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ADVANCEMENT

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.

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 02/22

Introducing

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 thrombogenicity1

Maintain natural vessel healing response2,3,4

Improve device deliverability and resheathing1

The only FDA PMA approved portfolio with a 0.021” delivery system for 

smaller device sizes, and no distal lead wire.

* Data is derived from in vivo and ex vitro testing and may not be representative of clinical performance.
1.  Data on file
2.  Tanaka M et al. Design of biocompatible and biodegradable polymers based on intermediate water concept. 

Polymer Journal. 2015;47:114-121. 
3.  Tanaka M et al. Blood compatible aspects of poly(2-methoxyethylacrylate) (PMEA) – relationship between 

protein adsorption and platelet adhesion on PMEA surface. Biomaterials. 2000;21:1471-1481. 
4.  Schiel L et al. X Coating™: A new biopassive polymer coating. Canadian Perfusion Canadienne. June 2001;11(2):9. 

For more information, contact your local 
MicroVention sales representative or visit 
our website. www.microvention.com
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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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MultiHance® demonstrated signifi cantly improved visualization and contrast 

enhancement of CNS lesions when compared with Gadavist® at 0.1 mmol/kg.1†

•  The 0.1 mmol/kg dose of MultiHance demonstrated consistently better lesion visualization for all readers 

compared to all tested MR contrast agents.1-4

•  3 blinded independent readers reported superiority for MultiHance in signifi cantly (P = .0001) more patients for 

all evaluated end points. The opinions of the 3 readers were identical for 61.9%–73.5% of the patients, resulting 

in values of 0.414–0.629 for inter-reader agreement.

What does 
seeing better 
with MultiHance® mean?1-4*

The individuals who appear are for illustrative purposes. All persons depicted are models and not real patients.

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

*MRI imaging of the CNS in adult and pediatric patients to visualize lesions with abnormal BBB or abnormal vascularity of the brain, 

spine and associated tissues or to evaluate adults with known or suspected renal or aorto-ilio-femoral occlusive vascular disease. 

MultiHance® (gadobenate dimeglumine) injection, 529 mg/mL and 
MultiHance® Multipack™ (gadobenate dimeglumine) injection, 529 mg/mL 

Indications and Usage:
MultiHance® (gadobenate dimeglumine) injection, 529 mg/mL is a gadolinium-
based contrast agent indicated for intravenous use in:

• Magnetic resonance imaging (MRI) of the central nervous system (CNS) in 
adults and pediatric patients (including term neonates) to visualize lesions 
with abnormal blood-brain barrier or abnormal vascularity of the brain, spine, 
and associated tissues and

• Magnetic resonance angiography (MRA) to evaluate adults with known or 
suspected renal or aorto-ilio-femoral occlusive vascular disease

IMPORTANT SAFETY INFORMATION:

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS

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 systemic 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/1.73m2), 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 or diabetes), estimate the 
glomerular fi ltration rate (GFR) through laboratory testing.

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

CONTRAINDICATIONS
MultiHance is contraindicated in patients with known allergic or hypersensitivity 
reactions to gadolinium-based contrast agents. 

WARNINGS AND PRECAUTIONS
Nephrogenic Systemic Fibrosis: NSF has occurred in patients with impaired 
elimination of GBCAs. Higher than recommended dosing or repeated dosing 
appears to increase risk.
Hypersensitivity Reactions: Anaphylactic and anaphylactoid reactions have been 
reported, involving cardiovascular, respiratory, and/or cutaneous manifestations. 
Some patients experienced circulatory collapse and died. In most cases, initial 
symptoms occurred within minutes of MultiHance administration and resolved 
with prompt emergency treatment. Consider the risk for hypersensitivity reactions, 
especially in patients with a history of hypersensitivity reactions or a history of 
asthma or other allergic disorders.
Gadolinium Retention: Gadolinium is retained for months or years in several 
organs. The highest concentrations have been identifi ed in the bone, followed by 
brain, skin, kidney, liver, and spleen. At equivalent doses, retention varies among 
the linear agents. Retention is lowest and similar among the macrocyclic GBCAs. 
Consequences of gadolinium retention in the brain have not been established, but 
they have been established in the skin and other organs in patients with impaired 
renal function. Minimize repetitive GBCA imaging studies, particularly closely 
spaced studies when possible.
Acute Renal Failure: In patients with renal insuffi ciency, acute renal failure requiring 
dialysis or worsening renal function have occurred with the use of GBCAs. The risk 
of renal failure may increase with increasing dose of the contrast agent. Screen all 
patients for renal dysfunction by obtaining a history and/or laboratory tests.
Extravasation and Injection Site Reactions: Extravasation of MultiHance may 
lead to injection site reactions, characterized by local pain or burning sensation, 
swelling, blistering, and necrosis. Exercise caution to avoid local extravasation 
during intravenous administration of MultiHance.
Cardiac Arrhythmias: Cardiac arrhythmias have been observed in patients 
receiving MultiHance in clinical trials. Assess patients for underlying conditions 



MR Suite

or medications that predispose to arrhythmias. The effects on QTc by MultiHance 
dose, other drugs, and medical conditions were not systematically studied.
Interference with Visualization of Certain Lesions: Certain lesions seen on 
non-contrast images may not be seen on contrast images. Exercise caution 
when interpreting contrast MR images in the absence of companion 
non-contrast MR images.

ADVERSE REACTIONS
The most commonly reported adverse reactions are nausea (1.3%) and headache 
(1.2%). 

USE IN SPECIFIC POPULATIONS
Pregnancy: GBCAs cross the human placenta and result in fetal exposure and 
gadolinium retention. Use only if imaging is essential during pregnancy and cannot 
be delayed.
Lactation: There is no information on the effects of the drug on the breastfed infant 
or the effects of the drug on milk production. However, limited literature reports that 
breastfeeding after MultiHance administration to the mother would result in the 
infant receiving an oral dose of 0.001%-0.04% of the maternal dose.
Pediatric Use: MultiHance is approved for intravenous use for MRI of the CNS to 
visualize lesions with abnormal blood brain barrier or abnormal vascularity of the 
brain, spine, and associated tissues in pediatric patients from birth, including term 
neonates, to less than 17 years of age. Adverse reactions in pediatric patients 
were similar to those reported in adults. No dose adjustment according to age is 
necessary in pediatric patients two years of age and older. For pediatric patients, 
less than 2 years of age, the recommended dosage range is 0.1 to 0.2 mL/kg. The 
safety of MultiHance has not been established in preterm neonates.

Please see full Prescribing Information and Patient Medication 
Guide for additional important safety information for/regarding 
MultiHance (gadobenate dimeglumine) injection, 529 mg/mL at 
https://www.braccoimaging.com/us-en/products/magnetic-resonance-
imaging/multihance

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.

MultiHance is manufactured for Bracco Diagnostics Inc. by BIPSO GmbH – 78224 
Singen (Germany) and by Patheon Italia S.p.A., Ferentino, Italy.
MultiHance is a registered trademark of Bracco International B.V.
MultiHance Multipack is a trademark of Bracco International B.V.
All other trademarks and registered trademarks are the property of their 
respective owners.

