures in 11
(68.8%) patients from the severe group, findings indicative of a
more severe clinical presentation, revealed by increased mortality
in 7 (46.7%) patients, all with bulbar dysfunction.

Among the 73 patients, genetic causes were noted in 22
(30.1%), 5 of 16 (31.2%) had severe brainstem involvement, while
17 of 57 (29.8%) had mild brainstem involvement. No statistical

Table 1: Descriptive analysis of patients with DW with brainstem involvement
Variable

Sex (No.) (%)
Male 29 (39.7%)
Female 44 (60.3%)
Age
Age (mo) 25 mo (IQR ¼ 10 days to 15.6mo)
Birth status (No.) (%)
Premature 20 (27.4%)
Full-term 35 (47.9%)
Unknown 18 (24.7%)
Imaging features (No.) (%)
Severe macrocrania 24 (32.9%)
Extreme vermian hypoplasia 12 (16.4%)
Cerebellar dysplasia 27 (37%)
Anteroposterior disproportion 67 (91.8%)
Hydrocephalus 43 (58.9%)
Corpus callosum agenesis 37 (50.7%)
Interhemispheric cyst 11 (15.1%)
Gray matter migration 18 (24.7%)
Calcification or hemorrhage 12 (16.4%)
Fastigial recess angle (mean) 167.1° (SD, 46.6°)
Posterior fossa perimeter (mean) (mm) 172.4 (SD, 110.6)

Clinical features (No.) (%)
Seizure 31 (42.5%)
Artificial airway dependency 32 (43.8%)
Enteral feeding tube dependency 40 (54.8%)
Mortality 15 (20.5%)

FIG 1. A severe form of brainstem malformation in 3 different patients (A–C): Sagittal T2WI dem-
onstrates a massive enlargement of the posterior fossa with severe hypoplasia and deformity of
the vermis (arrows, A–C) and elevation of the torcula. There is associated agenesis of the corpus
callosum, severe hydrocephalus, and interhemispheric cysts. A mild form of brainstem malforma-
tion in 3 different patients (D–F): Sagittal T1WI (D) shows hypoplasia and rotational displacement
of the inferior cerebellar vermis associated with hypoplasia of the pons. Sagittal T2WI (E and F)
shows a disproportionately increased craniocaudal size of the midbrain (arrowhead, E) and dif-
fusely increased size of the medulla (arrowhead, F).
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differences were noted between subgroups. The most common
results included 3 patients with trisomy 13, 2 patients with tetras-
omy 9p, 2 patients with chromosome 6 deletion involving the
FOXC1 gene, 2 patients with KMT2D mutation (Kabuki syn-
drome), and 2 patients unbalanced X:3 translocations: arr[hg19]
Xp22.33p21.2(168,547–29,318,254) x3.

DISCUSSION
Neurologic development is variable in patients with DW,1 with
the clinical course depending not only on the degree of cerebel-
lar hypoplasia but also on the extent and severity of associated
CNS malformations. In this study, patients with DW with asso-
ciated brainstem involvement were evaluated to understand the
potential imaging variability of malformations in this structure,
their potential associations, and its clinical impact on the DW
population. Although all patients with DW and brainstem

involvement shared characteristic posterior fossa cystic malfor-
mation with the required features for the current diagnostic cri-
teria,15 there were 2 different imaging groups of patients with
brainstem involvement: 1) those with the mild form: considered
a less severe phenotype in which changes were related only to
the size and proportion of the brainstem structures (anterior-
posterior embryologic defect);24 and 2) those with the severe
form in which an additional dysgenetic appearance of the brain-
stem was noted, with a peculiar posterior tegmentum fold,
bump, and cleft. In line with our concept of the critical role of
the brainstem in neurologic functions, these patients with
extensive morphologic abnormalities in the brainstem were
also more severely affected clinically, including a significantly
increased frequency of bulbar and other autonomic nervous
system dysfunctions, seizures, and higher mortality rates, com-
pared with the mild form. From the genetic perspective, we

noted that genetic abnormalities and
associated syndromes in our DW
cohort with brainstem malformation
(30%) are almost 2 times higher than
expected in the overall DW popula-
tion (16%).3 This observed difference
suggests that patients with DW with
brainstem malformations may be better
candidates for an extensive genetic
work-up.

The mild brainstem phenotype was
the most frequent form in our cohort
(78%), characterized mainly by the
presence of pontine hypoplasia and,
more rarely, hypoplasia or hyperplasia
of other segments of the brainstem,
including the medulla and midbrain.
Apart from the brainstem dysmor-
phology resulting from a presumed
abnormal embryologic anteroposterior

FIG 2. A severe form of brainstem malformation with tegmental dysplasia: Sagittal and axial
T2WI demonstrates 3 different craniocaudal brainstem levels, including a complete cleft of the
pons (C, level 2). There is associated agenesis of the corpus callosum, severe hydrocephalus, and
interhemispheric cyst.

Table 2: Comparison of imaging and clinical characteristics between patient groups by the presence of a tegmental brainstem dysplasia
(severe brainstem malformation)

Variable
Tegmental Brainstem Dysplasia (No.) (%)

OR (95% CI) P ValuePresent (Severe Group) Absent (Mild Group)
Mortality 7 (46.7%) 8 (15.1%) 4.922 (1.392–17.399) .01a

Severe macrocrania 10 (62.5%) 14 (24.6%) 5.119 (1.576–16.629) .004b

Prematurity 6 (42.87%) 14 (34.4%) 1.446 (0.419–4.997) .559a

Genetic abnormalities 5 (31.2%) 17 (29.8%) 1.912 (0.319–11.471) .677b

Bulbar dysfunction 12 (75%) 20 (36.4%) 5.250 (1.492–18.470) .006a

Enteral feeding tube dependency 12 (75%) 28 (50.9%) 2.893 (0.830–10.087) .087a

Seizure 11 (68.%) 20 (35.7%) 3.960 (1.205–13.018) .019a

Extreme vermian hypoplasia 9 (56.25%) 3 (5.3%) 23.143 (5.034–106.401) ,.001b

Cerebellar dysplasia 11 (68.8%) 16 (28.1%) 5.638 (1.690–18.805) .003a

Hydrocephalus 13 (81.3%) 30 (52.6%) 3.900 (1.002–15.177) .04a

Corpus callosum agenesis 12 (75.0%) 25 (43.9%) 3.840 (1.104–13.358) .028a

Interhemispheric cyst 9 (56.3%) 2 (3.5%) 35.357 (6.317–197.9) ,.001b

Gray matter migration 10 (62.5%) 8 (14%) 10.208 (2.901–35.923) ,.001b

Calcification or hemorrhage 4 (25%) 8 (14%) 2.042 (0.526–7.924) .444b

Posterior fossa perimeter (mean) (mm) 252. 4 (SD, 110.3) 149.9 4 (SD, 100.6) – .002c

Note:—En dash indicates not applicable.
a Pearson x 2 test.
b Fisher exact test.
cMann-Whitney U test.
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defect, the measurements and appearance of the posterior fossa,
including posterior fossa perimeter, fastigial angle blunting, and
choroid plexus/taenia tela choroidea complex morphology, were
not significantly different from those in the overall cohort already
described in 2022.15 There were also no differences between the
additional abnormalities of the brain or clinical features com-
monly noted among patients with DW.25,26

Patients with severe brainstem malformation, on the other
hand, had additional findings that clearly distinguish them from
the mild brainstem DW cohort. In particular, we identified the
presence of a posterior tegmental dysplasia as a hallmark of this
group. The patients with tegmental brainstem dysplasia charac-
terized by folding, bumps, and clefts in the tegmentum were
highly associated with having more severe/extreme vermian
hypoplasia, massive hydrocephalus, and larger posterior fossa
perimeters compared with the mild brainstem subgroup.
Additionally, dysgenesis and agenesis of the corpus callosum

and supratentorial interhemispheric
cysts were significantly associated with
this phenotype. Most interesting, dur-
ing the retrospective imaging review
and analysis, we noted that some of
the patients with brainstem tegmen-
tum dysplasia shared similar features
already described in tegmental and
bulbar cap dysplasias, including focal
posterior protuberance of the brain-
stem with a small and flat pons, features
related to an underlying abnormal
axonal guidance pathophysiology.22,23

These phenotypic similarities shed light
on the likely embryologic developmen-
tal intersection between both disorders.

There is substantial evidence that
disruption of the rhombic lip underlies
the cerebellar DW.27,28 The rhombic lip
is a progenitor zone located along the
dorsal edge of the hindbrain in the
rhombomere, one of the anterior hind-
brains adjacent to the roof of the fourth
ventricle. It gives rise to multiple cell
lines that are relevant to the phenotypes
we have described in this report.
Progenitors from rhombomere 1 rhom-
bic lip develop into cerebellar granule
cell progenitors, which migrate over the
cerebellar anlage and then undergo
massive proliferation, driving most cer-
ebellar growth.28 Earlier in develop-
ment, these progenitors also give rise to
the glutamatergic pontine nuclei neu-
rons, which earlier migrate over the
developing cerebellar anlage and con-
tinue ventrally to form the pontine
nuclei at the brainstem.18-20 Failure of
generation and/or migration of these
early-born brainstem neurons in mice

results in phenotypes similar to those seen in our patient popula-
tion.20 Additionally, rhombic lip progenitors from rhombomere
1 and other more posterior hindbrain regions also give rise to
choroid plexus epithelial cells, which play a role in the expansion
of the fourth ventricle plexus from its lateral edges. Mouse mod-
els have shown that very early misspecification of cerebellar
rhombic lip progenitors toward the choroid plexus fate, at the
expense of cerebellar and brainstem fates, contributes to the
expansion of the fourth ventricle roof and both cerebellar and
brainstem hypoplasia.14,29,30

Therefore, the simultaneous association of brainstem and cere-
bellar malformation and even fourth ventricle expansion is antici-
pated in patients with DW. The severity of these abnormalities is
likely related to the timing and extent of the insult during early
embryologic stages. Early insults during the critical period of
rhombic lip development can lead to more severe and extensive
abnormalities, whereas insults occurring later in development

FIG 4. Sagittal (A) and axial T2WI (B) highlighting imaging features of a severe form of DW with
brainstem malformation, including massive hydrocephalus and massive enlargement of the poste-
rior fossa, along with complete agenesis of the corpus callosum and interhemispheric cysts.

FIG 3. Two patients with severe brainstem malformations and DW. Sagittal T2WI shows severe
deformity of the brainstem and flattening of the pons associated with abnormalities of the teg-
mentum, including a posterior cleft and white matter bump (arrowheads), overlapping features
with tegmental cap dysplasia.
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may result in milder phenotypes. Thus, the precise timing and
extent of the disruption to the rhombic lip progenitors determine
the severity of the disorder, emphasizing the importance of early
embryologic events in shaping the neurologic outcomes in indi-
viduals with DW.

The variability of neuroimaging findings from mild to severe
brainstem groups associated with varied severity of clinical pre-
sentations and outcomes as well as different rates of underlying
genetic causes reinforce the importance of detailed imaging
descriptions and neuroimaging stratification to improve the
understanding of these conditions and to better support neurolo-
gists and geneticists in the clinical care and genetic counseling of
these patients and their families. In patients with DW, the brain-
stem should be carefully scrutinized for differences in size, shape,
and/or proportions. Direct comparison with aged-matched nor-
mal brain MR imaging examinations may be useful in question-
able cases.

Although our study yielded notable findings, it is important
to acknowledge its limitations. First, the retrospective study
design and cross-sectional analysis focused primarily on post-
natal studies. This approach overlooked the consideration of
neurodevelopmental outcomes and prenatal imaging findings,
which could have provided valuable insights. As a result, there is
the possibility of selection and misclassification bias within our
groups, which hinders the establishment of a stronger causal
relationship. To enhance the reliability of our conclusions,
future research should address these limitations by incorporat-
ing prospective designs, comprehensive assessments of prenatal
factors, and animal model studies. Another limitation was the
small number of severe cases in which DW and posterior dys-
plasia of the brainstem were noted. However, given that these
cases were collected from numerous tertiary referral centers
with expertise in pediatric neuroimaging, this small number
may reflect the true rarity of severe brainstem dysplasia in post-
natal life.

CONCLUSIONS
It is of paramount importance to recognize additional brainstem
malformations in patients with DW. These malformations can be
divided into 2 major subgroups, mild and severe. The severe
form, though less prevalent, has characteristic imaging features,
including a tegmental dysplasia, and is associated with a more
severe clinical presentation that is directly related to brainstem
dysfunction and increased mortality.

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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Utility of Gadolinium-Based Contrast in Initial Evaluation of
Seizures in Children Presenting Emergently

Denas Andrijauskis, Graham Woolf, Alexander Kuehne, Khalid Al-Dasuqi, Cicero T. Silva, Seyedmehdi Payabvash, and
Ajay Malhotra

ABSTRACT

BACKGROUND AND PURPOSE: The frequency and utility of gadolinium in evaluation of acute pediatric seizure presentation is not
well known. The purpose of this study was to assess the utility of gadolinium-based contrast agents in MR imaging performed for
the evaluation of acute pediatric seizure presentation.

MATERIALS AND METHODS: We identified consecutive pediatric patients with new-onset seizures from October 1, 2016, to
September 30, 2021, who presented to the emergency department and/or were admitted to the inpatient unit and had an MR
imaging of the brain for the evaluation of seizures. The clinical and imaging data were recorded, including the patient’s age and
sex, the use of IV gadolinium, and the underlying cause of epilepsy when available.

RESULTS: A total of 1884 patients were identified for inclusion. Five hundred twenty-four (28%) patients had potential epileptogenic
findings on brain MR imaging, while 1153 (61%) patients had studies with normal findings and 207 (11%) patients had nonspecific signal
changes. Epileptogenic findings were subclassified as the following: neurodevelopmental lesions, 142 (27%); intracranial hemorrhage
(traumatic or germinal matrix), 89 (17%); ischemic/hypoxic, 62 (12%); hippocampal sclerosis, 44 (8%); neoplastic, 38 (7%); immune/in-
fectious, 20 (4%); phakomatoses, 19 (4%); vascular anomalies, 17 (3%); metabolic, 3 (,1%); and other, 90 (17%). Eight hundred seventy-
four (46%) patients received IV gadolinium. Of those, only 48 (5%) cases were retrospectively deemed to have necessitated the use
of IV gadolinium: Fifteen of 48 (31%) cases were subclassified as immune/infectious, while 33 (69%) were neoplastic. Of the 1010
patients with an initial noncontrast study, 15 (1.5%) required repeat MR imaging with IV contrast to further evaluate the findings.

CONCLUSIONS: Gadolinium contrast is of limited additive benefit in the imaging of patients with an acute onset of pediatric seiz-
ures in most instances.

ABBREVIATIONS: ACR ¼ American College of Radiology; GBC ¼ gadolinium-based contrast; SPR ¼ Society for Pediatric Radiologists

It is estimated that as many as 1% of children will experience at
least 1 afebrile seizure by adolescence, and population-based stud-

ies estimate the incidence of epilepsy in childhood at around 0.5–8
per 1000 person-years.1-5 The causes of epilepsy in the pediatric
population are numerous and can be divided into 6 groups: genetic,
structural, metabolic, immune, infectious, and unknown.6,7 MR
imaging is the criterion standard for the detection of structural epi-
leptogenic abnormalities, making it critical in helping to define the
electroclinical syndrome and for identifying surgically amenable
lesions.6,8 MR imaging has also been shown to be an important
prognostic tool for predicting medical refractoriness.9-13

While the utility of MR imaging in the diagnosis and manage-

ment of new-onset seizures is well-established, the extra yield of

adding gadolinium-based contrast (GBC) to the initial evaluation

is not well-defined. Current American College of Radiology

(ACR) guidelines state that MR imaging of the brain without and

with contrast may be appropriate.13 In a recent Society for

Pediatric Radiologists (SPR) survey, nearly 24% of respondents

stated that they used GBC “always or usually” for the initial evalu-

ation of seizures, and another 32% responded that they used it

“sometimes.”14

Multiple studies have shown evidence of trace amounts of

GBC being retained chronically in the patient’s body following

administration.15-17 Unlike in the acute setting, the chronic

effects and safety profile of GBC are not yet known.18

The purpose of this study was to assess the use and utility of

GBC in MR imaging performed for the evaluation of acute-sei-

zure presentation in the pediatric population.
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MATERIALS AND METHODS
This Health Insurance Portability and Accountability Act–compliant
retrospective study was approved by the institutional review board.
Informed consent was waived for this retrospective analysis.