References: 1. Seidl Z, Vymazal J, Mechi M, et al. Does higher gadolinium 
concentration play a role in the morphologic assessment of brain tumors? 
Results of a multicenter intraindividual crossover comparison of gadobutrol 
versus gadobenate dimeglumine (the MERIT Study). AJNR Am J Neuroradiol.
2012;33(6):1050-1058. 2. Maravilla KR, Maldjian JA, Schmalfuss IM, et 
al. Contrast enhancement of central nervous system lesions: multicenter 
intraindividual crossover comparative study of two MR contrast agents. Radiology.
2006;240(2):389-400. 3. Rowley HA, Scialfa G, Gao PY, et al. Contrast-enhanced 
MR imaging of brain lesions: a large-scale intraindividual crossover comparison 
of gadobenate dimeglumine versus gadodiamide. AJNR Am J Neuroradiol. 
2008;29(9):1684-1691. 4. Vaneckova M, Herman M, Smith MP, et al. The benefi ts 
of high relaxivity for brain tumor imaging: results of a multicenter intraindividual 
crossover comparison of gadobenate dimeglumine with gadoterate meglumine 
(The BENEFIT Study). AJNR Am J Neuroradiol. 2015 Sep;36(9):1589–1598.

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446
© 2022 Bracco Diagnostics Inc. All Rights Reserved. US-MH-2100019 02/22



WARNING: NEPHROGENIC SYSTEMIC FIBROSIS
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 systemic 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/1.73m2), 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 or diabetes), estimate the  
    glomerular filtration rate (GFR) through laboratory testing. 
•  For patients at highest risk for NSF, do not exceed the recommended  
    MultiHance dose and allow a sufficient period of time for elimination of the  
    drug from the body prior to re-administration. [see Warnings and Precautions (5.1)]

1 INDICATIONS AND USAGE
1.1 MRI of the Central Nervous System (CNS)
MultiHance is indicated for intravenous use in magnetic resonance imaging (MRI) of the  
central nervous system (CNS) in adults and pediatric patients (including term neonates), 
to visualize lesions with abnormal blood-brain barrier or abnormal vascularity of the brain, 
spine, and associated tissues.
1.2 MRA of Renal and Aorto-ilio-femoral Vessels
MultiHance is indicated for use in magnetic resonance angiography (MRA) to evaluate 
adults with known or suspected renal or aorto-ilio-femoral occlusive vascular disease.
4 CONTRAINDICATIONS MultiHance is contraindicated in patients with known allergic 
or hypersensitivity reactions to gadolinium-based contrast agents [see Warnings and 
Precautions (5.2)].
5 WARNINGS AND PRECAUTIONS
5.1 Nephrogenic Systemic Fibrosis (NSF) Gadolinium-based contrast agents (GBCAs) in-
crease the risk for nephrogenic systemic fibrosis (NSF) among patients with impaired elimina-
tion of the drugs. Avoid use of GBCAs among these patients unless the diagnostic information 
is essential and not available with non-contrast enhanced MRI or other modalities. The GBCA-
associated NSF risk appears highest for patients with chronic, severe kidney disease (GFR 
<30 mL/min/1.73m2) as well as patients with acute kidney injury. The risk appears lower for 
patients with chronic, moderate kidney disease (GFR 30-59 mL/min/1.73m2) and little, if any, 
for patients with chronic, mild kidney disease (GFR 60-89 mL/min/1.73m2). NSF may result in 
fatal or debilitating fibrosis affecting the skin, muscle and internal organs. Report any diagnosis 
of NSF following MultiHance administration to Bracco Diagnostics (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 setting 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 recom-
mended 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 MultiHance dose and allow a sufficient period of time for 
elimination of the drug prior to re-administration. For patients receiving hemodialysis, physi-
cians may consider the prompt initiation of hemodialysis following the administration of a 
GBCA in order to enhance the contrast agent’s elimination. The usefulness of hemodialysis 
in the prevention of NSF is unknown [see Dosage and Administration (2) and Clinical 
Pharmacology (12)].
5.2 Hypersensitivity Reactions Anaphylactic and anaphylactoid reactions have been reported, 
involving cardiovascular, respiratory, and/or cutaneous manifestations. Some patients experi-
enced circulatory collapse and died. In most cases, initial symptoms occurred within minutes of 
MultiHance administration and resolved with prompt emergency treatment. Prior to MultiHance 
administration, ensure the availability of personnel trained and medications to treat hypersen-
sitivity reactions. If such a reaction occurs stop MultiHance and immediately begin appropriate 
therapy. Additionally, consider the risk for hypersensitivity reactions, especially in patients with a 
history of hypersensitivity reactions or a history of asthma or other allergic disorders. Observe 
patients for signs and symptoms of a hypersensitivity reaction during and for up to 2 hours after 
MultiHance administration.
5.3 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 Omniscan (gadodiamide) 
and Optimark (gadoversetamide) causing greater retention than other linear agents [Eovist  
(gadoxetate disodium), Magnevist (gadopentetate dimeglumine), MultiHance (gadobenate 
dimeglumine)].  Retention is lowest and similar among the macrocyclic GBCAs [Dotarem gadoterate 
meglumine), Gadavist (gadobutrol), ProHance (gadoteridol)].
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)]. 
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 retention [see Adverse Reactions (6.2)]. While 
clinical consequences of gadolinium retention have not been established 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 inflammatoryconditions. 
Consider the retention characteristics of the agent when choosing a GBCA for these patients. 
Minimize repetitive GBCA imaging studies, particularly closely spaced studies when possible.
5.4 Acute Renal Failure In patients with renal insufficiency, acute renal failure requiring  
dialysis or worsening renal function have occurred with the use of gadolinium-based con-
trast agents. The risk of renal failure may increase with increasing dose of the contrast agent. 
Screen all patients for renal dysfunction by obtaining a history and/or laboratory tests. Consider 
follow-up renal function assessments for patients with a history of renal dysfunction. 
5.5 Extravasation and Injection Site Reactions Extravasation of MultiHance may lead 
to injection site reactions, characterized by local pain or burning  sensation, swelling, 
blistering, and necrosis. In animal experiments,  local reactions including eschar and ne-
crosis were noted even on Day 8 post perivenous injection of MultiHance. Exercise caution 
to avoid local extravasation during intravenous administration of MultiHance. If extravasa-
tion occurs, evaluate and treat as necessary if local reactions develop.
5.6 Cardiac Arrhythmias Cardiac arrhythmias have been observed in patients receiving 
MultiHance in clinical trials [see Adverse Reactions (6.1)]. Assess patients for underlying 
conditions or medications that predispose to arrhythmias.
A double-blind, placebo-controlled, 24-hour post dose continuous monitoring, crossover 
study in 47 subjects evaluated the effect of 0.2 mmol/kg MultiHance on ECG intervals, 
including QTc. The average changes in QTc values compared with placebo were minimal 
(<5 msec). QTc prolongation between 30 and 60 msec were noted in 20 subjects who 
received MultiHance vs. 11 subjects who received placebo. Prolongations  61 msec were 
noted in 6 subjects who received MultiHance and in 3 subjects who received placebo. 
None of these subjects had associated malignant arrhythmias. The effects on QTc by 
MultiHance dose, other drugs, and medical conditions were not systematically studied.
5.7 Interference with Visualization of Certain Lesions Certain lesions seen on non-
contrast images may not be seen on contrast-images. Exercise caution when interpreting 
contrast MR images in the absence of companion non-contrast MR images.
6 ADVERSE REACTIONS
The following adverse reactions are discussed in greater detail in other sections of the label:
• Nephrogenic systemic fibrosis [see Warnings and Precautions (5.1)]

• Hypersensitivity reactions [see Warnings and Precautions (5.2)]
6.1 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 practice.
Adult In clinical trials with MultiHance, a total of 4967 adult subjects (137 healthy volun-
teers and 4830 patients) received MultiHance at doses ranging from 0.005 to 0.4 mmol/
kg. There were 2838 (57%) men and 2129 (43%) women with a mean age of 56.5 
years (range 18 to 93 years). A total of 4403 (89%) subjects were Caucasian, 134 (3%)  
Black, 275 (6%) Asian, 40 (1%) Hispanic, 70 (1%) in other racial groups, and for 45  
(1%) subjects, race was not reported.
The most commonly reported adverse reactions in adult subjects who received  
MultiHance were nausea (1.3%) and headache (1.2%). Most adverse reactions were 
mild to moderate in intensity. One subject experienced a serious anaphylactoid reaction 
with laryngeal spasm and dyspnea [see Warnings and Precautions (5.2)]. Serious adverse 
reactions consisting of convulsions, pulmonary edema, acute necrotizing pancreatitis, and 
anaphylactoid reactions were reported in 0.1% of subjects in clinical trials.
Adverse reactions that occurred in at least 0.5% of 4967 adult subjects who received  
MultiHance are listed below (Table 2), in decreasing order of occurrence within each system.