Retrospective analysis of the clinical and imaging data was
performed of consecutive patients with new-onset seizures,
younger than 18 years of age, from October 1, 2016, to
September 30, 2021, who presented to the emergency depart-
ment and/or were admitted to the inpatient unit of an aca-
demic, tertiary care center and had an MR imaging of the
brain for the evaluation of seizures. Patients with a previously
established epilepsy diagnosis were excluded from the study.
Patients with a previously known neurologic diagnosis and
new-onset seizures were further subclassified and accounted
for separately. MR imaging at the institution is performed as
ordered by the providers and is not monitored in real-time for
the administration of contrast.

All MR imaging cases with positive findings were reviewed,
and the indication for GBC was determined on the basis of
whether the abnormality was visualized on the noncontrast por-
tion of examination, the additive value of GBC such as enhance-
ment or better delineation of the lesion in the postcontrast
portion of the examination, or the recommendation of the inter-
preting radiologist to order a follow-up MR imaging examination
with contrast for better delineation of the lesion found on the ini-
tial noncontrast study. The review of cases with positive findings
was performed by 2 residents supervised by an attending physi-
cian with.12 years of experience.

RESULTS
A total of 1884 patients were identified for inclusion. The median
age was 7 years (range, 3 days to 17.9 years) and 55% were male.
Two hundred seventy of 1884 (14.3%) patients were younger than

1 year of age, including 102/1884 (5.4%) patients younger than
1month of age. Of the 1884 patients, 524 (28%) had potential epi-
leptogenic findings on brain MR imaging, while 1153 (61%) had
normal findings and 207 (11%) had nonspecific signal changes of
unknown clinical significance. One hundred forty-six of 270
(54%) infants and 41/102 (40%) neonates had normal findings on
MR imaging.

The most common type of epileptogenic finding was neuro-
developmental lesions detected in 142 (27%) children. The most
frequent abnormalities in this group consisted of focal cortical
dysplasia in 47 (33%), followed by polymicrogyria in 24 (17%).
Neurodevelopmental lesions were seen in 18/270 (6.7%) infants
and in 6/102 (5.9%) neonates. The second most common cate-
gory of epileptogenic findings was intracranial hemorrhage,
accounting for 89 (17%) cases. Hemorrhage was seen in a higher
proportion of infants (52/270; 19.2%) and neonates (25/102;
24.5%). Eighteen of 52 hemorrhages in infants were due to germi-
nal matrix bleeds, and all these patients had bleeds detected on
head ultrasound before the MR imaging obtained for seizure
work-up. Birth trauma or nonaccidental trauma was the cause
of hemorrhage in 19 infants, 7 of them neonates. Hemorrhagic
infarct was seen in 2 patients, and the remaining 13 had nonspe-
cific bleeds. Evidence of a hypoxic-ischemic injury was identi-
fied in 62 (12%) children with etiologically relevant lesions on
brain MR imaging. Of note, this was the most common seizure
etiology among the neonate population (27; 43%). Epileptogenic
lesions associated with a hippocampal etiology were noted in 44
(8%) children. The next most common types of epileptogenic
lesions were neoplastic (38; 7%) and immune/infectious (20;
4%). Phakomatoses as an etiology of seizures was detected in
19 (4%) children with 14/19 (74%) diagnosed with tuberous
sclerosis; 4/19 (21%), with neurofibromatosis; and 1 patient,
with Sturge-Weber syndrome. Vascular anomalies were identi-
fied in 17 (3%) patients. The least common epileptogenic cate-
gory was metabolic (eg, metachromatic leukodystrophy,
Gaucher disease), which was detected in 3 patients (,1%). The
rest of the identified epileptogenic lesions were subclassified as
“other” (17%). Sample findings in this category include struc-
tural asymmetry, periventricular leukomalacia, or large arach-
noid cysts with mass effect.

The frequency of epileptogenic lesions stratified by etiologic
categories is shown in the Figure. The frequencies of epilepto-
genic lesions were not statistically different between the male and
female pediatric population (P. .05).

A total of 874 (46%) patients received IV gadolinium for the
brain MR imaging. Of those, 48 (5%) cases were retrospectively
deemed to have necessitated the use of IV gadolinium to establish
the initial diagnosis, in which enhancement or better delineation
of the lesion in the postcontrast portion of the examination was
noted. There was no case in which the abnormality was seen only
on the postcontrast images. Fifteen of 48 (31%) cases were sub-
classified as immune/infectious, while 33 (69%) were neoplastic.
Five of these 15 patients with infections were infants (3 neonates).
The immune/infectious cause was clinically suspected for 9 of 15
patients (eg, meningitis, encephalitis), while 6 patients did not
have an established clinical differential for the seizure etiology,
and it turned out to be MS, Lyme disease, or a nonspecific

FIGURE. Frequencies of epileptogenic lesions stratified by etiologic
categories in percentages (brackets).
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demyelination process. Fifteen of 33 patients with a neoplastic
seizure cause had an already known and previously confirmed
CNS malignancy; therefore, contrast-enhanced MR imaging was
ordered on the basis of prior medical history. Eighteen cases of
neoplastic process were newly diagnosed and not suspected on
clinical examination: pilocytic astrocytoma (n ¼ 3), ganglio-
glioma (n ¼ 3), choroid plexus papilloma (n ¼ 2), pineal glioma
(n ¼ 2), anaplastic astrocytoma (n ¼ 1), pleomorphic xanthoas-
trocytoma (n ¼ 1), schwannoma (n ¼ 1), tectal glioma (n ¼ 1),
and low-grade gliomas, not biopsied (n¼ 4).

The remainder of the patients did not show the additional
value of GBC for initial diagnostic purposes.

Of 1010 patients with an initial noncontrast MR imaging study,
15 (1.5%) required repeat MR imaging with IV contrast for further
evaluation as per the recommendation of interpreting radiologist.
These cases were the following: indeterminate lesions with broad
differential (n ¼ 4), low-grade glioma, not biopsied (n ¼ 3), en-
cephalitis (n ¼ 1), MS (n ¼ 1), anaplastic astrocytoma (n ¼ 1),
choroid plexus papilloma (n ¼ 1), Lyme disease (n ¼ 1), pilocytic
astrocytoma (n ¼ 1), pineal glioma (n ¼ 1), and ganglioglioma
(n¼ 1).

DISCUSSION
Our results showed that 28% of patients with new-onset pediatric
seizures had a potential epileptogenic focus on brain MR imag-
ing. This finding is consistent with those in previous studies that
have validated MR imaging as an important diagnostic and prog-
nostic tool for the evaluation of new-onset seizures in the pediat-
ric population.9,19,20

Forty-six percent of our study cohort received IV gadolinium
for the initial brain MR imaging study. This is consistent with the
results of the 2017 SPR survey, in which 24.7% of respondents
indicated that they “always or usually” administered GBCA
agents for patients with seizures, while 32% indicated that they
used it “sometimes.”14 The current ACR guidelines for patients
with seizures state that MR imaging with GBC may be appropri-
ate for the initial evaluation of new seizures in a patient without
known trauma.13 While the ACR guidelines do report that con-
trast should be used when images without IV contrast are found
to be insufficient or when there is clinical suspicion of a neoplas-
tic or inflammatory condition, this recommendation is based on
and cites a review article.8

Specifically, for children 1month to 18 years of age with focal
seizures, MR imaging with GBC was deemed “maybe appropri-
ate, with disagreement” due to insufficient medical literature
evidence.21 There is a lack of data regarding the diagnostic
advantage of GBC-enhanced MR imaging. Our study specifically
investigated the utility of MR imaging contrast in the evaluation
of new-onset pediatric seizures and found limited benefit from
GDC in most cases. In a recent retrospective study, Nelson et al19

found that in adults presenting with acute seizure, contrast was
not necessary in all cases. Our results were concordant, and very
few patients had potentially epileptogenic findings that required
contrast for characterization. Forty-eight of 874 (5.5%) patients
who received GBC had infection/inflammation or neoplastic eti-
ology, and in 24 of these patients, there was previous clinical con-
cern for infection or known CNS malignancy. Fifteen of 1010

(1.5%) patients with an initial noncontrast MR imaging under-
went a repeat study with IV contrast to further evaluate as per the
recommendation of the interpreting radiologist. Most patients
with previously unsuspected or incompletely characterized
lesions on noncontrast MR imaging had low-grade nonenhanc-
ing tumors.

The value of GBC for the detection of brain neoplasms and
CNS infections is well-established in the literature.13,22,23 Thus,
when there is clinical suspicion of tumor or an immune/infec-
tious process, such as fever, suspected encephalitis, or a history of
malignancy or primary CNS tumor, an initial evaluation with
MR imaging of the brain with and without contrast is warranted.
However, infectious processes and neoplasms account for only a
subset of seizure etiologies and epileptogenic findings on MR
imaging. In our study, these accounted for only 11% of all poten-
tially epileptogenic findings and were identified in only 3% of
patients overall.

The administration of GBC is not without risks. Along with
known potential acute allergic and physiologic reactions, recent
literature has increasingly demonstrated trace, chronic gadolin-
ium deposition within tissue.15-17 The potential adverse effects
of chronic gadolinium deposition within tissues are not yet well-
understood.24

With the potential long-term consequences of gadolinium depo-
sition still unknown and our study showing that in the overwhelm-
ing majority of cases, GBC administration has little diagnostic
benefit, it stands to reason that contrast administration should be
restricted in the pediatric population. Restricting the use of gadolin-
ium would also lead to a potential reduction in scan times and the
need for sedation. Contrast may be reserved for specific clinical sce-
narios where there is clinical suspicion of neoplasm or infection or
subsequent to an abnormality on noncontrast MR imaging war-
ranting postcontrast imaging. Implementing this stepwise approach
may be met with concerns over potential delays in diagnosis and
the inconvenience of having to recall patients for subsequent imag-
ing. However, at most, in our study, ,1/40 patients had findings
requiring contrast for further evaluation that would have required a
callback, and most of these were nonurgent, low-grade lesions.
Real-time monitoring of these patients for the use of contrast dur-
ing scanning might also be beneficial.

Limitations of our study primarily revolve around the retro-
spective nature of the chart and imaging review used to collect
our data for analysis. Contrast may have been useful in excluding
meningitis as a potential cause in patients with suspected infec-
tion. However, there is little literature evidence that gadolinium
use can exclude underlying infection. We also used data from a
single tertiary care center, which does not account for possible re-
gional or institutional variation in the use of GBC for first-time
pediatric seizures.

CONCLUSIONS
Our study shows limited additive benefit of GBC in the imaging
of pediatric patients with acute-onset seizures. These findings sup-
port reserving contrast use for specific clinical circumstances or
when indicated by a finding on a noncontrast examination. More
restrictive use of GBC in pediatric seizure imaging may be of
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particular importance in the pediatric population because the
potential chronic adverse effects of GBC are not yet well-
understood.

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

Dual-Layer Detector Head CT to Maintain Image Quality
While Reducing the Radiation Dose in Pediatric Patients

Zhengwu Tan, Lan Zhang, Xiaojie Sun, Ming Yang, Joyman Makamure, Hongying Wu, and Jing Wang

ABSTRACT

BACKGROUND AND PURPOSE: Radiation exposure in the CT diagnostic imaging process is a conspicuous concern in pediatric
patients. This study aimed to evaluate whether 60-keV virtual monoenergetic images of the pediatric cranium in dual-layer CT can
reduce the radiation dose while maintaining image quality compared with conventional images.

MATERIALS AND METHODS: One hundred six unenhanced pediatric head scans acquired by dual-layer CT were retrospectively
assessed. The patients were assigned to 2 groups of 53 and scanned with 250 and 180 mAs, respectively. Dose-length product val-
ues were retrieved, and noise, SNR, and contrast-to-noise ratio were calculated for each case. Two radiologists blinded to the
reconstruction technique used evaluated image quality on a 5-point Likert scale. Statistical assessment was performed with
ANOVA and the Wilcoxon test, adjusted for multiple comparisons.

RESULTS: Mean dose-length product values were 717.47 (SD, 41.52) mGy�cm and 520.74 (SD, 42) mGy�cm for the 250- and 180-
mAs groups, respectively. Irrespective of the radiation dose, noise was significantly lower, SNR and contrast-to-noise ratio were sig-
nificantly higher, and subjective analysis revealed significant superiority of 60-keV virtual monoenergetic images compared with
conventional images (all P, .001). SNR, contrast-to-noise ratio, and subjective evaluation in 60-keV virtual monoenergetic images
were not significantly different between the 2 scan groups (P. .05). Radiation dose parameters were significantly lower in the 180-
mAs group compared with the 250-mAs group (P , .001).

CONCLUSIONS: Dual-layer CT 60-keV virtual monoenergetic images allowed a radiation dose reduction of 28% without image-
quality loss in pediatric cranial CT.

ABBREVIATIONS: CNR ¼ contrast-to-noise ratio; CTDIvol ¼ volume CT dose index; DECT ¼ dual-energy CT; DLCT ¼ dual-layer CT; DLP ¼ dose-length
product; GWMA ¼ assessment of GM-WM differentiation; PFAA ¼ assessment of artifacts in posterior fossa; SSA ¼ assessment of the subcalvarial space; SAI ¼
subcalvarial artifact index; VMI ¼ virtual monoenergetic image

Unenhanced CT of the head is the standard technique for
detecting intracranial pathologies, including trauma or intra-

cranial hemorrhage, in children in the emergency department.1

MR imaging can accurately detect traumatic complications but of-
ten requires sedation in children because of the examination

length and motion sensitivity, which limits rapid assessment; conse-
quently, CT is considered the first-line imaging technique for sus-
pected intracranial injury because of the short examination
duration and high sensitivity for acute hemorrhage.2 Because CT
use in children has risen dramatically, radiation exposure from
CT scanning is of an increasing concern; indeed, pediatric patients
may receive high radiation doses and are more susceptible to radi-
ation-related malignancies than adults because of organ masses,
volumes, and morphology that are very different in children com-
pared with adults.3-7 Therefore, it is important to optimize the
imaging parameters to be consistent with the patient’s size. From
the patient’s perspective, the benefits of a medically required CT
scan far exceed the small increase in radiation-induced cancer
risk,8 but it is always beneficial to reduce radiation exposure from
CT scanning in children. Several strategies, eg, reducing the tube
current (milliampere) and voltage (kilovolt) as well as using adapt-
ive statistical iterative reconstruction to maintain image quality
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while reducing radiation, are available.5,9-11 However, image qual-

ity can be reduced by low signal intensity and low contrast as well

as artifacts caused mainly by movement, image superimposition
of different structures, and other factors.

Since the clinical introduction of dual-energy CT (DECT)
with rapid kilovolt switching and dual x-ray sources that acquire
2 attenuation data sets by separating energies at the tube level,
virtual monoenergetic images (VMIs) have improved soft-tissue
contrast and reduced beam-hardening artifacts.12,13 From a neu-
roimaging perspective, DECT has improved image quality and
lesion characterization while reducing radiation exposure in pedi-
atric patients.14,15 A previous study of pediatric patients reported
that 60-keV virtual monoenergetic imaging maximized image
quality for the brain parenchyma.16 A type of DECT using 2 sepa-
rate orthogonally oriented x-ray spectrum source detectors gen-
erated VMIs on the basis of high- and low-energy data sets
(typically at 80 kV[peak] and 140 kVp) from the same anatomic
region.17 However, in most patients, these dual-energy systems
are operated as conventional scanners because dual-energy scan-
ning affects scanner performance, either by neutralizing or
increasing the radiation dose.18-20

Recently, a detector-based approach, referred to as spectral
detector CT, was introduced with a shorter scanning time, faster
postprocessing, and a lower radiation dose.18,21 Dual-layer CT
(DLCT) uses a single x-ray source and a detector comprising 2
scintillation layers to perform spectral separation at the detector
level using the different absorption properties of the detector
layers for high-energy and low-energy photons. The upper layer
of the detector is yttrium-based and records lower-energy pho-
tons, while the lower layer is gadolinium oxysulfide–based and
records higher-energy photons.13 Another benefit of this scan-
ning method is that the dual-energy data set is retrieved from
the conventional scan and may be used for retrospective analy-
sis. Previous data showed that the quality of GM-WM matter
contrast images can be optimized,22 and VMIs from spectral de-
tector CT enabled a 19% reduction in the radiation dose in adult
cranial CT while maintaining superior image quality over con-
ventional images obtained with full-dose acquisition.23 Despite

these encouraging results for adult head
imaging, this technique has not been
validated in the pediatric population so
far.