 
ADULT SUBJECTS WHO RECEIVED MULTIHANCE IN CLINICAL TRIALS

Number of subjects dosed 4967

Number of subjects with any adverse reaction 517 (10.4%)

Gastrointestinal Disorders
Nausea 67 (1.3%)
General Disorders and Administration Site Disorders
Injection Site Reaction 54 (1.1%)

Feeling Hot 49 (1.0%)

Nervous System Disorders

Headache 60 (1.2%)
Dysgeusia 33 (0.7%)
Paresthesia 24 (0.5%)
Dizziness 24 (0.5%)

The following adverse reactions occurred in less than 0.5% of the 4967 adult subjects who 
received MultiHance. Serious adverse reactions described above are not repeated below.
Blood and Lymphatic System Disorders: Basophilia; Cardiac Disorders: Atrioventricular 
block first degree; Eye Disorders: Eye pruritus, eye swelling, ocular hyperemia, visual distur-
bance; Gastrointestinal Disorders: Abdominal pain or discomfort, diarrhea, dry mouth, lip 
swelling, paraesthesia oral, tongue edema, vomiting; General Disorders and Administration 
Site Conditions: Chest pain or discomfort, chills, malaise; Immune System Disorders: Hy-
persensitivity; Investigations: Nonspecific changes in laboratory tests (including hematology, 
blood chemistry, liver enzymes and urinalysis), blood pressure and electrocardiogram param-
eters (including PR, QRS and QT intervals and ST-T segment changes). Musculoskeletal and 
Connective Tissue Disorders: Myalgia; Nervous System Disorders: Parosmia, tremor; 
Respiratory, Thoracic and Mediastinal Disorders: Dyspnea, laryngospasm, nasal con-
gestion, sneezing, wheezing; Skin and Subcutaneous Tissue Disorders: Hyperhidrosis, 
pruritus, rash, swelling face, urticaria.
Pediatric In clinical trials of MultiHance in MRI of the CNS, 217 pediatric subjects received  
MultiHance at a dose of 0.1 mmol/kg. A total of 112 (52%) subjects were male and the overall 
mean age was 8.3 years (range 4 days to 17 years). A total of 168 (77%) subjects were Cau-
casian, 12 (6%) Black, 12 (6%) Asian, 24 (11%), Hispanic, and 1 (<1%) in other racial groups.
Adverse reactions were reported for 14 (6.5%) of the subjects. The frequency and the nature 
of the adverse reactions were similar to those seen in the adult patients. The most commonly 
reported adverse reactions were vomiting (1.4%), pyrexia (0.9%), and hyperhidrosis (0.9%). No 
subject died during study participation. A serious adverse reaction of worsening of vomiting was 
reported for one (0.5%) patient with a brain tumor (glioma) for which a causal relationship to 
MultiHance could not be excluded.
Pediatric Patients In clinical trials of MultiHance in MRI of the CNS, 307 pediatric subjects 
received MultiHance at a dose of 0.1 mmol/kg. A total of 160 (52%) subjects were male and the 
overall mean age was 6.0 years (range, 2 days to 17 years). A total of 211 (69%) subjects were 
Caucasian, 24 (8%) Black, 15 (5%) Asian, 39 (13%), Hispanic, 2 (<1%) in other racial groups, 
and for 16 (5%), race was not reported. Adverse reactions were reported for 14 (4.6%) of the 
subjects. The frequency and the nature of the adverse reactions were similar to those seen in the 
adult patients. The most commonly reported adverse reactions were vomiting (1.0%), pyrexia 
(0.7%), and hyperhidrosis (0.7%). No subject died during study participation.
6.2 Post-marketing Experience
The following adverse reactions have been identified during post approval use of  
MultiHance. Because these reactions are reported voluntarily from a population of uncer-
tain size, it is not always possible to reliably estimate their frequency or establish a causal 
relationship to drug exposure.
Immune System Disorders: Anaphylactic, anaphylactoid and hypersensitivity reactions 
manifested with various degrees of severity up to anaphylactic shock, loss of consciousness 
and death. The reactions generally involved signs or symptoms of respiratory, cardiovascular, 
and/or mucocutaneous abnormalities.
General Disorders and Administration Site Conditions: Extravasation of MultiHance 
may lead to injection site reactions, characterized by local pain or burning sensation, swelling, 
blistering, and necrosis [see Warnings and Precautions (5.4)]. Adverse events with vari-
able onset and duration have been reported after GBCA administration [see Warnings 
and Precautions (5.3)]. These include fatigue, asthenia, pain syndromes, and heteroge-
neous clusters of symptoms in the neurological, cutaneous, and musculoskeletal systems. 
Skin: Gadolinium associated plaques.
7 DRUG INTERACTIONS
7.1 Transporter-Based Drug-Drug Interactions MultiHance and other drugs may 
compete for the canalicular multispecific organic anion transporter (MOAT also referred 
to as MRP2 or ABCC2). Therefore MultiHance may prolong the systemic exposure of drugs 
such as cisplatin, anthracyclines (e.g. doxorubicin, daunorubicin), vinca alkaloids (e.g. 
vincristine), methotrexate, etoposide, tamoxifen, and paclitaxel. In particular, consider the 
potential for prolonged drug exposure in patients with decreased MOAT activity (e.g. Dubin 
Johnson syndrome).
8 USE IN SPECIFIC POPULATIONS
8.1 Pregnancy Risk Summary GBCAs cross the placenta and result in fetal exposure and 
gadolinium retention. The human data on the association between GBCAs and adverse fetal 
outcomes are limited and inconclusive (see Data). In animal reproduction studies, gadobenate 
dimeglumine has been shown to be teratogenic in rabbits following repeated intravenous 
administration during organogenesis at doses up to 6 times the recommended human dose. 
There were no adverse developmental effects observed in rats with intravenous administration 
of gadobenate dimeglumine during organogenesis at doses up to three times the recommended 
human dose (see Data). Because of the potential risks of gadolinium to the fetus, use MultiHance 
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 is 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 clinically recognized pregnancies is 2 to 4% and is 15 to 20%, respectively.
Data Human Data Contrast enhancement is visualized in the human 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 be-
tween GBCAs and adverse effects in the exposed neonates. However, a retrospec-
tive 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 ma-
ternal 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-human primates 
(0.1 mmol/kg on gestational days 85 and 135) result in measurable gadolinium concen-
tration in the offspring in bone, brain, skin, liver, kidney, and spleen for at least 7 months. 
GBCAs administered to pregnant mice (2 mmol/kg daily on gestational days 16 through 
19) result in measurable gadolinium concentrations in the pups in bone, brain, kidney, 
liver, blood, muscle, and spleen at one month postnatal age.
Reproductive Toxicology Gadobenate dimeglumine has been shown to be teratogenic 
in rabbits when administered intravenously at 2 mmol/kg/day (6 times the recommended 
human dose based on bodysurface area) during organogenesis (day 6 to 18) inducing 
microphthalmia/small eye and/or focal retinal fold in 3 fetuses from 3 separate litters. 
In addition, MultiHance intravenously administered at 3 mmol/kg/day (10 times the 