Therefore, this study aimed to com-
pare 60-keV VMIs with conventional
images obtained with different acquisi-
tion protocols to evaluate whether a
reduced radiation dose can be achieved
in 60-keV VMIs without compromis-
ing image quality.

MATERIALS AND METHODS
Patient Population
This retrospective, single-center study
was approved by the institutional ethics
review board (Union Hospital, Tongji
Medical College, Huazhong University
of Science and Technology), who

waived the requirement for written informed consent.
A total of 148 CT brain scans were consecutively performed

in pediatric patients aged 12 years or younger between December
2020 and August 2022 with a standard DLCT protocol in our
clinical center. Fourteen patients were excluded from the analysis
for severe encephalomalacia, which makes distinguishing GM
and WM difficult (n ¼ 8) and artifacts that reduce image quality
(eg, metal implants) (n ¼ 6). Then, 28 patients were excluded
because of incomplete data (n ¼ 28). Finally, 106 patients were
analyzed in this study and assigned to 2 groups according to tube
current (250 and 180 mAs); they were further divided into 2 sub-
groups according to age (6 years or younger and.older than
6 years) (Online Supplemental Data).

Spectral CT Examination
CT was performed with a dual-layer detector CT scanner (IQon;
Philips Healthcare). In all selected patients, 53 scans were
obtained with a tube current–time product of 250 mAs, and the
other 53 scans, with 180 mAs. All other scan parameters were
identical (Table). Conventional images were reconstructed with a
hybrid algorithm (iDose4, Filter UB; Philips Healthcare iterative
reconstruction algorithm). Meanwhile, 60-keV VMIs were recon-
structed with a dedicated spectral image-reconstruction algo-
rithm (Spectral, Filter UB; Philips Healthcare). Denoising was set
at a minimum level (level 3 of 7) in both reconstruction
approaches. All images were reconstructed using a section thick-
ness of 1mm and a section increment of 1mm. The dose-length
product (DLP) and volume CT dose index (CTDIvol) values were
recorded on the radiation dose report.

Objective Image Analysis
The 60-keV VMIs and conventional images were reviewed by an
independent radiologist (reader 1) with 2 years of experience in
head CT, and objective image analysis was performed with a pro-
prietary vendor console (Spectral Diagnostics Suite; Philips
Healthcare). The reviewers had prior training on ROI placement
and data acquisition using an independent data set by a senior
neuroradiologist. Axial images were analyzed on the brain win-
dow (width/center: 70/35 HU). For each VMI and conventional

Image-acquisition parameters, workstation, and viewing modes used for the evaluation
Scanner Model 250 mAs 180 mAs

Scanner sequence Unenhanced image Unenhanced image
KVp/tube current 120/250 120/180
Pitch/rotation 0.390/0.5 0.390/0.5
Detector configuration 64� 0.625 64� 0.625
Kernel B B
Section thickness 1mm 1mm
Reconstructed thickness 5mm 5mm
Iterative reconstruction algorithm/level Spectral/level 3 Spectral/level 3
Workstation IntelliSpace 9.0a IntelliSpace 9.0a

Viewing modeVMI MonoE MonoE
CT dose
DLP (mGy�cm) 717.47 (SD, 41.52) 520.74 (SD, 42.00)
DLP, 0–6 yr 711.45 (SD, 47.83) 503.76 (SD, 54.00)
DLP, 7–12 yr 724.75 (SD, 31.80) 531.88 (SD, 27.47)
CTDIvol (mGy) 36 26

Note:—MonoE indicates monoenergetic.
a Philips Healthcare.
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image data set, reader 1 placed 8 ROIs on a mid-basal ganglia sec-
tion in the following anatomic locations: 1) the GM of the frontal
and parietal lobes, 2) the juxtacortical WM of the frontal and pari-
etal lobes, 3) the thalamic parenchyma, 4) the posterior limb of
the internal capsule, and 5) the area near the calvaria (Fig 1A). An
additional ROI was placed in the medulla oblongata (6) on the
axial plane showing the petrous parts of the temporal bones, as
well as the posterior fossa (Fig 1B). The locations and sizes of
ROIs were identical for conventional images and VMIs. As previ-
ously described, an ROI of 25 mm2 was used for all regions of the
supratentorial brain versus 200 mm2 for the medulla oblongata
region of the posterior fossa. Patient-to-patient size-variation
adjustment was performed to avoid volume averaging with the ad-
jacent tissues. The respective CT attenuation, with an SD, was
obtained from each ROI. Hounsfield unit values and image noise
(SD) were averaged for comparing VMI and conventional images.

SNRs for GM and WM as well as the contrast-to-noise ratio
(CNR) for GM-WM differentiation were calculated. The SNR
of GM and WM for each ROI was determined as the mean CT
attenuation divided by the SD. The difference was assessed as
the CNR between the ROI measurements of adjacent GM and
WM, as follows: CNR ¼ Difference of Mean CT Number
between GM and WM/Square Root of the Sum of their
Variances.14 The posterior fossa artifact index (the SD of the
ROI in the posterior fossa) reflected the disturbance of attenu-
ation values from beam-hardening and streak artifacts. The
subcalvarial artifact index (SAI, the SD of the ROI close to the
calvaria) served as a reference for the beam-hardening artifacts
of the skull.

Subjective Image Analysis
The subjective analysis of VMI and conventional images was per-
formed independently by 2 radiologists, readers 2 and 3, with 3
and 5 years of experience in interpreting head CT scans, respec-
tively, who were blinded to the applied reconstruction and scan
techniques. Monoenergetic spectral images at 40, 50, 60, 70, 80,
90, and 100 keV were obtained during the reviewing process for
comparing them with conventional images. The subjective

overall image quality was rated with a 5-point Likert-type scale
(1 ¼ nondiagnostic, 2 ¼ limited, 3 ¼ moderate, 4 ¼ good, and
5 ¼ excellent). Furthermore, the assessment of GM-WM matter
differentiation (GWMA) was defined as the ability to distin-
guish GM fromWM (ranging from 1 [no definite differentiation
possible] to 5 [excellent differentiation]), subcalvarial space
(SSA), and posterior fossa artifacts (PFAA) (ranging from 1 [no
distinction of the subcalvarial space/absence of artifacts] to 5
[distinguished subcalvarial space as severe and diagnostically
unacceptable]).

Statistical Analysis
SPSS Version 19.0 (IBM), MedCalc Version 19.0.4 (MedCalc
Software), and GraphPad Prism Version 7.0 (GraphPad Software)
were used for data analysis. Continuous variables were expressed
as mean (SD), and categoric variables, as median and range.
According to the distribution pattern of continuous variables, the t
test or Mann-Whitney U test was performed to compare objective
evaluation indices (mean CT value, SD, SNR, CNR, posterior fossa
artifact index, and SAI) between 60-keV VMIs and conventional
images. The Wilcoxon test was used to compare Likert scores.
Interrater agreement for subjective analysis was assessed using k

coefficients: # 0.20, poor; 0.21–0.40, fair; 0.41–0.60, moderate;
0.61–0.80, substantial; 0.81–1.00, near-perfect. P, .05 was consid-
ered statistically significant.

RESULTS
The mean patient age was 6.80 years (SD, 3.20 years), and female
and male children were 42 (39.62%) and 64 (60.38%), respec-
tively, for all age groups. The patients were 3.92 years (SD,
1.78) years and 9.38 years (SD, 1.57) years, of whom 19 (38.00%)
and 23 (41.07%) were female children aged6 years or younger
and older than 6 years, respectively, and 31 (62.00%) and 33
(58.93%) were male children aged 6 years or younger and older
than 6 years, respectively.

CTDIvol values were 36 and 26 mGy, and DLPs were 717.47
(SD, 41.52) mGY�cm and 520.74 (SD, 42.00) mGY�cm in the
250- and 180-mAs groups for all age groups, respectively (Table).
The CTDI and DLP were significantly reduced by 28% and 28%,
respectively, in the 180- and 250-mAs groups. Considering the age
group (6 years or younger versus older than 6 years of age), DLP
values did not differ significantly within the 250-mAs group
(711.45 [SD, 47.83] mGY�cm versus 724.75 [SD, 31.8] mGY�cm;
P¼ .324). However, DLP values within the 180-mAs group signifi-
cantly increased with age (503.76 [SD, 54.00] mGy�cm versus
531.88 [SD, 27.47] mGy�cm; P¼ .001). Additionally, no signifi-
cant differences in ROIs were found between the groups (ROIs for
supratentorial brain in the 250- and 180-mAs groups were 25.09
[SD, 0.60] mm2 and 24.90 [SD, 0.43] mm2, respectively (P¼ .064).
ROIs for the infratentorial brain were 199.88 (SD, 2.31) mm2 and
200.4 (SD, 2.82) mm2, respectively (P¼ .30).

Objective Analysis
In the intragroup comparison of the 180- or 250-mAs groups,
attenuation in the GM was significantly higher and attenuation in
the WM was significantly lower in the 60-keV VMI compared
with conventional images (P, .001) for all age groups, as well as

FIG 1. Conventional images. Placement of ROIs in cortical GM and
the thalamic parenchyma (ROIs in the black circle), in juxtacortical
WM and the posterior limb of the internal capsule (ROIs in red
circles), as well as close to the calvaria and in the medulla oblongata
(ROIs in green circles) on the axial plane, showing the basal ganglia (A)
and the posterior fossa (B).
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for the 6 years and younger and older than 6-year groups (Online
Supplemental Data). Compared with conventional images, GM
noise, WM noise, and PFAA were significantly lower, and GM
SNR, WM SNR, and CNR were significantly higher in 60-keV
VMIs (P , .002), but SAI values were not significantly different
for all age groups, as well as for the 6 years and younger or older
than 6-year groups (P. .05).

No significant differences were found in GW SNR, SAI, and
CNR for 60-keV VMIs in the 250-mAs group compared with the
180-mAs group for all age groups (P¼ .064, P¼ .308, and
P¼ .150, respectively). GW noise, WM noise, WM SNR, SAI,
and CNR were also not significantly different between the 180-
and 250-mAs groups for both the 6 year and younger and older
than 6-year groups (P. .05). GM noise, WM noise, and PFAA
were significantly higher and WM SNR was significantly lower in
the 180-mAs group compared with the 250-mAs group for all age
groups (P¼ .019, P ,.001, P¼ .001, and P , .001, respectively).
PFAA values were also significantly higher for both the 6 year
and younger and older than 6-year groups (P¼ .024 and
P¼ .034, respectively).

Subjective Analysis
In the intragroup comparison of both the 180- and 250-mAs
groups, the assessment of GM-WM differentiation, SSA, overall

image quality, and PFAA had superior Likert scores for 60-keV
VMIs compared with conventional images for all age groups, as
well as for the 6 year and younger and older than 6-year groups
(P¼ .013 to,.001; Online Supplemental Data and Fig 2). Specific
to 60-keV VMIs, besides PFAA that was significantly different for
the older than 6 year group (P¼ .001), all indexes were not signifi-
cantly different in the 250-mAs group compared with the 180-
mAs group for all age groups, as well as for the 6 year and younger
andolder than 6-year groups (GM-WM differentiation, SSA, the
overall image quality, and PFAA; P¼ .068 to .686, P¼ .063 to
.283, P¼ .082 to .465, and P¼ .055 to .912, respectively) (Fig 2).

Interobserver Agreement
Regarding interobserver agreement, k values were 0.707 for con-
ventional images and 0.816 for 60-keV VMIs with GWMA, 0.662
for conventional images and 0.718 for 60-keV VMIs with SSA,
0.724 for conventional images and 0.769 for 60-keV VMIs with
PFAA assessment, and 0.817 for conventional images and 0.768
for 60-keV VMIs for assessing overall diagnostic quality.

DISCUSSION
In the analysis of unenhanced brain CT images in children, by
comparing image quality between 60-keV VMIs and conven-
tional images from spectral detector CT data sets acquired with

FIG 2. Representative images showing improved image quality in the supratentorial and infratentorial brain parenchyma for conventional
images and 60-keV VMIs acquired using 250 and 180 mAs. Axial reconstruction conventional image (A) and 60-keV VMI (B) for nonenhanced brain
CT scans acquired with 250 mAs in a 6-year-old girl with neuroblastoma in the retroperitoneal area. Axial reconstruction conventional image (D)
and 60-keV VMI (C) for a nonenhanced brain CT scan acquired with 180 mAs in a 6-year-old girl with exotropia in the eye. GWMA (B1, C1), SSA,
and PFAA (B2, C2) and overall image quality were better for 60-keV VMIs compared with conventional images (A1, D1, A2, and D2), respectively.
Subjective image-quality indices were similar in 60-keV VMIs between the 250-mAs (B1, B2) and 180-mAs (C1, C2) groups. Window settings were
kept identical for better comparability (level, 35; width, 70).
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different radiation doses, image quality for 60- keV VMIs by
DLCT in the 180-mAs group was improved and the radiation
dose was reduced by 28% compared with the 250-mAs group
based on DLP in cranial CT.

In 60-keV VMIs, significantly higher attenuation in the GM
and significantly lower attenuation in the WM were found for the
same radiation dose. On the other hand, image noise was signifi-
cantly lower in 60-keV VMIs compared with conventional
images, irrespective of the radiation dose. This noise reduction
resulted in significantly higher CNR for GM-WM differentiation
on 60-keV VMIs. Hence, objective image-quality parameters
were significantly better in 60-keV VMIs than in conventional
images, irrespective of the DLP. Accordingly, the subjective
image analysis showed a superiority for 60 keV VMIs over con-
ventional images regarding diagnostic assessment.

Because unenhanced head CT is the imaging method of
choice in patients with neurologic deficits and neurocranial trau-
matic lesions, there is a need for improving image quality.
Previous studies found better image quality for VMIs from unen-
hanced head CTs due to increased GM-WM differentiation and
reduced beam-hardening artifacts of the skull.22-24

A previous study using rapid-switching DECT in children
reported that monoenergetic reconstruction using 60-keV
resulted in better image quality because of better GM-WM dif-
ferentiation and reduced artifacts in the posterior fossa.16

Because this study was conducted in pediatric patients, the 60-
keV VMI was selected for comparative assessment with conven-
tional images. The outcomes supported previous studies,16,17

with a superior quality obtained from 60-keV VMIs compared
with conventional images. Maximal SNR and CNR and minimal
noise were observed on VMIs, irrespective of radiation dose.