recommended human dose based on body surface area) has been shown to increase 
intrauterine deaths in rabbits. There was no evidence that MultiHance induced teratogenic 
effects in rats at doses up to 2 mmol/kg/day (3 times the recommended human dose 
based on body surface area), however, rat dams exhibited no systemic toxicity at this 
dose. There were no adverse effects on the birth, survival, growth, development and  
fertility of the F1 generation at doses up to 2 mmol/kg in a rat peri- and post-natal 
(Segment III) study.
10 OVERDOSAGE
Clinical consequences of overdosage with MultiHance have not been reported. Treat-
ment of an overdosage should be directed toward support of vital functions and 
prompt institution of symptomatic therapy. In a Phase 1 clinical study, doses up to 0.4 
mmol/kg were administered to patients. MultiHance has been shown to be dialyzable 
[see Clinical Pharmacology (12.3)].
12 CLINICAL PHARMACOLOGY
12.1 Mechanism of Action Gadobenate dimeglumine is a paramagnetic agent and, as 
such, develops a magnetic moment when placed in a magnetic field. The large magnetic 
moment produced by the paramagnetic agent results in a large local magnetic field, which 
can enhance the relaxation rates of water protons in its vicinity leading to an increase of 
signal intensity (brightness) of tissue.
In magnetic resonance imaging (MRI), visualization of normal and pathological tissue de-
pends in part on variations in the radiofrequency signal intensity that occur with 1) differences 
in proton density; 2) differences of the spin-lattice or longitudinal relaxation times (T1); and 
3) differences in the spin-spin or transverse relaxation time (T2). When placed in a magnetic 
field, gadobenate dimeglumine decreases the T1 and T2 relaxation time in target tissues. 
At recommended doses, the effect is observed with greatest sensitivity in the T1-weighted 
sequences.
12.2 Pharmacodynamics Unlike other tested paramagnetic contrast agents (See Table 3), 
MultiHance demonstrates weak and transient interactions with serum proteins that causes 
slowing in the molecular tumbling dynamics, resulting in strong increases in relaxivity in solu-
tions containing serum proteins. The improved relaxation effect can contribute to increased 
contrast-to-noise ratio and lesion-to-brain ratio, which may improve visualization.

Disruption of the blood-brain barrier or abnormal vascularity allows enhancement by  
MultiHance of lesions such as neoplasms, abscesses, and infarcts. Uptake of MultiHance into 
hepatocytes has been demonstrated.
12.3 Pharmacokinetics Three single-dose intravenous studies were conducted in 32 healthy 
male subjects to  assess the pharmacokinetics of gadobenate dimeglumine. The doses 
administered in these studies ranged from 0.005 to 0.4 mmol/kg. Upon injection, the 
meglumine salt is completely dissociated from the gadobenate dimeglumine complex.
Thus, the pharmacokinetics is based on the assay of gadobenate ion, the MRI contrast ef-
fective ion in gadobenate dimeglumine. Data for plasma concentration and area under the 
curve demonstrated linear dependence on the administered dose. The pharmacokinetics 
of gadobenate ion following intravenous administration can be best described using a two-
compartment model.
Distribution Gadobenate ion has a rapid distribution half-life (reported as mean ± SD) of 
0.084 ± 0.012 to 0.605 ± 0.072 hours. Volume of distribution of the central compartment 
ranged from 0.074 ± 0.017 to 0.158 ± 0.038 L/kg, and estimates of volume of distribution by 
area ranged from 0.170 ± 0.016 to 0.282 ± 0.079 L/kg. These latter estimates are approxi-
mately equivalent to the average volume of extracellular body water in man. In vitro studies 
showed no appreciable binding of gadobenate ion to human serum proteins.
Elimination Gadobenate ion is eliminated predominately via the kidneys, with 78% to 96% 
of an administered dose recovered in the urine. Total plasma clearance and renal clearance 
estimates of gadobenate ion were similar, ranging from 0.093 ± 0.010 to 0.133 ± 0.270 L/hr/
kg and 0.082 ± 0.007 to 0.104 ± 0.039 L/hr/kg, respectively. The clearance is similar to that 
of substances that are subject to glomerular filtration. The mean elimination half-life ranged 
from 1.17 ± 0.26 to 2.02 ± 0.60 hours. A small percentage of the administered dose (0.6% 
to 4%) is eliminated via the biliary route and recovered in feces.
Metabolism There was no detectable biotransformation of gadobenate ion. Dissociation of 
gadobenate ion in vivo has been shown to be minimal, with less than 1% of the free chelating 
agent being recovered alone in feces.
Pharmacokinetics in Special Populations
Renal Impairment: A single intravenous dose of 0.2 mmol/kg of MultiHance was adminis-
tered to 20 subjects with impaired renal function (6 men and 3 women with moderate renal 
impairment [urine creatinine clearance >30 to <60 mL/min] and 5 men and 6 women with 
severe renal impairment [urine creatinine clearance >10 to <30 mL/min]). Mean estimates 
of the elimination half-life were 6.1 ± 3.0 and 9.5 ± 3.1 hours for the moderate and severe renal 
impairment groups, respectively as compared with 1.0 to 2.0 hours in healthy volunteers.
Hemodialysis: A single intravenous dose of 0.2 mmol/kg of MultiHance was administered 
to 11 subjects (5 males and 6 females) with end-stage renal disease requiring hemodialysis 
to determine the pharmacokinetics and dialyzability of gadobenate. Approximately 72% of 
the dose was recovered by hemodialysis over a 4-hour period. The mean elimination half-life 
on dialysis was 1.21 ± 0.29 hours as compared with 42.4 ± 24.4 hours when off dialysis. 
Hepatic Impairment: A single intravenous dose of 0.1 mmol/kg of MultiHance was  
administered to 11 subjects (8 males and 3 females) with impaired liver function (Class B or C 
modified Child-Pugh Classification). Hepatic impairment had little effect on the pharmacoki-
netics of MultiHance with the parameters being similar to those calculated for healthy subjects. 
Gender, Age, Race: A multiple regression analysis performed using pooled data from several 
pharmacokinetic studies found no significant effect of sex upon the pharmacokinetics 
of gadobenate. Clearance appeared to decrease slightly with increasing age. Since variations 
due to age appeared marginal, dosage adjustment for geriatric population is not recom-
mended. Pharmacokinetic differences due to race have not been systematically studied.
Pediatric: A population pharmacokinetic analysis incorporated data from 25 healthy subjects 
(14 males and 11 females) and 15 subjects undergoing MR imaging of the central nervous 
system (7 males and 8 females) betweenages of 2 and 16 years. The subjects received a 
single intravenous dose of 0.1 mmol/kg of MultiHance. The geometric mean Cmax was 62.3 
μg/mL (n=16) in children 2 to 5 years of age, and 64.2 μg/mL (n=24) in children older than 5 
years. The geometric mean AUC 0-  was 77.9 μg·h/mL in children 2-5 years of age (n=16) 
and 82.6 μg·h/mL in children older than 5 years (n=24). The geometric mean half-life was 
1.2 hours in children 2 to 5 years of age and 0.93 hours in children older than 5 years. There 
was no significant gender-related difference in the pharmacokinetic parameters in the pedi-
atric patients. Over 80% of the dose was recovered in urine after 24 hours. Pharmacokinetic 
simulations indicate similar AUC and Cmax values for MultiHance in pediatric subjects less 
than 2 years when compared to those reported for adults; no age-based dose adjustment is 
necessary forthis pediatric population.
17 PATIENT COUNSELING INFORMATION
17.1 Nephrogenic Systemic Fibrosis Instruct patients to inform their physician if they:
• have a history of kidney and/or liver disease, or • have recently received a GBCA.
GBCAs increase the risk for NSF among patients with impaired elimination of the drugs.  
To counsel patients at risk for NSF: • Describe the clinical manifestations of NSF • Describe 
procedures to screen for the detection of renal impairment.
Instruct the patients to contact their physician if they develop signs or symptoms of NSF following 
MultiHance administration, such as burning, itching, swelling, scaling, hardening and tightening 
of the skin; red or dark patches on the skin; stiffness in joints with trouble moving, bending or 
straightening the arms, hands, legs or feet; pain in the hip bones or ribs; or muscle weakness.
17.2 Common Adverse Reactions
Inform patients that they may experience:
• reactions along the venous injection site, such as mild and transient burning or pain or 
feeling of warmth or coldness at the injection site • side effects of feeling hot, nausea, and 
headache.
17.3 General Precautions
Instruct patients scheduled to receive MultiHance to inform their physician if they:
• are pregnant or breast feeding • have a history of renal disease, heart disease, seizure, 
asthma or allergic respiratory diseases • are taking any medications • have any allergies to 
any of the ingredients of MultiHance.