To the best of our knowledge, this was the first study to ana-
lyze dose reduction in children examined with 60-keV virtual
monoenergetic imaging by DLCT, in which a radiation dose
reduction of 28% was achieved for the CT scanning process with
a tube current–time product of 180 mAs while maintaining com-
parable image quality versus the 250-mAs group. If one com-
pared GW SNR, SAI, and CNR with 60-keV VMIs, the subjective
analysis found no significant differences between the 250- and
180-mAs groups for all age groups; in addition, GW noise, WM
noise, WM SNR, SAI, CNR, and subjective analysis were not sig-
nificantly different for both the 6 year and younger and older
than 6-year groups. The technique was used in adults by Reimer
et al23 to demonstrate a 19% reduction in radiation dose from
nonenhanced head CT using DLCT by reducing the tube current
without a loss of image quality. The CT scanning protocol using
180 mAs was initially selected in this study because it is consid-
ered more suitable for radiation dose reduction than CT scanning
protocols using 100- and 280-mAs, respectively, as previously
reported,25,26 and also because approximately 20%–30% of the
reduction in the radiation dose would not result in image quality
not applicable for diagnosis.14

A linear relationship was demonstrated between tube cur-
rent–time product and radiation dose. A decrease in tube cur-
rent–time product increases image noise.27 In a recent study of
unenhanced head CT by Reimer et al,23 image noise slightly
increased from 55 to 49.8 and 44.7 mGy, respectively, showing a

significant difference between the 55- and 44.7-mGy protocols
with the same reconstruction technique. Similarly, this study also
revealed statistically significant increases in GW noise, WM
noise, and PFAA in the 180-mAs group compared with the 250-
mAs group for identical 60-keV VMIs for 0–12 years of age.
However, no significant differences were observed for GW noise
and WM noise in subgroup analysis based on patient age and for
subjectively-rated image graininess (noise) for all age groups and
age subgroups. These findings indicate that the image quality is
acceptable for diagnosis, and the tube current may be further
reduced without affecting image noise across age groups.
Furthermore, SAI, WM SNR, and CNR were not significantly dif-
ferent, and there were no significant differences in overall image
quality scores between the 250- and 180-mAs groups for all age
groups and age subgroups.

Therefore, in this study, the degradation of image quality by
such artifacts was unlikely to be significant, and overall image
quality scores were similar between the 2 scan types and age sub-
groups. However, there was no statistically significant reduction
in SAI, which indicated that our reduction of tube current to 180
mAs did not affect the objective image quality in SAI. The radia-
tion dose for a CT scan should be carefully selected to provide
optimal diagnostic image quality with the lowest possible radia-
tion dose. Therefore, changes in the tube current–time product
should be considered after consulting a radiologist, a CT technol-
ogist, and a medical physicist. In this study, radiation dose reduc-
tion was achieved by reducing the tube current–time product to
180 mAs without significantly altering the intrinsic quality of the
image. Different denoising levels may impact image quality, and
a medium denoising level was selected.23 The effects of different
denoising levels on image quality and whether the radiation dose
can be reduced will be further explored.

As DLCT scanning parameters in this study, a tube voltage of
120 kV, a current of 250 mAs, a DLP of 717.47 (SD, 41.52)
mGY�cm, and a CTDIvol of 36 mGy were used for conventional
CT to view the pediatric brain, which were similar to or slightly
lower than diagnostic reference levels for the CT radiation dose
in China (804 mGy for the DLP and 39 mGY�cm for CTDIvol)

28

and other countries.29-34 The CTDIvol is the dose of the standard
American College of Radiology head phantom according to the
reference phantom selection in pediatric CT;19,35 the DLP is the
actual radiation dose received by the patient. There was no signif-
icant difference in DLP between the 6 year and younger and older
than 6-year subgroups in the 250-mAs group, while there was a
significant difference in DLP between the 6 year and younger and
older than 6-year subgroups in the 180-mAs group. There was a
trend of DLP increase with increasing age, which may be related
to head circumferences at different ages in children and head
scan lengths determined by the technologist; this trend had no
statistical significance between the 2 groups, with an overlap in
mean DLP as observed by the SD of DLP in the 180-mAs
group.36 After one reduces the tube current for head CT exami-
nation, protocols can be specifically developed for various age
groups because skull ossification is age-dependent.5 Moreover, it
was reported that CT using DLCT with spectral data does not
increase the radiation dose compared with CT using DLCT with-
out spectral data.18
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There were several limitations in this study. First, this was a
retrospective study performed in a single institution. The sample
size was relatively small because radiation dose reduction is not
performed routinely. For ethical reasons, we could not use 2 dis-
tinct CT protocols for each patient for within-subject analysis.
Second, a greater reduction of the radiation dose was not eval-
uated though the current data suggested that this was achievable.
We compared radiation doses on the basis of the DLP alone
because there is no established method to normalize the radiation
dose to the size of the pediatric head (unlike the size-specific dose
estimates for body CT), but grouping by age was performed in
this study. Third, the diagnostic value of radiation dose reduction
for different brain pathologies was not evaluated because this
study aimed to evaluate the possibility of radiation dose reduction
while preserving overall image quality on nonenhanced brain CT
comparing the 250- and 180-mAs groups. However, the evalua-
tion of diagnostic certainty and the accuracy in pathologies is
beyond the scope of this study. Finally, although the current qual-
itative analysis was performed in a blinded manner, an experi-
enced reader would be likely to detect differences between
conventional images and 60-keV VMIs due to differences in
image texture.

CONCLUSIONS
In this study, GM noise and WM noise, WM CNR, SAI, and
CNR for supratentorial image quality were not different in objec-
tive and subjective evaluations between the 180- and 250-mAs
groups, and noise in the posterior fossa differed in the objective
evaluation by reduced tube current, but image quality is accepta-
ble in the subjective evaluation, both for the 6 years and younger
and the older than 6-year groups. On the basis of noise SNR, SAI,
CNR, and PFAA in image analysis and observer agreement
assessment, we found a dose reduction of 28% while maintaining
superior image quality with a scan protocol of 180 mAs com-
pared with 250 mAs on 60-keV VMIs from spectral detector CT
in the pediatric head. These data further suggest that an even
greater dose reduction is potentially achievable.

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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Arterial Spin-Labeling in the Assessment of Pediatric
Nontraumatic Orbital Lesions

S. Neumane, A. Lesage, V. Dangouloff-Ros, R. Levy, C.-J. Roux, M.P. Robert, D. Bremond-Gignac, and N. Boddaert

ABSTRACT

SUMMARY: Benign and malignant pediatric orbital lesions can sometimes have overlapping features on conventional MR imaging
sequences. MR imaging of 27 children was retrospectively reviewed to describe the signal of some common pediatric extraocular
orbital lesions on arterial spin-labeling and to evaluate whether this sequence helps to discriminate malignant from benign masses,
with or without ADC value measurements. Qualitative and quantitative assessments of arterial spin-labeling CBF and ADC were per-
formed. All lesions were classified into 3 arterial spin-labeling perfusion patterns: homogeneous hypoperfusion (pattern 1, n¼ 15; be-
nign lesions), heterogeneous hyperperfusion (pattern 2, n¼ 9; cellulitis, histiocytosis, malignant tumors), and homogeneous intense
hyperperfusion (pattern 3, n¼ 3; infantile hemangiomas). Arterial spin-labeling can be a valuable tool to improve the diagnostic con-
fidence of some orbital lesions, including infantile hemangioma. An algorithm is proposed.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; av ¼ averaged; IH ¼ infantile hemangioma; LBF ¼ lesion blood flow; OL ¼ orbital lesion; ONG ¼ optic nerve
glioma; rLBF ¼ relative lesion blood flow; RMS ¼ rhabdomyosarcoma

Awide variety of benign and malignant lesions can present
in the orbital region, ranging from developmental

anomalies to infectious processes and malignancies. Imaging
is essential for their evaluation and to guide intervention, and
MR imaging is the main technique used in children. Many pe-
diatric orbital lesions (OLs) have a distinct appearance on
conventional sequences, but benign and malignant processes
can have a similar appearance. DWI and ADC values have
been increasingly used to characterize OLs. Several studies
found relevant differences between benign and malignant
lesions, but with a different range of reported sensitivities,
specificities, and optimal threshold ADC values for distin-
guishing between lesions.1-4

MR imaging perfusion is increasingly used in the evaluation
of head and neck anomalies and cerebral tumors,5-7 but few stud-
ies describe its potential use in the evaluation of OLs. Some stud-
ies showed that the combination of DWI and dynamic contrast-
enhanced MR imaging considerably improved the specificity and
sensitivity for differentiating radiologically indeterminate malig-
nant from benign orbital masses.8,9 Arterial spin-labeling (ASL)
is a noninvasive MR imaging perfusion technique that provides
measurements reflecting the degree of lesion angiogenesis and
vascular density.5 Its role in the characterization of OLs in chil-
dren has not been studied yet. ASL tumor blood flow and ADC
values (alone and in combination) have been shown to be useful
in differentiating orbital lymphoma from idiopathic inflamma-
tory pseudotumor in an adult cohort.9

The purpose of this study was to describe the ASL signal of
some common pediatric extraocular OLs and to evaluate its rele-
vance in discriminating malignant from benign masses, with or
without ADC value measurements.

MATERIALS AND METHODS
Study Design and Subjects
This retrospective descriptive study included 27 children (mean
age, 4.2 [SD, 4.3] years; range, 0.2–15.0 years) referred to Necker-
Enfants Malades University Hospital between January 2015 and
September 2022, who underwent MR imaging for evaluation of a
nontraumatic extraocular OL with a routine protocol including
ASL perfusion. Patients without a confirmed diagnosis were
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excluded. Initial symptoms and final diagnoses were obtained
from the electronic medical record. Approval was obtained from
the institutional ethics board (CRM-2301–324). According to
local regulations, consent was waived for this retrospective analy-
sis of anonymized data. This study was recorded in the general
register of the Assistance Publique-Hôpitaux de Paris in January
2023 (No. 2023 0126171431).

MR Imaging Acquisition
An ASL perfusion sequence was acquired on a 1.5T or 3T MR
imaging scanner (Signa HDxt; GE Healthcare) and consisted of
a concurrent spiral 3D pseudocontinuous ASL (12-channel head
coil; 3D volume with a 4-mm section thickness using a fast spin-
echo acquisition [TR/TE ¼ 4453/10.96ms; number of axial
slices ¼ 40; resolution in plane ¼ 1.875� 1.875mm; postlabel-
ing delay ¼ 1025ms; flip angle ¼ 155°]). All patients underwent
a routine MR imaging examination, including T1 and T2
sequences with additional sequences performed at the discretion
of the attending radiologist (gadolinium injection, DWI),
depending on the indications.

MR Imaging: Qualitative and Quantitative Analysis
All the cases were reviewed in radio-ophthalmology staff meet-
ings. MR imaging data were retrospectively reviewed in consen-
sus by S.N. and a senior pediatric neuroradiologist, R.L.

ASL. Qualitative assessment of CBF maps was made by coregis-
tration with conventional sequences to describe the signal inten-
sity of individual lesions (hyperintense, warm colors; isointense
and hypointense, cold colors) and homogeneity. Lesion blood
flow (LBF) measurements (in milliliters/minute/100 g of tissue)
were obtained using dedicated postprocessing software on
Advantage Windows workstations (GE Healthcare). Freehand
ROIs were placed on a minimum of 3 axial plans over the most
representative area for small or homogeneous lesions and over
the maximal and minimal signal areas of large or heterogeneous
masses. Measurements were averaged (av) (LBFav) for each
lesion. To take into account general signal variations between
subjects and facilitate comparison with other studies, we calcu-
lated the relative LBF (rLBF) or lesion-to-cortex signal ratio by
comparing the LBFav of each lesion with the average CBF
obtained by freehand ROIs drawn over the ipsilateral temporal
cortex (CBFavcortex) (rLBF¼ LBFav/CBFavcortex).

DWI-ADC. The ADCmaps were processed in a manner compara-
ble with ASL maps, using similar manual ROIs and similar aver-
aging (ADCavlesion and ADCavcortex), and lesion-to-cortex ADC
ratios (rADC¼ ADCavlesion/ADCavcortex) were calculated.

Data Analysis. Statistical analyses were performed using R 3.3.3 sta-
tistical and computing software (http://www.r-project.org/). Results
are presented as medians and ranges in the text. Quantitative rLBF
data were compared among the 3 patterns using 1-way ANOVA.

RESULTS
We analyzed 27 OLs, including 23 benign lesions (vascular
[n¼ 9] and nonvascular [n¼ 9] masses, infectious processes
[n¼ 3], optic nerve glioma [ONG] [n¼ 2]) and 4 malignant

tumors (rhabdomyosarcomas [RMS, n¼ 2], metastatic retinoblas-
toma [n¼ 1], and metastatic neuroblastoma [n¼ 1]), with histopa-
thologic evidence available for most cases requiring confirmation
other than clinical or radiologic (Online Supplemental Data).

ASL
Qualitative and quantitative assessment of ASL maps showed 3
significantly distinct profiles (F(2, 24) ¼ 86.44; P, .001): pattern
1, homogeneous hypoperfusion (n¼ 15); pattern 2, heterogene-
ous hyperperfusion (n¼ 9); and pattern 3, homogeneous intense
hyperperfusion (n¼ 3) (Online Supplemental Data and Fig 1).
Pattern 1 comprised benign OLs, including lymphatic malfor-
mation dermoid cysts, dacryops, fibrolipoma, and ONG, with
median rLBF ¼ 0.44 (range, 0.21–0.63). On the opposite side of
the spectrum, pattern 3 was characteristic of infantile hemangi-
omas (IHs), with a median rLBF ¼ 10.43 (range, 9.56–18.73).
Pattern 2 (median rLBF ¼ 1.23; range, 0.91–2.91) included or-
bital cellulitis, histiocytosis, and malignant neoplasms with over-
lapping rLBF (median ¼ 2.75; range, 1.0–2.91; median ¼ 1.07;
range, 0.91–1.23; and median ¼ 1.54; range, 1.14–1.88, respec-
tively). There was no overlap between the rLBF range of pattern
3 and that of other groups. Most (78%) benign OLs presented as
homogeneous ASL perfusion (patterns 1 and 3), while all malig-
nant tumors were heterogeneous (pattern 2).

DWI-ADC
DWI was available in 78% of cases (n¼ 21) (Online
Supplemental Data and Fig 2), among which ADC values were
decreased in all malignant tumors (median ADC ¼ 0.85
�10�3mm2/s), abscessed portions of infectious processes (me-
dian ADC ¼ 0.77 �10�3mm2/s), dermoid cysts (median ADC
¼ 0.65 �10�3mm2/s), and the non-Langerhans cell histiocyto-
sis. ADC values were increased for all IHs (median ADC ¼1.69
�10�3mm2/s), orbital cellulitis (median ADC ¼ 2.20
�10�3mm2/s), lymphatic malformations (median ADC ¼ 2.60
�10�3mm2/s), and cases of dacryops, fibrolipoma, and
Langerhans cell histiocytosis.

DISCUSSION
Pediatric orbital masses are a heterogeneous group that can present
with various and nonspecific manifestations. Clinical presentation
and conventional imaging features do not always allow an accurate
diagnosis. Given the substantial risk associated with orbital biop-
sies, additional predictors of the histologic nature of OLs are useful.
We have found, in this case series, 3 distinct patterns on ASL maps
that allow classifying all lesions: homogeneous hypoperfusion (pat-
tern 1, including only benign lesions), heterogeneous hyperperfu-
sion (pattern 2, including orbital infectious processes, histiocytosis,
and malignant neoplasms), and homogeneous very intense hyper-
perfusion (pattern 3, characteristic of IHs, without rLBF values
overlapping with those of other groups) (Figs 3 and 4).

Within pattern 2, there was an rLBF overlap among the OL
subgroups, with ADC values refining the characterization of these
lesions because ADC values were increased for orbital cellulitis,
variable for histiocytosis, and decreased (diffusion restriction) for
malignant tumors. Across the entire cohort, ADC values were
decreased in malignant tumors, while increased in most benign
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masses, in line with previous studies reporting lower ADC values
in malignant orbital tumors than in benign orbital masses in
adult1,10 and pediatric populations.3,4

In agreement with previous studies,8,9,11 this work confirms
the interest in using complementary diffusion and perfusion MR
imaging techniques for characterizing orbital masses, while

suggesting that ASL might be more informative than ADC when
it comes to differentiating benign vascular lesions frommalignant
tumors.

The specificity of pattern 3 is of particular interest. There can be
an overlap between the imaging appearance of IHs and malignant
tumors, mainly RMS,12,13 because they may have similar signal on

FIG 1. Representation of ASL perfusion profiles of the 27 OLs, according to their homogeneity and signal intensity. Mean rLBF and ranges by
diagnostic subgroups show 3 significantly distinct profiles (P¼ 1.08�10�11): homogeneous hypoperfusion (pattern 1, blue), heterogeneous iso- or
hyperperfusion (pattern 2, orange), and homogeneous hyperperfusion (pattern 3, red). rLBF corresponds to the ratio between LBF and CBF from
the ipsilateral temporal cortex.