Rx ONLY 
Please see full prescribing information.  
A brief summary follows.
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†Multicenter double-blind randomized intraindividual crossover study design of 123 patients with known or suspected brain tumors. Each patient received 0.1-mmol/kg doses of MultiHance and Gadavist in 2 identical MR imaging examinations. Contrast agents were 
administered by IV using manual bolus injection (n = 118) or a power injector (n = 4). Both agents were administered at 0.1 mmol/kg of body weight, corresponding to 0.2 mL/kg for MultiHance and 0.1 mL/kg for Gadavist. The interval between the 2 MR imaging 
examinations was > 48 hours to avoid carryover effects but < 14 days to minimize the chance of measurable disease progression or lesion evolution. All images were evaluated by 3 blinded, independent experienced radiologists who were unaffiliated with the study 
centers. Each reader evaluated the patient images separately and independently. Images were evaluated qualitatively for diagnostic information and scored for: 1) lesion border delineation, 2) disease extent, 3) visualization of lesion internal morphology, and 4) lesion 
contrast enhancement compared with surrounding normal tissue. All assessments used a 3-point scales from 1 (examination 1 superior) through 0 (examinations equal) to 1 (examination 2 superior).

Gadavist® (gadobutrol) is a registered trademark of Bayer Healthcare. Reference: Seidl Z, Vymazal J, Mechl M, et al. Does higher gadolinium concentration play a role in the morphologic assessment of brain tumors? Results of a multicenter intraindividual crossover 
comparison of gadobutrol versus gadobenate dimeglumine (the MERIT Study). AJNR Am J Neuroradiol. 2012 Jun-Jul;33(6):1050–1058.
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Celebrating 60 Years
1962-2022

The American Society of Neuroradiology was formed 
on April 18, 1962, in New York City. The following 
purposes of the organization were unanimously 
adopted by the fourteen founding members:

1. To develop and support standards for the training                           
 in  the practice of Neuroradiology.
2. To foster independent research in Neuroradiology.
3. To promote a closer fellowship and exchange of ideas among 
 Neuroradiologists.

Visit www.asnr.org for more photos, videos and historical facts and be 
sure to follow #ASNR60th on social media so you don’t miss a single 
thing. We have lots planned for 2022!



WBRT: The whole story on cognitive impairment
While whole brain radiotherapy (WBRT) has been the main treat-

ment option for many years, experts agree that it often results in 

cognitive deterioration and a negative impact on quality of life. Th is 

mental decline has a devastating impact 

on patients and their families and adds 

ongoing costs for the healthcare systems 

managing these symptoms. 

Using WBRT instead of SRS in some 

patients is estimated to decrease the total 

costs of brain metastasis management, 

though with increased toxicity.

SRS: Fewer side effects but greater 
risk of missed tumors
Th e cost of upfront SRS is the greatest 

contributor to cost of brain metastasis 

management.1 SRS is often more expen-

sive than WBRT. What’s more, multiple 

applications of SRS can increase the cost 

of treatment greatly. 

Stereotactic radiosurgery (SRS) has 

far fewer side eff ects, but upfront use of 

SRS is expensive and can carry the risk of 

missed tumors, requiring repeat procedures such as salvage SRS.1

Number of lesions and lesion size are key factors to be considered 

when determining the treatment plan for these patients. It follows 

that increased diagnostic information and accuracy could be benefi -

cial in directing the proper therapy and improving overall long-term 

patient outcomes and containing costs. Getting the diagnosis right the 

fi rst time is crucial to ensure proper treatment begins quickly, and high 

cost/high stakes procedures such as SRS need precise surgical planning.

What does optimal visualization mean for outcomes and cost?
For surgical planning with SRS, radiologists need the best visual-

ization achievable to accurately count the number and size of the 

lesions. Th ese metrics are the key predictors of the need for SRS,1

WBRT, or a combination of both. 

By selecting the ideal contrast agent 

and equipment protocols, neuroradiolo-

gists can identify the proximate numbers 

of metastases for upfront treatment and 

reduced salvage treatment occurrences.  

The role of radiology
As medical care for oncology patients 

continues to evolve, it will be increas-

ingly important to assess the cost 

of various interventions given the 

often-limited life expectancy of cancer 

patients, the rising costs of cancer ther-

apy, and the increasing prevalence of 

cancer in an aging population. 

Th rough seeing all the tumors and 

tumor borders as clearly as technology al-

lows, radiology can play a part in ensuring 

that proper treatment can begin quickly, 

while containing costs through optimized patient care. Eff orts to 

carefully manage treatment approaches require improvements in 

protocol design, contrast administration in imaging, and utilizing 

multimodal imaging approaches.

In this era of precision medicine, radiology departments’ contri-

bution to this improved standard of care will have signifi cant short 

and long-term implications by reducing cost of care, providing a 

more proximate diagnosis, and ensuring optimal patient outcomes. 

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

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

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

is a signifi cant clinical decision. 

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

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

In Planning for Brain Metastases Treatment, 
Imaging may be the Missing Link in Cost Containment1

ADVERTISEMENT
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ASNR is again hosting its popular Comprehensive Neuroradiology 
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PERSPECTIVES

Title: “Bowl of Cthulhu.” Inspired by the short story written by HP Lovecraft in 1926, this stoneware piece measures 14” in height by 12” in diameter and combines 2 wheel-
thrown elements with hand-built accents to simulate the tentacled monstrous “Old One” referenced frequently in the Lovecraft mythos. The bowl is glazed with Ancient
Copper (AMACO, Indianapolis), which develops metallic crystals as it cools from a firing temperature of over 2200° F. The process is somewhat difficult to control, and the
uncertainty associated with each opening of the kiln is an enjoyable injection of entropy into the highly structured life of a physician.