FIG 2. Distribution of ADC ratios (n¼ 21) by diagnostic subgroups. Lesion-to-cortex ADC ratios were calculated by dividing the lesion mean
ADC by the ipsilateral temporal cortex mean ADC (both directly obtained for each patient by drawing an ellipsoid ROI over an area similar to
that used for ASL measurements, taking care to avoid volume averaging with adjacent structures, particularly fat and bone). The distinct sub-
portions of infectious processes (eg, abscessed areas with characteristic diffusion restriction and denser tissular inflammatory parts, cellulitis)
were assessed separately. Colors correspond to the ASL perfusion profile groups presented in Fig 1 (pattern 1: blue; pattern 2: orange; pattern
3: red).
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T2WI and T1WI1C.12,14 IHs present earlier in life, are more often
homogeneous on T1WI1C, are usually more hyperintense on
T2WI than RMS, and commonly present with flow voids.13,14 They
also have higher ADC values than RMS.12 Adding ASL data may
help with the differential diagnosis: in our cohort, all IHs (in the
proliferating phase at the time of MR imaging) had a very distinct
appearance, with homogeneous, very high perfusion signal (pattern
3), in accordance with what has been described in other cervicofa-
cial locations.6 No other lesion presented an ASL signal as intense
as that in IHs, including malignant tumors.

Moreover, IHs and lymphatic malformations, which are
among the most frequent vascular anomalies of the pediatric

orbit, had very distinct ASL perfusion homogeneous profiles in
our cohort (patterns 3 and 1, respectively).

ASL is a robust imaging sequence. It has a relatively rapid ac-
quisition time and is noninvasive (does not require a venous
access and the injection of exogenous contrast medium), 2 very
valuable factors in the pediatric population. It has some limita-
tions, including being sensitive to motion and susceptibility arti-
facts from metal and having a low SNR. The ASL sequence also
has a limited spatial resolution, which makes it less useful in the
evaluation of very small lesions.

We have chosen to present average LBF values (instead of
maximal values), given that most of the analyzed lesions had a

FIG 3. Summary algorithm for radiologic interpretation. There are 3 distinct patterns derived from ASL perfusion analysis: Pattern 1 (blue) corre-
sponds to benign masses presenting homogeneous low lesion blood flow; pattern 2 (orange) describes heterogeneous iso- or hyperperfused
lesions, including malignancies; pattern 3 (red) is characteristic of hemangiomas (benign vascular lesions), presenting specific homogeneous and
very intense hyperperfusion. ADC assessment within pattern 2 contributed to differentiating malignant tumors (presenting diffusion restriction)
from benign lesions like orbital cellulitis (with increased diffusion). Lymphatic malformations (pattern 1) and IHs (pattern 3), two frequent vascular
orbital anomalies (underlined) in pediatric population, presented with very distinct ASL perfusion homogeneous profiles.

FIG 4. Conventional MR imaging sequences and ASL maps of representative patients for the 3 perfusion patterns. Pattern 1 (homogeneous hy-
poperfusion profile, characterized by cold dark colors on the CBF map over the lesion area): Lymphatic malformation, right vascular anomaly
(patient 12, mean LBF¼ 10 mL/min/100g tissue, rLBF¼ 0.24). Pattern 2 (heterogeneous hyperperfusion profile, consisting of multiple bright color
patches within the lesion area): Rhabdomyosarcoma, left malignant tumor (patient 24, mean LBF ¼ 74 mL/min/100g tissue, rLBF ¼ 1.84). Pattern
3 (homogeneous very intense hyperperfusion profile, corresponding to a uniform bright warm color area in the CBF maps): IH, left vascular
anomaly (patient 16, mean LBF ¼ 515 mL/min/100g tissue, rLBF ¼ 18.73). Conventional sequences: T1 and T2 WI, T1 Gado (T1WI with gadolinium-
based contrast medium), FLAIR, FATSAT (fat-suppression T1WI sequence).
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homogeneous signal. In addition, the generally small size of OLs
does not always allow calculating values for different lesion areas.

The main limitation of this study is the number and variety of
cases, especially those with malignant tumors. Thus, despite the
interesting categorization of pediatric OLs according to their ASL
perfusion patterns, the proposed algorithm requires verification
in larger cohorts that include a larger spectrum of OLs.

Despite these limitations, our descriptive study offers a novel
framework of distinctive hemodynamic properties of some com-
mon pediatric OLs, proposing an algorithm that may contribute
to the diagnostic orientation of OLs by combining, for the first
time, ASL and DWI-ADC.

CONCLUSIONS
ASL perfusion-weighted MR imaging can be a valuable noninva-
sive tool to improve the discrimination among a full spectrum of
benign and malignant orbital processes, by refining the short dif-
ferential provided by the clinical presentation and conventional
sequences. Especially, ASL may improve the diagnostic confidence
of benign vascular lesions, in particular IHs requiring medical
treatment. Furthermore, information provided by relevant orbital
MR imaging is valuable for the oculoplastic surgeon for guiding an
intervention. We hope to encourage other teams to integrate ASL
into their routine orbital MR imaging protocols to explore its
potential.
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ORIGINAL RESEARCH
PEDIATRICS

Cerebral Hemodynamic and Metabolic Abnormalities in
Neonatal Hypocalcemia: Findings from Advanced MRI

Ying Qi, Zixuan Lin, Hanzhang Lu, Jian Mao, Hongyang Zhang, Pengfei Zhao, and Yang Hou

ABSTRACT

BACKGROUND AND PURPOSE: Neonatal hypocalcemia is the most common metabolic disorder, and whether asymptomatic dis-
ease should be treated with calcium supplements remains controversial. We aimed to quantify neonatal hypocalcemia’s global CBF
and cerebral metabolic rate of oxygen (CMRO2) using physiologic MR imaging and elucidate the pathophysiologic vulnerabilities of
neonatal hypocalcemia.

MATERIALS AND METHODS: A total of 37 consecutive patients with neonatal hypocalcemia were enrolled. They were further di-
vided into subgroups with and without structural MR imaging abnormalities, denoted as neonatal hypocalcemia-a (n¼ 24) and neo-
natal hypocalcemia-n (n¼ 13). Nineteen healthy neonates were enrolled as a control group. Brain physiologic parameters
determined using phase-contrast MR imaging, T2-relaxation-under-spin-tagging MR imaging, and brain volume were compared
between patients with neonatal hypocalcemia (their subgroups) and controls. Predictors for neonatal hypocalcemia–related brain
injuries were identified using multivariate logistic regression analysis and expressed as ORs with 95% CIs.

RESULTS: Patients with neonatal hypocalcemia showed significantly lower CBF and CMRO2 compared with controls. Furthermore,
the neonatal hypocalcemia-a subset (versus controls or neonatal hypocalcemia-n) had significantly lower CBF and CMRO2. There
was no obvious difference in CBF and CMRO2 between the neonatal hypocalcemia-n subset and controls. CBF and CMRO2 were in-
dependently associated with neonatal hypocalcemia. The ORs were 0.80 (95% CI, 0.65–0.99) and 0.97 (95% CI, 0.89–1.05) for CBF
and CMRO2, respectively.

CONCLUSIONS: Neonatal hypocalcemia with structural damage may exhibit lower hemodynamics and cerebral metabolism. CBF
may be useful in assessing the need for calcium supplementation in asymptomatic neonatal hypocalcemia to prevent brain injury.

ABBREVIATIONS: AUC ¼ area under the curve; CMRO2 ¼ cerebral metabolic rate of oxygen; iCa ¼ ionized calcium; NHC ¼ neonatal hypocalcemia; NRDS ¼
neonatal respiratory distress syndrome; PCMR ¼ phase-contrast MR imaging; PVWM ¼ periventricular WM; TRUST ¼ T2-relaxation-under-spin-tagging; Yv ¼
venous oxygenation

Neonatal hypocalcemia (NHC) is a common abnormality in
neonates.1 Prematurity, perinatal asphyxia, sepsis, maternal

vitamin D deficiency, diabetes, hypoparathyroidism, and hypo-
magnesemia are the most common causes of NHC.2-5 Early- and
late-onset NHC occurs before and after the first 3 days of life,
respectively. The clinical presentation of NHC is frequently
asymptomatic but can be symptomatic, showing neuromuscular
irritability, such as myoclonic jerks, jitteriness, exaggerated star-
tles, and seizures. NHC can be life-threatening6 and is a risk fac-
tor for mortality in critically ill infants.7 NHC can be prevented
or treated with long-term calcium gluconate therapy specific to
its etiology. However, calcium supplementation should be
administered carefully in patients with hypoxic-ischemic ence-
phalopathy. Hypoxia causes a rapid influx of calcium into cells,
resulting in apoptosis, while calcium supplementation can aggra-
vate brain damage in these patients.5 In addition, whether asymp-
tomatic NHC should be treated with calcium supplementation is
controversial because it may cause neonatal tetany or seizures.1

Received June 12, 2023; accepted after revision August 16.

From the Departments of Radiology (Y.Q., H.Z., Y.H.) and Pediatrics (J.M.), Shengjing
Hospital of China Medical University, Shenyang, China; Key Laboratory for Biomedical
Engineering of Ministry of Education (Z.L.), Department of Biomedical Engineering,
College of Biomedical Engineering & Instrument Science, Zhejiang University,
Hangzhou, China; Department of Radiology (H.L.), Johns Hopkins University School of
Medicine, Baltimore, Maryland; and Department of Pharmacology (P.Z.), School of
Pharmaceutical Sciences, China Medical University, Shenyang, China.

This study was supported by the Applied Basic Research Project of Liaoning
(2022JH2/101500061), the Medical Education Research Project of Liaoning (No.2022-
N006-01), the New Technology Project of Shengjing Hospital, and the 345 Talent
Project of Shengjing Hospital of China Medical University.

Pengfei Zhao, and Yang Hou contributed equally to this work.

Please address correspondence to Yang Hou, PhD, 36# of Sanhao St, Heping
District, Shenyang, China; e-mail: houyang1973@163.com

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7994

1224 Qi Oct 2023 www.ajnr.org

https://orcid.org/0000-0001-9144-6216
https://orcid.org/0000-0001-9462-7768
https://orcid.org/0000-0003-3871-1564
https://orcid.org/0000-0002-8843-887X
https://orcid.org/0009-0009-1497-2875
https://orcid.org/0000-0002-5335-6794
https://orcid.org/0000-0002-9184-5441
mailto:houyang1973@163.com


Therefore, gaining a better understanding of the neurobiologic

characteristics of NHC and its relationship with serum calcium
levels may provide important insights into neonatal pathophysio-

logic vulnerabilities.
CT perfusion,8,9 15O-PET,10 133Xe-enhanced CT,11 DSC MR

imaging,12 and near-infrared spectroscopy13 are common meth-
ods of measuring the hemodynamics and metabolism in the neo-
natal brain but require ionizing radiation and exogenous tracers,
which can cause kidney injury and may create motion artifacts or
low spatial resolution. Doppler sonography is used to evaluate
brain perfusion but does not allow whole-brain perfusion analyses
and is not always reproducible, especially when performed by
less-experienced neonatal operators.14 Recent advances in MR
imaging technologies allow noninvasive and quantitative meas-
urements of brain hemodynamic parameters without the need for
contrast material injection or exposure to ionizing radiation.
Global CBF can be measured using arterial spin-labeling15 and
phase-contrast MR imaging (PCMR).16 CBF measurements using
arterial spin-labeling agree with those of 15O-PET and DSC MR
imaging.17,18 However, low CBF and neonatal brain volume
reduce the accuracy of arterial spin-labeling quantitative measure-
ment, especially in deep white matter.19 PCMR has been success-
fully reported in neonates and requires ,2minutes.20 Venous
oxygenation (Yv) of the brain can be determined using the T2-
relaxation-under-spin-tagging (TRUST) MR imaging technique.
Yv and CBF can be combined to assess the global cerebral meta-
bolic rate of oxygen (CMRO2).

21,22 All these physiologic measure-
ments require ,5minutes, which is suitable for the neonatal
population. Most neonatal studies have focused on low birth
weight,23 brain injury such as hypoxic-ischemic encephalopathy
detected with near-infrared spectroscopy,24 and WM lesions
detected with PCMR and TRUST MR imaging.20 Few perinatal
studies have been conducted on the effects of NHC on cerebral
oxygen metabolism and hemodynamics.

The present study aimed to comprehend the relationship
among NHC, its hemodynamics, and cerebral oxygen metabolism
using PCMR and TRUST MR imaging for a better understanding
of its pathophysiologic process and improvement of treatment.

MATERIALS AND METHODS
Ethics Statement
The study protocol was approved by the Ethics Committee of the
Shengjing Hospital of China Medical University (IRB2021PS094K).

Written informed consent was waived because the data were col-
lected as part of a clinically indicated MR imaging. None of the
authors has any conflict of interest to declare. Agreement to be ac-
countable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.

Participants and Study Design
Between June 2021 and April 2022, fifty-six neonates were
enrolled. The participants were categorized into the NHC
and control groups. The inclusion criteria for the NHC group
were asymptomatic neonates with early-onset NHC occur-
ring in the first 3 days of life. Participants were further di-
vided into those with abnormal MR imaging findings, denoted
as NHC-a, and those with normal MR imaging findings,
denoted as NHC-n. NHC is defined as ionized calcium (iCa)
,4mg/dL (1mmol/L) in preterm infants and ,1.2mmol/L in
term neonates.

The inclusion criteria for the control group were asymp-
tomatic neonates without NHC and abnormal MR imaging
findings or laboratory results at birth. They had normal results
from umbilical cord blood gas analysis, the liver function test,
routine blood examination, and serum and ion analyses at
birth. The purpose of MR images was for exclusions of abnor-
malities of the nervous system. The exclusion criteria were
congenital malformations, severe infection, major congenital
heart disease, and unusable MR images. Neonates’ demo-
graphic and clinical data are summarized in Table 1. Detailed
information is provided in the Online Supplemental Data
(There were 27 cases [sodium levels,135mmol/L] of hypocal-
cemia with low serum sodium, including 11 cases with sodium
levels of ,130mmol/L [range, NHC-n, 123.4–145.6 mmol/L
versus NHC-a, 121.9–144.0mmol/L]). Two experienced neuro-
radiologists (Y.Q. and X.X.Q., each with 12 years of experience
and blinded to the group data) diagnosed and graded the inju-
ries on MR imaging as described on a scale of I–IV, according to
their size, number, and distribution, as summarized in previous
Table 1 reported by Childs et al.25

MR Imaging Protocol
Imaging was performed on a 3T scanner (Ingenia; Philips
Healthcare) without sedation. Axial T1WI and T2WI were acquired
using the following settings: TR, 200/5000ms; TE, 2.3/80ms;

Table 1: Demographic and clinical data of the NHC group and controls

NHC (n= 37) NHC-a (n= 24) NHC-n (n= 13) Control (n= 19) PNHC & Control Value
Demographics
Males (No.) (%) 24 (64.9) 14 (58.3) 7 (53.8) 14 (73.7) .11
Birth weight (mean) (g) 2024.9 (SD, 614.5) 2080.8 (SD, 532.1) 1676.5 (SD, 695.9) 2434.7 (SD, 1047.5) .13
Scan age (mean) (wk) 37.0 (SD, 2.9) 37.2 (SD, 3.2) 36.0 (SD, 1.8) 37.0 (SD, 4.0) .99
Clinical
Apgar score (mean)
1 min 7.6 (SD, 3.2) 7.0 (SD, 3.5) 9.4 (SD, 0.5) 9.6 (SD, 0.8) ,.05
5min 6.2 (SD, 3.3) 5.5 (SD, 3.5) 8.0 (SD, 1.3) 8.6 (SD, 2.1) ,.05

NRDS (No.) (%) 16 (43.2) 13 (54.2) 3 (23.1) – –

Twins (No.) (%) 6 (16.2) 5 (20.8) 1 (7.7) – –

iCa (mean) (mmol/L) 0.9 (SD, 0.2) 0.9 (SD, 0.2) 0.8 (SD, 0.1) 1.2 (SD, 0.1) ,.05

Note:—The en dash indicates none.
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section thickness, 5/5mm; FOV, 180� 150� 90 mm3; matrix size,
224� 162/112� 112; scan time, 34.4/40.9 seconds.