Joshua P. Nickerson, MD, Associate Professor of Radiology, Division Chief of Neuroradiology, Oregon Health & Sciences University, Portland, Oregon
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REVIEW ARTICLE

Uncommon Glioneuronal Tumors: A Radiologic and
Pathologic Synopsis

A. Vaz, M.S. Cavalcanti, E.B. da Silva Junior, R. Ramina, and B.C. de Almeida Teixeira

ABSTRACT

SUMMARY: Glioneuronal tumors are characterized exclusively by neurocytic elements (neuronal tumors) or a combination of
neuronal and glial features (mixed neuronal-glial tumors). Most of these tumors occur in young patients and are related to epi-
lepsy. While ganglioglioma, dysembryoplastic neuroepithelial tumor, and desmoplastic infantile tumor are common glioneuronal
tumors, anaplastic ganglioglioma, papillary glioneuronal tumor, rosette-forming glioneuronal tumor, gangliocytoma, and central
neurocytoma are less frequent. Advances in immunohistochemical and molecular diagnostics have improved the characterization
of these tumors and favored the description of variants and new subtypes, some not yet classified by the World Health
Organization. Not infrequently, the histologic findings of biopsies of glioneuronal tumors simulate low-grade glial neoplasms;
however, some imaging findings favor the correct diagnosis, making neuroimaging essential for proper management. Therefore,
the aim of this review was to present key imaging, histopathology, immunohistochemistry, and molecular findings of glioneuronal
tumors and their variants.

ABBREVIATIONS: DNET ¼ dysembryoplastic neuroepithelial tumor; GFAP ¼ glial fibrillary acidic protein; MAP ¼ microtubule-associated protein; rCBV ¼
relative CBV; WHO ¼ World Health Organization

Neuronal and mixed neuronal-glial tumors (generically
called glioneuronal tumors) are a heterogeneous group

of lesions exhibiting different degrees of biologic behavior.1

Neuronal tumors are composed exclusively of ganglionic
elements, and neuronal-glial tumors contain a combination
of neuronal and glial features.1-5 Glioneuronal tumors usu-
ally affect children and young adults with a predilection for
the temporal lobe and frequently result in epilepsy, and
most are cured with surgery.2,4 Some types present peculiar
imaging findings that aid preoperative diagnosis and dis-
tinction from more common glial tumors, such as calcifica-
tion, blood by-products, and absent perilesional edema or
mass effect.2,3

Low-grade gliomas and glioneuronal tumors may present
overlapping histologic findings; however, advances in immuno-
histochemical and molecular techniques have favored the distinc-
tion between these entities and led to the emergence of new
subtypes of glioneuronal tumors.1,4,6 In the latest update of the
CNS tumor classification, the World Health Organization
(WHO) added multinodular and vacuolating neuronal tumor,
myxoid glioneuronal tumor, and diffuse glioneuronal tumor with
oligodendroglioma-like features and nuclear clusters to the glio-
neuronal tumors category (the latter provisionally, for lack of
published characterizations; it is, therefore, not addressed in this
review).6,7

The most common glioneuronal tumors of the brain are gan-
glioglioma, dysembryoplastic neuroepithelial tumor (DNET), and
desmoplastic infantile tumor (they represent up to 2% of the CNS
tumors).3,4,8 Conversely, anaplastic ganglioglioma, papillary glio-
neuronal tumor, rosette-forming glioneuronal tumor, gangliocy-
toma, and central neurocytoma are uncommon glioneuronal
tumors whose incidence is still unknown.3,4,8 In general, glio-
neuronal tumors are low-grade lesions, with rare or absent mitotic
figures and a low MIB1 labeling index (except in anaplastic sub-
types).4 Immunohistochemistry may reveal glial elements by glial
fibrillary acidic protein (GFAP) positivity; neuronal elements, by
synaptophysin immunoreactivity; and glioneuronal progenitor
cells, by CD34 positivity.4 Although some of these tumors are
well-described, others have not been widely demonstrated.
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Therefore, this review discusses key MR imaging and pathologic
findings of uncommon mixed neuronal-glial and neuronal
tumors. Additionally, a table comparing the imaging aspects of
different glioneuronal tumors is presented in the Online
Supplemental Data. A flow chart presenting a simple diagnostic
approach to suspected glioneuronal and low-grade glial tumors is
available in Fig 1, and, finally, a brief discussion on imaging

findings of the differential diagnosis of uncommon glioneuronal
tumors can be found at the end of the article.

Anaplastic Ganglioglioma
Epidemiology. Anaplastic ganglioglioma is a rare neuronal-glial tu-
mor, defined as a grade III by the 2016 WHO Classification of
Tumors of the CNS.1,3,5,8 It accounts for 6%–10% of all gangliogliomas,

FIG 1. Diagnostic approach for glioneuronal and low-grade glial tumors with cystic components (high-grade glial neoplasms were not consid-
ered for the creation of this flow chart). Predominantly cystic tumors (A), cystic with mural nodule (B), and mixed solid and cystic tumors (C) are
presented. PLNTY indicates polymorphous low-grade neuroepithelial tumor of the young; mI, myo-inositol.
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and it is still unclear whether it occurs through anaplastic transforma-
tion or is induced by radiation therapy, whichmay occur, on average,
after 1year and usually within 10years of treatment.1,3,5 It mostly
affects children and young adults, with no predilection for sex.1

Location. The deep temporal (27% of cases) or frontal (22%) lobe
is regularly affected.1,3

Clinical Presentation. The presentation is seizures, focal neuro-
logic deficits, and increased intracranial pressure.3,5

Imaging Findings. Imaging findings are a mixed solid and cystic
lesion, mass effect, and perilesional edema (Fig 2).5 The solid

component presents hypointense signal on T1-weighted images,
hyperintense signal on T2-weighted images, calcification, diffusion
restriction, high Cho peak, an increased lactate-lipid peak, increased
perfusion (relative CBV [rCBV]. 1.75), and heterogeneous
enhancement.1,5,9,10 Comparison of imaging aspects of different
glioneuronal tumors is presented in the Online Supplemental Data.

Pathology Findings. The pathology findings are dysplastic neuro-
nal cells with an anaplastic glial component and increased cellu-
larity, cellular pleomorphism, and vascular proliferation.3-5

Mitoses are frequent, necrotic foci may be present, and the MIB1
labeling index is generally high.4 Immunohistochemistry depicts
glial cells positive for GFAP, neurons positive for synaptophysin,

FIG 1. Continued

FIG 2. An anaplastic ganglioglioma in a 15-year-old boy with treated cerebellar meduloblastoma 10 years ago. An infiltrative parieto-occipital
mass lesion with heterogeneous enhancement and vasogenic edema, both extending to the contralateral hemisphere through the splenium of
the corpus callosum. Also note blood by-products (C and D). Immunohistochemistry was positive for GFAP, p53, synaptophysin, and an MIB1
labeling index of 80% (not shown). Axial T2-weighted image (A). Axial T1-weighted fat-saturated contrast-enhanced image (B). Axial gradient-
echo T2*-weighted image (C). Axial CT image (D).
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and cells positive for CD34.4 Molecular study may identify BRAF
V600E and H3 histone mutation.1,3

Treatment. The treatment is an operation, adjuvant chemother-
apy, and radiation therapy.1 Postsurgical recurrence and cranio-
spinal leptomeningeal metastases are common, and long-term
survival is poor.1,3

Papillary Glioneuronal Tumor
Epidemiology. The papillary glioneuronal tumor is a WHO grade
I, rare, neuronal-glial tumor and comprises 0.02% of all CNS
tumors.4,8 It occurs in young adults, typically in the second dec-
ade, with no predilection for sex.3-5

Location. The location is deep periventricular white matter, adja-
cent to the lateral ventricles, in the frontal (40% of cases), tempo-
ral (30%), or parietal (30%) lobes.3,5,11,12

Clinical Presentation. The presentation is headache, seizures, or,
occasionally absent.3,4,11

Imaging Findings. The most common presentation is a well-cir-
cumscribed cyst, with an avid, enhancing wall or mural nodule;
however, the morphology may vary from a purely cystic lesion to
a completely solid mass (Fig 3).3-5,11 The cystic component may
be suppressed on FLAIR, and the solid component presents with
hypo- to isointense signal on T1-weighted imaging, iso- to hyper-
intense signal on T2-weighted imaging, no diffusion restriction,
an increased Cho/creatine ratio, and a low rCBV.5,13 Superficial
siderosis, hemosiderin, and calcification may be present, mass
effect is mild, and mild perilesional edema is rare.4,5,11,14

Pathology Findings. Pathologic findings are flat or cuboid glial cells
(astrocytes and oligodendrocyte-like cells) in a pseudopapillary
arrangement with interpapillary collections of neuronal elements
(ganglioid, ganglion, or neurocytes).3-5,11 Immunohistochemistry
depicts GFAP; S-100 and nestin-positive glial cells lining hyalinized
vascular pseudopapillae; synaptophysin, neuron-specific enolase,
and neuronal nuclear protein–positive interpapillary neuronal cells;
and OLIG2-positive oligodendrocyte-like cells.3,4,11,15 Molecular

assessment may demonstrate t(9;17)(q(31;q24) translocation, result-
ing in the SLC44A1-PRKCA oncogene.4,15

Differential Diagnosis. The differential diagnosis is ganglioglio-
mas, polymorphous low-grade neuroepithelial tumor of the
young, pleomorphic xanthoastrocytoma, angiocentric glioma,
and oligodendrocytoma.3

Treatment. The treatment is an operation, and prognosis is good
after complete resection.4

Variant. An atypical papillary glioneuronal subtype has been
described, with diffusion restriction, mass effect, perilesional
edema, higher rCBV, intraventricular dissemination, mitoses,
vascular endothelial hyperplasia, an MIB1 labeling index of 4%–
17%, and recurrence.5,12,16,17

Rosette-Forming Glioneuronal Tumor
Epidemiology. The rosette-forming glioneuronal tumor is a
WHO grade I, rare, neuronal-glial tumor.3,4,8,18 It occurs in
children and in young and middle-aged adults, with no predi-
lection for sex.3-5,18,19

Location. The location is medial and infratentorial, often in the
fourth ventricle/cerebellar vermis, secondarily in the pineal
region, and rarely at the septum pellucidum, hypothalamus, and
temporal lobe.1,3-5,18-20

Clinical Presentation. The clinical presentation is headache, vom-
iting, visual disturbances, vertigo, ataxia, intracranial hyperten-
sion, and, rarely, epilepsy.1,3,5,19

Imaging Findings. The imaging findings are a heterogeneous, cir-
cumscribed multicystic intra-axial mass with hypointense signal
on T1-weighted imaging, hyperintense signal on T2-weighted
imaging, hemorrhage, fluid levels, no diffusion restriction, mild
Cho peak elevation, mild NAA peak reduction, an absent or rare
lactate doublet, and septal and parietal wall enhancement (may
resemble a green bell pepper cross-section) (Fig 4).3,5,19,21,22

FIG 3. Papillary glioneuronal tumor in a 45-year-old man with migraine. A mixed solid and cystic periventricular tumor associated with vasogenic
edema, blood products, and localized superficial siderosis. Microscopic findings are pseudopapillary structures composed of hyalinized vessels
(long arrow) and surrounded by flattened/cuboidal glial cells. Round cells between pseudopapillae correspond to neurocytic cells (short arrow).
Axial T2-weighted image (A). Axial T1-weighted fat-saturated contrast-enhanced image (B). Axial gradient-echo T2*-weighted image (C).
Hematoxylin and eosin, original magnification�100 (D).

AJNR Am J Neuroradiol 43:1080–89 Aug 2022 www.ajnr.org 1083



Calcification (25% of cases), CSF dissemination, and multiple satel-
lite lesions may occasionally appear.3,21

Pathology Findings. Uniform neurocyte-forming rosettes or peri-
vascular pseudorosettes and astrocytic elements (similar to pilo-
cytic astrocytoma or oligodendroglioma).1,3-5,18 Immunohisto-
chemistry shows synaptophysin,MAP2, and neuron-specific eno-
lase positive neuronal cells; and GFAP, OLIG2 and S-100 positive
glial cells.4,18 Molecular studies may demonstrate PIK3CA,
KIAA1549-BRAF, FGFR1, and NF1 variations.1,4,18,20

Differential Diagnosis. The differential diagnosis is pilocytic
astrocytoma, medulloblastoma, ependymoma, and fourth ventri-
cle choroid plexus papilloma.3,19

Treatment The treatment is an operation.4 Prognosis is favorable
after complete resection.4

Myxoid Glioneuronal Tumor
Epidemiology. Myxoid glioneuronal tumor is a low-grade tumor
with components resembling rosette-forming glioneuronal tumor
and DNET.7,23-25 As of the 2021 WHO classification, it is consid-
ered a different glioneuronal type.7,23-25 It occurs in children and
young adults, with no predilection for sex.24,25

Location. The location is the subcallosal area or septum pelluci-
dum.23-25

Clinical Presentation. The clinical presentation is asymptomatic,
cognitive disturbance, or headache.23,25

Imaging Findings. Imaging findings are a solid tumor, with hypo-
intense signal on T1WI, hyperintense signal on T2WI, partial sup-
pression and a peripheral rim of hyperintensity on FLAIR, no
gadolinium enhancement, and mucin-filled small pseudocysts and
a slight hypointense signal on susceptibility-weighted images (cor-
responds to hemosiderin-laden macrophages).23-25

Pathology Findings. Pathology findings are proliferation of oligo-
dendrocyte-like cells with a columnar arrangement in a mucin-
rich stroma, which may be associated with “floating” neurons,

neurocytic rosettes, and perivascular
neuropil.7,23-25 Immunohistochemistry
shows a pattern similar to that of ro-
sette-forming glioneuronal tumor and
DNET; however, the molecular profile
lacks the typical variations of these
tumors and presents as a PDGFRA p.
K385L/I mutation.7,23-25

Differential Diagnosis. The differen-
tial diagnosis is central neurocytoma,
subependymoma, dysembryoplastic
neuroepithelial tumor, rosette-form-
ing glioneuronal tumor, and colloid
cyst.24,25

Treatment. The treatment is an opera-
tion, radiation therapy, and/or temozo-

lomide.23 Prognosis is variable, due to recurrence.23

Diffuse Leptomeningeal Glioneuronal Tumor
Epidemiology. Diffuse leptomeningeal glioneuronal tumor is a
WHO grade I, rare, neuronal-glial tumor (previously known as
disseminated oligodendroglial-like leptomeningeal tumor of
childhood).3,5,8,26 It occurs in children and adolescents, with a
predilection for males.4,5,26

Location. The location is the basal cisterns, posterior fossa, and
spinal cord.3,26-28

Clinical Presentation. It presents as headache, nausea, vomiting,
cranial nerve dysfunction, papilledema, and CSF abnormalities,
including increased protein and lymphocytosis.3,5,26