CBF Determination
First, TOF MRA was performed to visualize the left and right
ICAs and vertebral arteries. The imaging slab was positioned at
the center of the epistropheus, with 60-mm saturation slabs
placed above to suppress venous signals. Second, PCMR used
bipolar gradients to encode flow velocity in the major feeding
arteries, thereby providing a measurement of CBF. PCMR set-
tings were the following: single section; voxel size, 0.5� 0.5� 3
mm3; FOV, 180� 180� 3 mm3; maximum velocity encoding,
20 cm/s; and total scan time, 1.5minutes. Manual delineation of
the arterial ROI was performed on the magnitude image of each
PCMR scan and then applied to the velocity maps to obtain the
flux in all vessels, the sum of which yielded the total blood flow
(milliliters/minute). To convert the value to CBF, we obtained
brain volume by manual tracing of the T2WI and assuming a
parenchymal density of 1.06 g/mL.26 CBF was calculated by
dividing the total flux by the brain weight (Fig 1A–D).

Arterial and Venous Oxygenation Determination
Arterial oxygenation was measured using a pulse oximeter in the
right hand. Yv was measured by TRUSTMR imaging with the fol-
lowing settings: 4 effective TEs, 0, 40, 80, and 160ms; TR,
3000ms; TI, 1022ms; FOV, 160� 160� 5 mm3; matrix size,
64� 61; sensitivity encoding factor, 3; voxel size, 2.5� 2.5� 5
mm3; thermal Carr-Purcell-Meiboom-Gill (tCPMG), 10ms; scan
time, 72 seconds.20 TRUST MR imaging applies a spin-labeling
module to isolate pure venous blood signals, a series of T2-prepa-
ration pulses to modulate the MR imaging signal, and uses mono-
exponential fitting to yield blood T2, which was converted to Yv
using a hematocrit-specific T2-Yv calibration curve. Data process-
ing for PCMR and TRUST MR imaging was performed as previ-
ously described (Fig 1E, -F).16,20,22

CMRO2 Calculation
CMRO2 can be calculated using the Fick principle,26 in which
HCT is hematocrit.

CMRO2 ¼ CBF� ðYa� YvÞ �HCT � 897
44%

:

Statistical Analysis
To compare baseline demographics, clinical characteristics, and
physiologic parameters among the 3 groups, we used a Student t
test or Wilcoxon 2-sample exact test (for continuous variables)
and a x 2 test (for categoric variables). To evaluate group differen-
ces with respect to scan age, birth weight. and twins, multiple lin-
ear regressions were examined to predict the measured
physiologic parameters (Yv, CBF, and CMRO2) and brain volume
that can be influenced by NHC using 4 operating input parame-
ters: group (NHC-a, NHC-n, or controls), neonatal scan age, birth
weight, and twins. Similar analyses were performed to examine
the dependence of physiologic parameters and brain volume on
iCa levels. Physiologic parameters and brain volume were assigned
as dependent variables, whereas the brain iCa level, scan age, birth
weight, and twins were assigned as independent variables.
Considering the effects of gestational age, birth weight, Apgar
score, sex, and blood gas analysis on structural abnormalities, we
used univariate and multivariate logistic regression analysis,
respectively. The risk factors for predicting NHC with structural
MR imaging abnormalities were identified using multivariate
logistic regression analysis expressed as ORs with 95% CIs.
Receiver operating characteristic curves were used to determine
whether physiologic parameters, iCa levels, scan age, birth weight,
or the incorporation of above values together (physiological
parameters 1 iCa levels 1 scan age 1 birth weight) could facili-
tate the diagnosis of neonatal brain injuries and to identify the cut-
off points for risk factors associated with neonatal brain injuries.
All computations were performed using standard software (SPSS;
IBM). P, .05 indicates a statistically significant difference.

FIG 1. Sample images for CBF and Yv determination. A, Positioning of the imaging section. B and C, PCMR imaging section locations for the
LICA, RICA, LVA, and RVA on the MIP image of a TOF angiogram. D, The manual delineation of LICA, RICA, LVA, and RVA was conducted to
determine flux in these vessels. The sum of fluxes by brain weight yielded the CBF. E, The imaging section was positioned parallel to the inter-
commissural line with a 10-mm distance from the superior sagittal sinus (SSS). TRUST MR imaging used a spin-labeling module to isolate pure ve-
nous blood signals in the SSS. F, Blood signals from the SSS were fitted to a monoexponential function of the effective TE to yield blood T2. T2
was converted to Yv via a calibration plot. LICA indicates left internal carotid arteries; RICA, right internal carotid arteries; LVA, left vertebral ar-
tery; RVA, right vertebral artery; AU, arbitrary unit.
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RESULTS
Participant Characteristics
Figure 2 shows a schematic of participant selection. Neonates’
MR imaging findings, focal periventricular WM (PVWM) lesion
grades, and their physiologic parameters are summarized in
Table 2. Figure 3 shows MR imaging findings of representative
neonates in the NHC-a subgroup with different severities. The
physiologic parameters of the participants in the NHC and con-
trol groups are shown in Table 3. The NHC neonates and the
NHC-a subset (versus controls) had significantly lower CBF
(P¼ .03, P¼ .001) and CMRO2 (P¼ .02, P¼ .002). CBF and
CMRO2 proved significantly lower in the NHC-a (than in the
NHC-n) subset (P¼ .001, P¼ .01). There were no significant dif-
ferences in CBF and CMRO2 between the NHC-n subset and
controls (P¼ .70, P¼ .63). Yv and brain volume were not signifi-
cantly different among groups (P. .05). Figure 4 shows Yv, CBF,
CMRO2, and brain volume in both groups and subgroups using
boxplots. There were 5 neonates with SAH not secondary to
parenchymal bleeding primarily from the germinal matrix. Only
1 neonate with neonatal respiratory distress syndrome (NRDS) in
grade III diagnosed by x-ray in our study required a surfactant
within 2 hours after birth.

Linear Regression Analysis of Measured Physiologic
Parameters Associated with Group (NHC-a, NHC-n, or
Control Groups), Scan Age, Birth Weight. and Twins
The multilinear regression analysis showed that CBF and
CMRO2 were significantly correlated with group (b ¼ –2.6,
P¼ .001; b ¼ –6.5, P¼ .001, respectively). Yv and brain volume

had a nonsignificant relationship with category (b ¼ 0.7, P¼ .69;
b ¼ 13.1, P¼ .20). Yv, CMRO2, and brain volume had a signifi-
cant relationship with scan age (b ¼ –1.2, P¼ .03; b ¼ 1.3,
P¼ .03; b ¼ 14.5, P, .001). CBF was nonsignificantly correlated
with scan age (b ¼ 0.4, P¼ .07). Yv was significantly correlated
with birth weight (b ¼ 0.006, P¼ .01). CBF, CMRO2, and brain
volume were nonsignificantly correlated with birth weight (b ¼
0.001, P¼ .53; b ¼ 0.003, P¼ .30; b ¼ 0.008, P¼ .55, respec-
tively). Yv, CBF, and CMRO2 were nonsignificantly correlated
with twins (b ¼ –5.0, P¼ .32; b ¼ 0.6, P¼ .79; b ¼ 7.4, P¼ .15,
respectively). Brain volume was significantly correlated with
twins (b ¼ –77.2, P¼ .007) (Online Supplemental Data).

Linear Regression Analysis of Measured Physiologic
Parameters Associated with iCa Levels, Scan Age, Birth
Weight, and Twins
Multilinear regression analysis showed that CBF and CMRO2

demonstrated significant increases with iCa levels (b ¼ 8.2,
P¼ .01; b ¼ 24.2, P¼ .003, respectively). Yv and brain volume
were not dependent on iCa levels (b ¼ 2.0, P¼ .79; b ¼ –7.8,
P¼ .85). Brain volume significantly correlated with twins (b ¼ –70.1,
P¼ .01) (Online Supplemental Data).

Logistic Regression Analysis of Measured Physiologic
Parameters, Brain Volume, and iCa Levels to Detect NHC
with Brain Injuries
The ORs were 0.80 (95% CI, 0.65–0.99) and 0.97 (95% CI, 0.89–
1.05) for CBF and CMRO2, respectively. The combined values to-
gether versus single values (CBF, CMRO2, brain volume, or iCa
levels, respectively) showed a superior capacity to detect NHC with
brain injuries (area under curve [AUC] ¼ 0.92 [95% CI, 0.83–
0.99]) versus CBF (AUC ¼ 0.82 [95% CI, 0.69–0.96]; P¼ .001),
CMRO2 (AUC ¼ 0.73 [95% CI, 0.56–0.90]; P¼ .02), brain volume
(AUC ¼ 0.52 [95% CI: 0.32–0.72]; P¼ .82), or iCa levels (AUC ¼
0.62 [95% CI, 0.44–0.80]; P ¼ .23) in Fig 5. The cutoff values for
CBF and CMRO2 were 12.75mL/100 g/min and 22.63mmol/100
g/min, respectively. The sensitivities with 95% CIs of the combined
values together, CBF, and CMRO2 were 85.1% (60.8%–93.3%),
80.5% (53.6%–86.9%), and 79.6% (53.3%–86.9%), respectively.
Specificities with 95% CIs were 80.0% (75.0%–99.0%), 76.7%
(61.1%–84.5%), and 73.3% (69.2%–81.2%), respectively.

DISCUSSION
In general, patients with NHC with structural abnormalities had
impaired hemodynamics and cerebral metabolism. CBF and
CMRO2 were correlated with iCa levels, and CBF may be useful
in assessing the need for calcium supplementation in asymptom-
atic NHC to prevent brain injury.

Calcium Levels in the Neonate
Serum calcium levels in neonates are
high at birth because calcium readily
crosses the placenta to the fetus via
active transport during the third trimes-
ter. After delivery, the maternal transfer
of calcium halts and neonates may expe-
rience NHC during the first few days of

FIG 2. Flow chart of study participants.

Table 2: MR imaging findings between the NHC group and the NHC-a subset
Characteristics of Neonatal MR Imaging NHC (n= 37) NHC-a (n= 24)

Periventricular WM lesions I (No.) (%) 6 (16.2) 6 (25)
Periventricular WM lesions II
10 (No.) (%) 4 (10.8) 4 (16.7)
1 Intraventricular hemorrhage (No.) (%) 1 (2.7) 1 (4.2)
Periventricular white matter lesions III (No.) (%) 1 (2.7) 1 (4.2)
Periventricular white matter lesions IV (No.) (%) 7 (18.9) 7 (29.2)
SAH without parenchymal hemorrhagic lesions (No.) (%) 5 (13.5) 5 (20.8)
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life. Although NHC is frequently asymptomatic, this condition can
be potentially life-threatening.2 Treatment is controversial, and evi-
dence of its benefits is lacking.5

Effect of NHC on Physiologic Parameters and Structural
Damage
Within the brain microcirculation, parenchymal arterioles are fun-
damental regulators of CBF.27,28 The tone of parenchymal arterioles
within the brain is controlled by astrocytes, which synthesize and
release prostaglandins and epoxyeicosatrienoic acid via cyclooxy-
genase-1 and epoxygenase P450, respectively, in a Ca21-dependent
manner. Ca21 is not only indispensable for physiologic activities
but is also an important second messenger in cells. The resulting
increase in astrocytic Ca21 leads to the synthesis and release of these
vasodilators, which cause the dilation of brain arterioles and increase
CBF. In addition, Ca21 inhibits the inward current of Na1. When

hypocalcemia occurs, the inward current of Na1 increases, the
threshold of the action potential decreases, and depolarization
occurs. Subsequently, the voltage-dependent Ca21 channel is acti-
vated, and calcium concentration increases, leading to a contraction
of vascular smooth-muscle cells and reduction in CBF. This result
may explain why the NHC group had poorer hemodynamics.

In addition, Ca21 within the presynaptic terminal is key for
chemical synaptic transmission. When intercellular Ca21 is
reduced, neurotransmitter release is inhibited. A lower calcium
level leads to diminished neural activity, thus lower oxygen need
and lower CMRO2.

However, this impairment in hemodynamics was more signifi-
cant in the NHC-a subset but not in the NHC-n subset, compared
with controls. This finding might be related to the autoregulation
of CBF. CBF regulation in the neonatal brain is distinct from that
of the fully matured brain. The preterm rate is relatively high in

this cohort (75.6% in NHC and 63.2%
in control group). Infants born prema-
turely have an anatomically incomplete
and underdeveloped cerebral vascula-
ture and cannot fully autoregulate.29

Once their cerebrovascular autoregula-
tion cannot fully compensate for the
effect of hypocalcemia, the probability
of brain injuries increases (Online
Supplemental Data).

The NHC-a group with brain injury
mainly included patients with SAH and
PVWM lesions. During activation of
the clotting mechanism after SAH,
coagulation factor IV (Ca21) is con-
sumed. When SAH or PVWM lesions
are accompanied by cerebral edema,
Ca21 will flow into the cell, causing a
marked overload of intracellular Ca21,
further promoting hypocalcemia.

Although it is possible that other
factors may contribute to both impaired
hemodynamics and structural lesions,
we were able to control for most of the
confounding factors by excluding par-
ticipants with severe diseases and
including age, sex, birth weight, Apgar

FIG 3. NHC-a subgroup with brain injuries on T1WI and T2WI. A and B, Neonate (scan age,
33.3weeks; birth weight, 1740 g; male) had focal PVWM lesions (grade I) in the right PVWM area
showing increased signal intensity on T1WI and decreased signal intensity on T2WI. C and D,
Neonate (scan age, 34.3weeks; birth weight, 2600 g; male) had PVWM lesions (grade II) in the
bilateral PVWM areas, linearly displaying increased signal intensity on T1WI and decreased signal
intensity on T2WI. E and F, Neonate (scan age, 37.7weeks; birth weight, 2200 g; female) had clus-
tered PVWM lesions and cystic lesions (grade IV) in bilateral PVWM areas.

Table 3: Comparison of physiologic parameters between groups and their subgroups (n= 56)a

Comparators Yv (%) CBF (mL/100g/min) CMRO2 (mL/100g/min) Brain Volume (mL)
NHC group (n¼ 37) 63.4 (SD, 13.6) 13.3 (SD, 5.3) 31.1 (SD, 12.2) 300.0 (SD, 88.6)
Control group (n¼ 19) 64.7 (SD, 7.1) 16.5 (SD, 4.7) 40.4 (SD, 14.8) 290.4 (SD, 72.8)
P value .64 ,.05 ,.05 .69
NHC-a group (n¼ 24) 63.2 (SD, 16.1) 11.2 (SD, 4.5) 27.4 (SD, 10.7) 296.9 (SD, 87.3)
NHC-n group (n¼ 13) 63.8 (SD, 7.5) 17.1 (SD, 4.7) 37.9 (SD, 12.1) 305.6 (SD, 94.2)
P value .88 ,.05 ,.05 .78
NHC-a group (n¼ 24) 63.2 (SD, 16.1) 11.2 (SD, 4.5) 27.4 (SD, 10.7) 296.9 (SD, 87.3)
Control group (n¼ 19) 64.7 (SD, 7.1) 16.5 (SD, 4.7) 40.4 (SD, 14.8) 290.4 (SD, 72.8)
P value .70 ,.05 ,.05 .80
NHC-n group (n¼ 13) 63.8 (SD, 7.5) 17.1 (SD, 4.7) 37.9 (SD, 12.1) 305.6 (SD, 94.2)
Control group (n¼ 19) 64.7 (SD, 7.1) 16.5 (SD, 4.7) 40.4 (SD, 14.8) 290.4 (SD, 72.8)
P value .73 .70 .63 .61

a Data are expressed as means. P values are based on the Wilcoxon 2-sample exact test.

1228 Qi Oct 2023 www.ajnr.org



score, and blood gas analysis as covariates in multivariate regres-
sion analysis. Further studies with larger sample sizes and longitu-
dinal follow-up are needed to better elucidate the causal
relationship among calcium level, brain hemodynamics, and
structure change.

Comparison with Previous Studies
Our measurements of Yv, CBF, and CMRO2 in healthy neonates
were comparable with those in previous reports,21 demonstrating the
accuracy and reliability of PCMR and TRUST MR imaging for
assessing neonatal cerebral hemodynamics and metabolism.

There were limited reports on the cerebral hemodynamics
and oxygen metabolism in NHC. CBF and CMRO2 showed sig-
nificant increases with iCa levels. The OR of NHC with brain
injuries was 0.80 (95% CI, 0.65–0.99) for CBF. Thus, CBF may be
a protective factor for asymptomatic NHC with brain injury.

When a neonate with hypocalcemia has CBF of ,12.75mL/100
g/min (cutoff value), calcium supplementation might be consid-
ered to reduce the risk of brain injury.

Limitations
Our study has a moderate sample size. In future research, we will
broaden the scope of our study to include follow-up of patients
with NHC to clarify the impact of decreased CBF, CMRO2, and
iCa on neurocognitive deficits. In addition, SAH is negligible sec-
ondary to natural delivery. However, Wang et al30 and Peng et
al31 reported that the myelin sheath was shown to be rapidly
damaged and slowly recovered after SAH. Future studies for mea-
surement of whether there are hemodynamic and metabolic
abnormalities in neonates with SAH without parenchymal hem-
orrhagic lesions might be performed. There was 1 neonate with
NRDS in grade III diagnosed by x-ray in our study who was
administered a surfactant within 2 hours after birth. The adminis-
tration of surfactant is performed by liquid bolus instillation into
the endotracheal tube. Transient airway obstruction has been
associated with rapid changes in oxygen saturation, heart rate,
systemic blood pressure, and CBF. However, Terry et al32

reported that CBF did not change significantly after surfactant
administration. CBF that was not affected by fluctuations in arte-
rial blood pressure during surfactant administration may indicate
active autoregulation of flow by the cerebral vasculature. CBF
remained unchanged until the mean arterial pressures fell below
35mm Hg. In addition, MR dose not scan until neonate is stable.
In our only case with NRDS grade III, an MR imaging examina-
tion was performed 7 days after birth, at which time the surfac-
tant had little influence on CBF.

CONCLUSIONS
NHC with structural damage is likely to affect neonates with
lower cerebral metabolism and hemodynamics. CBF may be use-
ful in assessing the need for calcium supplementation in patients
with asymptomatic NHC to prevent brain injury.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Neuroimaging Findings in Axenfeld-Rieger Syndrome: A Case
Series

Samuel White, Ajay Taranath, Prasad Hanagandi, Deepa A. Taranath, Minh-Son To, Emmanuelle Souzeau,
Owen M. Siggs, and Jamie E. Craig

ABSTRACT

SUMMARY: Axenfeld-Rieger syndrome is an autosomal dominant condition associated with multisystemic features including devel-
opmental anomalies of the anterior segment of the eye. Single nucleotide and copy number variants in the paired-like homeodo-
main transcription factor 2 (PITX2) and forkhead box C1 (FOXC1) genes are associated with Axenfeld-Rieger syndrome as well as
other CNS malformations. We determined the association between Axenfeld-Rieger syndrome and specific brain MR imaging neu-
roradiologic anomalies in cases with or without a genetic diagnosis. This case series included 8 individuals with pathogenic variants
in FOXC1; 2, in PITX2; and 2 without a genetic diagnosis. The most common observation was vertebrobasilar artery dolichoectasia,
with 46% prevalence. Other prevalent abnormalities included WM hyperintensities, cerebellar hypoplasia, and ventriculomegaly.
Vertebrobasilar artery dolichoectasia and absent/hypoplastic olfactory bulbs were reported in .50% of individuals with FOXC1 var-
iants compared with 0% of PITX2 variants. Notwithstanding the small sample size, neuroimaging abnormalities were more prevalent
in individuals with FOXC1 variants compared those with PITX2 variants.

ABBREVIATION: ARS ¼ Axenfeld-Rieger syndrome

Axenfeld-Rieger syndrome (ARS) is an autosomal dominant
genetic condition associated with multisystemic features. It

is characterized primarily by ocular features that result from de-
velopmental anomalies of the anterior segment of the eye, includ-
ing posterior embryotoxon (a thickened and anteriorly displaced
Schwalbe ring), iris hypoplasia, corectopia (displaced pupil),
pseudopolycoria (additional pupillary opening), and iridocorneal
adhesions.1,2 The developmental anomalies of the structures
allowing drainage of the aqueous humor lead to an increased risk
of secondary glaucoma. Commonly reported systemic features
include facial dysmorphism; dental, umbilical, cardiovascular,

and endocrinological anomalies; hearing impairment; and devel-
opmental delay.2,3

ARS has been associated with variants in the paired-like
homeodomain transcription factor 2 (PITX2) and forkhead box
C1 (FOXC1) genes.4-6 PITX2 belongs to the homeobox gene
family and is fundamental to the embryonic development of
several tissues, including an essential role in left-right pattern-
ing.7,8 FOXC1 encodes a forkhead family transcription factor
and is also involved in embryonic development.9,10 Pathogenic
and likely pathogenic variants in FOXC1 and PITX2 have been
reported in �40% of individuals with a clinical diagnosis of
ARS,11,12 with unique ocular and systemic phenotypes associ-
ated with each gene.13-16

Variants in both FOXC1 and PITX2 have also been associated
with a range of CNS malformations, including hydrocephalus,16-18

classic commissural agenesis (corpus callosum agenesis),17-19 and
cerebellar malformations (Dandy-Walker phenotype,20 mega cis-
terna magna, and cerebellar vermis hypoplasia).18,21,22 More
recently, cerebral small-vessel disease has been reported in individ-
uals with FOXC1 or PITX2 variants, with the presence of WM
hyperintensities, dilated perivascular spaces, and lacunar infarcts
on MR imaging.23,24

Here, using a series of ARS cases with accompanying MR
imaging of the brain, we systematically determined the associa-
tion between ARS and specific neuroradiologic anomalies in cases
with or without a genomic diagnosis.
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MATERIALS AND METHODS
Subjects, Genetic Testing, and Neuroimaging
The study was conducted in accordance with the revised
Declaration of Helsinki. Ethics approval was obtained from the
Southern Adelaide Clinical Research Ethics Committee, and all
participants or their caregivers provided written informed con-
sent. Individuals with a clinical diagnosis of ARS were drawn
from the Australian and New Zealand Registry of Advanced
Glaucoma as previously described.25 FOXC1 and PITX2 genetic
testing was performed in a National Association of Testing
Authorities–accredited laboratory by Sanger sequencing or mul-
tiplex ligation-dependent probe amplification as previously
described.16,26 Brain MRIs were assessed by 2 pediatric neurora-
diologists (A.T. and P.H.) blinded to the genetic results of each
participant.

RESULTS
Twelve individuals with ARS were included. The mean age at
evaluation was 37.3 (SD, 21.2) years (range, 2 months–73 years),
77% (10/13) were female, and all were of European ancestry
(Table 1). Eight individuals had heterozygous pathogenic or likely
pathogenic variants in FOXC1 (including 7 with sequence var-
iants and 1 with a full gene deletion), 2 had heterozygous patho-
genic or likely pathogenic variants in PITX2, and 2 had no
genetic diagnosis despite testing.

Globe and Optic Chiasm
Mean globe parameters are outlined in Table 2 and are compared
with ocular biometry from the general population.27,28 A thin
optic chiasm was reported in 42% (5/12) of the cohort. Both indi-
viduals with PITX2 variants had optic chiasm thinning, whereas
only 38% (3/8) of those with FOXC1 variants had a thin optic
chiasm (Fig 1A and Table 3).

Cortex
Five subjects had nonspecific WM hyperintensities. Other WM
changes included reduced WM volume (n¼ 1) and delayed

myelination (n¼ 1). Prominent perivascular spaces were noted in
3 individuals. Four patients had corpus callosal thinning. Three
individuals had colpocephaly/ventriculomegaly, and another had
a ventriculoperitoneal shunt. Other corpus callosal abnormalities
included thickening of the splenium (n¼ 1) and genu (n¼ 1).
The prevalence of prominent perivascular spaces in the FOXC1
variant group was 38% (3/8). Corpus callosum thinning was
observed in 38% (3/8) of FOXC1 variants (Fig 1B). Thirty-eight
percent (3/8) of individuals with FOXC1 variants had ventriculo-
megaly or a ventriculoperitoneal shunt in situ, whereas none
(0/2) of the PITX2 variant group had a ventricular abnormality.

Cerebellum
Hemispheric or global cerebellar hypoplasia was reported in 42%
(5/12) of subjects (Fig 1C). Superior vermian hypoplasia was
identified in 1 patient, and inferior vermis hypoplasia, in another.
Other cerebellar findings included tonsillar ectopia (defined as in-
ferior tonsillar location 3–5mm below the plane of foramen mag-
num) (n¼ 1) and mega cisterna magna (defined as distance from
the posterior aspect of the cerebellar vermis to the inside of the
occipital bone of.10mm) (n¼ 1) (Fig 1C). One of the 2 individ-
uals with PITX2 variants had superior vermis hypoplasia, and
38% (3/8) of the FOXC1 variant group had global or hemispheric
cerebellar hypoplasia.

Brainstem
An oblong pons was observed in 3 patients. Three subjects had
brainstem indentation secondary to tortuous vertebral arteries.
Another individual had medullary elongation. Brainstem inden-
tation secondary to tortuous vertebral arteries was observed in
38% (3/8) of individuals with FOXC1 variants. No brainstem
abnormalities were reported in the PITX2 variant group.

Vessels
Twenty-five percent (3/12) of individuals had circle of Willis
abnormalities on MRA. Vertebrobasilar artery dolichoectasia was
reported in 6 patients (Fig 1D). Four of these 6 individuals also
had anterior circulation dolichoectasia. All 3 patients with circle

Table 1: Cohort demographicsa

All FOXC1 Variant PITX2 Variant No Genetic Diagnosis
Prevalence in overall cohort (No.) (%) NA 8 (61.5) 2 (16.7) 2 (16.7)
Sex, female (No.) (%) 9 (75) 6 (75.0) 2 (100) 1 (50)
European ancestry (No.) (%) 100 (100) 8 (100) 2 (100) 2 (100)
Age (yr)
Mean 37.3 (SD, 21.1) 29.2 (SD, 16.1) 51.8 (SD, 3.04) 10.6 (SD, 14.6)
Range 8–73 8–49 48–54 0–31

Note:—NA indicates not applicable.
a Both sex and ancestry were self-reported.

Table 2: Mean globe parameters

Parameter

Mean Length (mm)

All (n= 12)
FOXC1 Variant

(n= 8)
PITX2 Variant

(n= 2)
No Genetic

Diagnosis (n= 2)
General

Population27,28

Anterior-posterior diameter
of globe

22.1 22.4 24.0 20.1 24.2

Transverse diameter of globe 22.9 23.5 24.0 20.7 24.2
Anterior chamber depth 2.37 2.62 1.89 1.51 2.62
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of Willis abnormalities on MRA had FOXC1 variants, accounting
for 38% of this group. Most (75%) of the FOXC1 variant group
had vertebrobasilar artery dolichoectasia. Of these patients, two-
thirds also had anterior circulation dolichoectasia.

Other Findings
Absent or hypoplastic olfactory bulbs were reported in 50% (6/12)
of subjects (Fig 1E). Other findings included cochlear nerve

hypoplasia (n¼ 1), a widened opercula (n¼ 1), hippocampal mal-
rotation (n¼ 1), and bilateral absent posterior semicircular canals
(n¼ 1). Absent or hypoplastic olfactory bulbs were reported in
63% (5/8) of subjects with FOXC1 variants but in none (0/2) of
the subjects with PITX2 variants. Except for 1 subject with right
unicoronal craniosynostosis, most of the cohort did not have cra-
niofacial dysmorphism. The pituitary gland and hypothalamus
were normal across the cohort. There was no abnormality of the

deep gray nuclei. No dental abnormal-
ities were observed.

DISCUSSION
This case series reviewed the neuroradio-
logic features of 12 individuals diagnosed
with ARS, comprising 8 individuals with
FOXC1 variants, 2 with PITX2 variants,
and 2 with unsolved genetic defects.
No single anatomic abnormality was
observed in most individuals. The
most common observation was verte-
brobasilar artery dolichoectasia (50%
prevalence), which was associated with
anterior circulation dolichoectasia in
most cases. Other prevalent abnormal-
ities included WM hyperintensities
(42%), hemispheric or global cerebellar
hypoplasia (42%), corpus callosal thin-
ning (33%), and ventriculomegaly
(25%). Optic chiasm thinning was
observed in both members of the PITX2
variant group and in 38% of the FOXC1
variant group. Vertebrobasilar artery
dolichoectasia was reported in 75% of
individuals with FOXC1 variants com-
pared with 0% of individuals with
PITX2 variants. Similarly, while 63% of
individuals with FOXC1 variants had
absent or hypoplastic olfactory bulbs,
they were not observed in any of the
individuals with PITX2 variants. Circle
of Willis abnormalities on MRA and
ventricular abnormalities both had a
prevalence of 38% in the FOXC1 group
compared with 0% in the PITX2 group.

A1 A2 

C2 D1 

B1 B2 

C1 D2 

E2 F E1 G 

FIGURE. A, A 49-year-old woman with a PITX2 mutation had superior vermian volume loss on
the T1-weighted sagittal image (A1) and optic chiasm thinning on the T2-weighted coronal image
(A2). B, A 2-month-old girl with an unsolved mutation had inferior vermian hypoplasia and a wid-
ened tegmentovermian angle on the T1-weighted sagittal image (B1) and malrotated hippocampi
on the T2-weighted coronal image (B2). C, A 43-year-old man with a FOXC1 mutation had mega
cisterna magna and an ectatic basilar artery and a hypoplastic left cerebellar hemisphere on the
T2-weighted axial image (C1) and hypoplastic olfactory bulbs on the T2-weighted coronal image
(C2). D, A 46-year-old man with a FOXC1 mutation had a tortuous basilar artery and an ectatic
cavernous segment of the left ICA on axial TOF angiography (D1); a short mesencephalon with
loss of the normal relationship among the mesencephalon, pons, and medulla; loss of volume in
the superior vermis and ectatic basilar artery; and flow void seen end-on on the T2-weighted sag-
ittal image (D2). E, A 41-year-old woman with a FOXC1 mutation had a tortuous basilar artery flow
void on the T2-weighted axial image (E1), a short mesencephalon with loss of the normal relation-
ship among the mesencephalon, pons, and medulla, and bowing of the corpus callosum second-
ary to ventriculomegaly on the T1-weighted sagittal image (E2). F, A 3-month-old boy with an
unsolved mutation had absent olfactory bulbs on the T2-weighted coronal image. G, A 31-year-
old woman with an unsolved mutation had a thickened splenium and tonsillar ectopia on the T1-
weighted sagittal image.

Table 3: Prevalence of neuroradiologic anomaliesa

(N (%)) All FOXC1 PITX2 No Genetic Diagnosis
Thin optic chiasm 5/12 (41.7) 3/8 (37.5) 2/2 (100) 0/2 (0.0)
Nonspecific WM hyperintensities 5/12 (41.7) 4/8 (50.0) 1/2 (50.0) 0/2 (0.0)
Corpus callosal thinning 4/12 (33.3) 3/8 (37.5) 0/2 (0.0) 1/2 (50.0)
Ventriculomegaly or ventriculoperitoneal shunt 4/12 (33.3) 3/8 (37.5) 0/2 (0.0) 0/2 (0.0)
Hemispheric or global cerebellar hypoplasia 5/12 (41.7) 3/8 (37.5) 1/2 (50.0) 0/2 (0.0)
Oblong pons 3/12 (25.0) 2/8 (25.0) 0/2 (0.0) 1/2 (50.0)
Brainstem indentation secondary to tortuous vessels 3/12 (25.0) 3/8 (37.5) 0/2 (0.0) 0/2 (0.0)
Circle of Willis abnormalities 3/12 (25.0) 3/8 (37.5) 0/2 (0.0) 0/2 (0.0)
Vertebrobasilar artery dolichoectasia 6/12 (50.0) 6/8 (75.0) 0/2 (0.0) 0/2 (0.0)
Absent/hypoplastic olfactory bulb 6/12 (50.0) 5/8 (62.5) 0/2 (0.0) 1/2 (50.0)

a Data are (No.) (%).
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Mean globe parameters were smaller in the cohort without a
genetic diagnosis. Although we acknowledge the very small sam-
ple size, this group might have an underlying genetic etiology
that also impacts globe development, though this remains to be
validated. No individuals with FOXC1 or PITX2 variants had cra-
niofacial dysmorphism or abnormalities of the hypothalamus, pi-
tuitary, deep gray nuclei, or dentition.

The specific endocrinologic manifestations of ARS have not
been comprehensively reported in the literature. Santini et al29

have described a patient with growth hormone deficiency associ-
ated with ARS. Notably, growth hormone deficiency is a preva-
lent feature among individuals with septo-optic dysplasia,30

which, like ARS, often involves olfactory bulb–tract hypoplasia.31

While there have been several isolated ARS neuroimaging
case studies reported,32-34 to our knowledge, there is only 1 case
series (Reis et al35) that characterized the genetic and phenotypic
features of an ARS cohort comprising 128 individuals with
FOXC1 or PITX2 variants, including 18 with neuroimaging. The
authors observedWM hyperintensities in 94% of FOXC1 variants
and 50% of PITX2 variants35 (compared with 50% for both
FOXC1 and PITX2 variant groups in our study). Seventy-one per-
cent of individuals with FOXC1 variants had colpocephaly/ventri-
culomegaly (compared with 25% in our study). Reis et al also
reported a 31% prevalence of arachnoid cysts in the FOXC1 vari-
ant group, which was not assessed in our case series. Most inter-
esting, the same study observed no correlation between the extent
of neuroimaging anomalies and the presence or severity of cogni-
tive impairment in patients with FOXC1 variants.

Due to the nature of the imaging technique used in this study
(MR imaging of the brain), we were not able to reliably detect ex-
tracerebral abnormalities such as craniofacial dysmorphism and
dental anomalies, which are more sensitively detected by physical
examination and specific dental imaging modalities such as
orthopantomogram. Reis et al35 reported classic dental anomalies
such as hypodontia/oligodontia and microdontia in 91% of indi-
viduals with PITX2 variants, with similar anomalies reported in
100% (23/23) of an Australian PITX2 cohort16 drawn from the
same registry as the current study. In contrast, these classic dental
anomalies were considerably less common among the FOXC1
group, who had a tendency to present with more atypical anoma-
lies such as enamel hypoplasia/frequent caries (16%) or dental
crowding (16%).35 In a similar vein, while craniofacial dysmor-
phism was not observed on MR imaging of the brain in any of
the individuals included in our case series, features such as thin
upper lip and maxillary hypoplasia were reported in 78% of indi-
viduals with FOXC1 variants and 93% of individuals with PITX2
variants in 1 previous study,35 and in another study (which
included all cases described here), hypertelorism/telecanthus and
low-set ears were found to be more prevalent in those with
FOXC1 variants compared with those with PITX2 variants.15

This case series was limited by its small cohort size (n¼ 12),
particularly with respect to the PITX2 variant group (n¼ 2), which
like other ARS case series precluded statistical comparisons.33

CONCLUSIONS
This study is novel in its description of the relative prevalence of
neuroimaging findings among patients with FOXC1 and PITX2

variants, and overall, we observed that the FOXC1 variant group
had a higher prevalence of most (70%) neuroimaging abnormal-
ities assessed (Table 3). The most common observation was verte-
brobasilar artery dolichoectasia, which was reported in 75% of
individuals with FOXC1 variants compared with 0% of individu-
als with PITX2 variants.

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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Venous Sinus Stenosis with Prominent Emissary Veins: A New
Common Cranial MRI Finding of Mucopolysaccharidosis I

Shiwei Huang, Ashish Gupta, Paul Orchard, Troy Lund, and David Nascene

ABSTRACT

SUMMARY:Mucopolysaccharidosis I-Hurler (MPSIH) syndrome is the most severe form of a group of hereditary lysosomal diseases.
This study aims to describe previously unreported common cranial findings of sigmoid sinus stenosis with prominent emissary veins
in MPSIH. A retrospective review was conducted of 66 patients with MPSIH who were treated at our institution. A total of 12 cra-
nial MR imaging studies from 12 different patients demonstrating the venous sinus anatomy were reviewed. All 12 patients exhibited
various degrees of sigmoid or transverse sinus stenosis. Eleven had various forms of emissary veins. Of those 12 patients with imag-
ing of the venous sinuses, 9 had a lumbar puncture within the same months as the acquisition of the venogram without any corre-
lation between elevated opening pressure and the severity of the venous sinus stenosis. Stenotic cerebral venous sinuses with
associated emissary veins, common in patients with MPSIH, may be abnormal findings due to posterior fossa horns from glycosami-
noglycan depositions rather than signs of elevated intracracranial pressure or requirement of CSF diversion.

ABBREVIATIONS: GAG ¼ glycosaminoglycan; HSCT ¼ hematopoietic stem cell transplant; MPSIH ¼ mucopolysaccharidosis I-Hurler; OP ¼ opening pressure;
VP ¼ ventriculoperitoneal

Mucopolysaccharidosis type I, Hurler (MPSIH) syndrome is
a severe, rare genetic lysosomal storage disease character-

ized by the accumulation of glycosaminoglycan (GAG) within
the lysosomes due to a-L-iduronidase deficiency. Elevated GAG
levels can be found in many tissues and body fluids, leading to
progressive organ damage, cardiovascular complications, neuro-
cognitive delay, and skeletal abnormalities.1

The brain and cranial imaging manifestations of MPSIH have
been well-studied and include WM signal-intensity abnormality,
ventricular dilation, hydrocephalus, enlarged perivascular spaces,
a J-shaped sella turcica, an enlarged pituitary gland, and posterior
fossa horns (hypertrophy of the occipitomastoid sutures).2-5

Hydrocephalus is an early manifestation in patients with MPSIH,
and prompt recognition and treatment can potentially prevent
neurocognitive decline or even mortality.4,6 One common hy-
pothesis is that skull abnormalities could lead to venous hyperten-
sion, which contributes to hydrocephalus in MPSIH. However, to
our knowledge, no studies have evaluated the venous anatomy in

patients with MPSIH or its correlation with intracranial pres-
sure.7,8 Studies in idiopathic intracranial hypertension (pseudo-
tumor cerebri) have described the role of posterior fossa
emissary veins as collateral venous outlets in transverse sinus
stenosis that help to prevent or lessen intracranial pressures.9,10

In this study, we describe the high prevalence of posterior fossa
horns, venous sinus stenosis, and prominent emissary veins in
patients with MPSIH and examine their possible correlation
with intracranial pressure.

MATERIALS AND METHODS
A total of 66 patients with MPSIH treated with hematopoietic
stem cell transplant (HSCT) at our institution between 2008 and
2020 were retrospectively reviewed. Of those patients, 8 patients
had dedicated MRVs and another 4 had high-resolution, con-
trast-enhanced 3D T1-weighted MPRAGE images with sufficient
detail to allow evaluation of the venous sinuses. The venograms
were obtained in accordance with our institution’s existing stem
cell transplant protocol. The contrast-enhanced MR images were
obtained to assess infection, ophthalmologic pathology, and hor-
monal deficiencies. The radiologic assessments were performed
by a resident and confirmed by an attending neuroradiologist for
posterior fossa horns, venous stenosis, and emissary veins. Charts
of the 12 patients were reviewed for concurrent CSF opening
pressure (OP) measurements within 30 days of MR imaging.
Lumbar punctures were performed with the patient in the lateral
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decubitus position with maintained end-tidal CO2 of 25-40 mm
Hg.11 Whether ventriculoperitoneal (VP) shunts were present
was also assessed. Ten children without MPSIH who underwent
MRV in 2020 were reviewed and included as a control popula-
tion. This study was performed in accordance with the rules and
regulations of Committee on the Use of Human Subjects in
Research at the University of Minnesota (IRB STUDY00010613).

RESULTS
All 12 patients with sufficient imaging demonstrated some degree
of venous sinus stenosis and posterior fossa horns, with an aver-
age age of 3.1 years at the time of the MRV (Online Supplemental
Data). Eleven of the 12 patients had emissary veins or venous
plexuses draining from either the sigmoid sinus, torcula, superior
sagittal sinus, or jugular bulb (Fig 1). Nine of the 12 patients had
an OP measured with a mean of 24 cm H2O (range, 7–37 cm
H2O). Three of those 9 patients had an OP of.28 cm H2O. Two
of the 12 patients had a VP shunt placed 4 years after HSCT due
to the discovery of a papilledema refractory to medical therapy
but with normal OP and ventricular size, and their contrast-
enhancing MR images were obtained 5 years after VP shunt
placement to assess a hormonal deficiency (9 years after HSCT).
On the basis of MR imaging, 1 patient was found to have acute
hydrocephalus 22 days after HSCT, for which a VP shunt was
eventually placed, and this patient’s MRV was obtained before
HSCT as part of the pretransplantation work-up. The average age
at the time of MRV was 2.1 years for the 10 controls. Three of
them underwent MRV for a work-up of intracerebral hemor-
rhage; 2, for seizure work-up; 2, for visual disturbance work-up;
and 3, for surveillance of known vascular abnormalities (Online
Supplemental Data). None of the patients in the control group
had intracranial hypertension or shunts. Only 2 had some degree
of posterior fossa horns, and only 1 had emissary veins (Fig 2).

DISCUSSION
MPSIH is associated with varying degrees of CNS involvement
and a resultant impact on neurodevelopment. Previous studies
have summarized various types of CNS pathology, including WM

signal-intensity abnormality, ventricular dilation, hydrocephalus,
enlarged perivascular spaces, a J-shaped sella turcica, an enlarged
pituitary, and recently described posterior fossa horns (hypertro-
phy of the occipitomastoid sutures).2-5,7 Several case reports have
reported large occipital emissary veins in healthy cohorts, and the
presence of emissary veins potentially improves cerebellar venous
outflow and thus prevents the increase in intracranial hyperten-
sion.7,8 To our knowledge, prominent emissary veins in MPSIH
have not been reported in the literature. Recently in the literature,
a high prevalence posterior fossa horns due to internal hypertro-
phy of the occipitomastoid sutures and the subsequent regression
of posterior fossa horns have been described in MPSIH.3,4,12 We
propose a possible interaction between the posterior fossa horns,
the impaired venous outflow, and intracranial hypertension. More
specifically, the prominent posterior fossa horns, which develop
possibly due to GAG deposits, just inferior to the transverse sinuses
and posterior to the sigmoid sinuses narrow the posterior fossa.
The posterior fossa horns compress the cerebellar hemispheres,
which, in turn, compress the sigmoid and transverse sinuses,
resulting in venous hypertension and poor CSF resorption.

In adult patients with idiopathic intracranial hypertension,
various degrees of venous sinus stenosis are seen, and alleviation
of intracranial hypertension via venous sinus stent placement in
those patients supports the hypothesis that elevation in venous
pressure restricts CSF resorption.13 Furthermore in those patients,
alternative cerebral venous drainage has been reported, and occipi-
tal emissary veins and extrajugular venous drainage have been
described as hallmarks of idiopathic intracranial hyperten-
ion.9,10,14,15 We, therefore, postulated that the compression of the
sigmoid and transverse sinuses drives the development or enlarge-
ment of emissary veins in patients with MPSIH to provide alterna-
tive venous outflow, alleviate the venous hypertension, and
ultimately improve CSF resorption and decrease the likelihood of
developing hydrocephalus.

Although the exact incidence of hydrocephalus in MPSIH is
unclear, 1 large multicenter study reported 30.6% of patients with
hydrocephalus before HSCT and 5.9% with persistent hydroceph-
alus after HSCT.11,16,17 In our study of 12 patients, we discovered
that 3 of the 12 patients had VP shunt placement. All 12 patients

had some degree of venous stenosis
and posterior fossa horns compared
with only 2 patients with posterior fossa
horns and 1 patient with bilateral emis-
sary veins in the control group. Almost
all of them (11 of the 12) had promi-
nent emissary veins from the sigmoid
sinus or torcula. The mean OP among
9 of the 12 patients was 24 cm H2O,
which was the reported average OP in
25 patients with MPSIH in a previous
study.11 Only 3 of those 9 patients had
an OP of .28 H2O cm, which is the
recently established upper normal limit
of OP in the pediatric population.18 In
our study of 12 patients, at the same
time that the venogram was obtained,
all 3 patients with elevated OP had

FIG 1. A, Axial T1-weighted image with contrast (patient 3) demonstrates prominent bilateral pos-
terior fossa horns (black arrows) with a draining emissary vein from the right sigmoid sinus (white
arrow) and a stenotic left sigmoid sinus (black arrowhead). B, Axial T1-weighted images with con-
trast (patient 10) demonstrate left-greater-than-right bilateral posterior fossa horns (black arrows)
with a draining emissary vein from the left sigmoid sinus (white arrow), an emissary venous plexus
(white arrow), and a stenotic left sigmoid sinus (black arrowhead). C, MRV (patient 8) shows a
hypoplastic right transverse sinus (black arrow) with a large emissary venous plexus from the dis-
tal jugular bulb (white arrow).
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venous stenosis and emissary veins, but none of them ultimately
required shunt placement. Three of the 12 had VP shunts placed.
One of the 3 patients developed acute ventriculomegaly and hy-
drocephalus on MR imaging 22 days after HSCT and required
VP shunt placement, so the patient did not have OP measured
and the patient’s MRV was obtained as part of the pretransplan-
tation evaluation. The other 2 patients with VP shunt placement
had undergone the procedure 4 years after HSCT due medical re-
fractory papilledema with normal OP, and their MR images were
obtained 5 years after shunt placement for evaluation of hormo-
nal deficiency. There was no apparent association of elevated OP
or the incidence of VP shunting with the severity of posterior
fossa horns or the degree of venous sinus stenosis. Emissary veins
are equally prevalent, but they are found in patients with MPSIH
with both normal and elevated OP, contrary to the patient group
of similar ages that did not have MPSIH. Only one of them had
bilateral emissary veins without venous sinus stenosis. The
authors postulated that the various venous stenoses and subse-
quent development of emissary veins, in fact, might be a common
finding in patients with MPSIH.

The retrospective nature of this study and the small size are 2
main limitations. Not all patients had a dedicated venogram, and
not all patients had OP measurements. Several patients had
venography and OP measurements at different stages of their
treatment, ie, some of the studies were performed before HSCT
and some were performed after HSCT. Multiple studies have
reviewed the effects of HSCT in patients with MPSIH and found
improvement in the incidence of hydrocephalus, possibly due to
improvement in GAG deposits and CSF flow.17,19 Therefore, the
OP may be affected by the intrinsic characteristics of the CSF and
is not a surrogate for venous hypertension. However, our study

illustrated the high prevalence of venous stenosis and emissary
veins, which was not previously described. Whether posterior
fossa horns or venous sinus stenosis contributes to the develop-
ment of hydrocephalus in MPSIH requires further investigation
with a larger cohort.

CONCLUSIONS
Venous hypertension has long been postulated as one of the
causes of hydrocephalus in patients with MPSIH. Adult studies
in idiopathic intracranial hypertension have postulated that
increased venous congestion leads to increased intracranial
pressure. This study demonstrates that a similar mechanism
may occur in patients with MPSIH. The posterior fossa horns
likely cause venous sinus compression which, in turn, drives the
development of compensatory collateral venous outflow, ie, em-
issary veins. However, given the high prevalence of venous em-
issary veins but the low incidence of a shunt, larger studies are
needed to further characterize these features and hopefully help
identify the patients who will develop hydrocephalus and guide
the timing of CSF diversion.

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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