Imaging Findings. The imaging findings are widespread leptomenin-
geal thickening and intra-axial lesions.1,3,5,26-29 The leptomeningeal dis-
ease involves mostly the posterior fossa, spinal cord, nerve roots, and
perivascular spaces and is characterized by leptomeningeal thickening
and enhancement and leptomeningeal cystlike lesions (correspond-
ing to mucin-rich nodular leptomeningeal infiltration) with hypo-
intense signal on T1-weighted imaging, hyperintense signal on T2-
weighted imaging and FLAIR, and no contrast enhancement (Fig
5).1,3,5,26-29 Intra-axial lesions are present in up to 80% of patients;
they occur mostly in the spinal cord and present with hyperintense
signal on T2-weighted imaging, cystic areas (corresponding to fluid
and cellular debris), reduced rCBV, and usually no enhance-
ment.1,5,26,27,29 Hydrocephalus is common, and a large intramedul-
lary mass without leptomeningeal disease may also occur.3,26,29,30

Despite the description of intra-axial lesions, it is not clear whether
they really are primary intraparenchymal lesions or the result of
invasion of leptomeningeal lesions along Virchow-Robin spaces.28

Pathology Findings. The pathology findings are diffuse and multifo-
cal leptomeningeal lesions with an oligodendroglial-like cytology in a
desmoplastic or myxoid background.1,3,6,27,28 Immunohistochemistry
shows OLIG2-, S-10-0-, MAP2-positive oligodendroglial-like cells;
astrocytes positive for GFAP; and neuron cells positive for synapto-
physin.1,3,4,26-28 Molecular profiling may identify KIAA1549-BRAF

FIG 4. Rosette-forming glioneuronal tumor. A lobulated multicystic tumor in the tectal plate
extending to the mesencephalic aqueduct, with nodular contrast enhancement (short arrow)
and displacement of a supracerebellar vein (long arrow) (A and B). Microscopic findings are small,
round cells (neurocytic cells) (short arrow) surrounding mucinous extracellular matrix (DNET-like
morphology) (long arrow). Sagittal T2-weighted CISS image (A). Sagittal T1-weighted fat-saturated
contrast-enhanced image (B). Hematoxylin and eosin, original magnification�100 (C).
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fusion, BRAF duplication, the BRAFV600Emutation, 1p/19q codele-
tion or isolated 1p deletion, and no IDH mutation.1,3,4,6,26-28,30

Diagnosis may be particularly difficult when the biopsy shows only
hyperplastic meningothelial cells, inflammation, or low-grade glioma
(in these cases, rebiopsy is recommended).28,31

Differential Diagnosis. Other causes of leptomeningeal thicken-
ing, such as infectious meningitis, neurocysticercosis, primary
diffuse leptomeningeal gliomatosis, leptomeningeal carcinomato-
sis, leukemia, and lymphoma leptomeningeal infiltration.3,26

Treatment. There is no standard management. Surgery may be
indicated for potentially resectable lesions.1,26,27 Radiation ther-
apy and/or chemotherapy may also play a role.1,26,27

Variant. Most cases progress slowly; however, an anaplastic sub-
type with increased mitoses, an MIB1 labeling index higher than
4%, and glomeruloid microvascular proliferation may have a
more aggressive course.1,3,4,28,31

Gangliocytoma
Epidemiology. Gangliocytoma is a WHO grade I, rare, neuronal
tumor.4,8 It occurs in children and young adults, with no predilec-
tion for sex.3,4 Most articles address gangliocytomas (a purely neu-
ronal tumor) in conjunction with gangliogliomas (a neuronal-glial
tumor), and research focused specifically on the former is rare.32

Location. These are located in the pe-
riphery of the temporal (75% of cases),
frontal, or parietal lobes; they are occa-
sionally exophytic and rarely extra-
axial.2-4,33

Clinical Presentation. These present
with medically refractory temporal
lobe epilepsy.3,4

Imaging Findings. The imaging find-
ings are a mixed, solid, and cystic lesion
with iso- to hypointense signal on T1-
weighted imaging, hyperintense signal
in T2-weighted imaging, a high Cho
peak, a low NAA peak, variable con-
trast enhancement (from none-to-
intense), and calcification (33% of
cases) of the solid component (Fig 6).2-
4,34 Mass effect and perilesional edema
are minimal or absent.4 A dural tail sig-
nal may be seen in superficially located
tumors.2

Pathology Findings. The pathology
findings are clusters of mature and
often dysplastic (binucleated) neu-
rons and nonneoplastic glial stroma,
unlike gangliogliomas.2,3 Perivascular
lymphocytic infiltration is common,
and mitotic figures are rare.3,4

Immunohistochemistry may demon-
strate cells positive for CD3.3 To

date, there are no genetic variations specifically described for
gangliocytomas.3

Differential Diagnosis. The differential diagnosis is ganglioglioma
(imaging may be indistinguishable), DNET, and pleomorphic
xanthoastrocytoma.2-4

Treatment. The treatment is an operation.3 Prognosis is favorable
after complete resection.3

Variant. Lhermitte-Duclos disease or dysplastic cerebellar gan-
gliocytoma may be considered a subtype of gangliocytoma; how-
ever, it is still unclear whether it is a true neoplasm, hamartoma,
or malformation.3,5 It is considered a WHO grade I tumor and
may be sporadic (60% of cases) or related to Cowden syndrome
(multiple hamartoma autosomal-dominant phacomatosis caused
by PTEN mutations).3-5,35 Young adults are mainly affected,
with no predilection for sex.2-5,35 It usually is located in the cere-
bellar hemisphere, vermis, or both (particularly on the left
side).2,3,5 Imaging findings are quite characteristic: nonenhancing
grossly thickened cerebellar folia with the “tiger-striped” pattern
(alternating layers of signal intensity on T1-weighted and
T2-weighted imaging) and prominent venous channels (flow
voids on susceptibility imaging with contrast enhancement)
(Fig 7).2-5,35 Histopathology depicts disruption of the normal cort-
ical layers, dysplastic neurons, vacuoles, diffuse hypertrophy and

FIG 5. Diffuse leptomeningeal glioneuronal tumor in a 20-year-old man previously diagnosed
10 years earlier. Multiple superficial small cystlike lesions are seen in the brain sulci, basal cisterns,
cerebellar folia, and filling the fourth ventricle (A and B). Also note extensive irregular leptomenin-
geal enhancement (C). Axial T2-weighted images (A and B). Axial T1-weighted fat-saturated con-
trast-enhanced image (C).

FIG 6. Gangliocytoma in a 40-year-old man with epilepsy. A lobulated tumor extending along
the course of the left olfactory bulb and tract with foci of contrast enhancement (A and B).
Microscopic findings are tumor composed of large (long arrow) and small (short arrow) ganglio-
neuronal cells, haphazardly distributed. Coronal T2-weighted image (A). Sagittal T1-weighted fat-
saturated contrast-enhanced image (B). Hematoxylin and eosin, original magnification�100 (C).
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increased myelination of the granular and molecular layers,
and reduction or absence of the Purkinje layer.2,3,5

Immunohistochemistry demonstrates dysplastic neurons posi-
tive for synaptophysin and negative for PTEN.4 Molecular
assessment may show a PTEN germline mutation when related
to Cowden syndrome.3,4,35

Multinodular and Vacuolating Neuronal Tumor
Epidemiology.Multinodular and vacuolating neuronal tumor
is a rare lesion recently categorized as a glioneuronal tumor
in the 6th edition of the WHO Classification (in the previous
edition, it was considered a unique architectural pattern,
whose nature may be related to neuronal tumors or malfor-
mative abnormalities).3,5,7,8,36 Identification of clonal
genetic abnormalities favors a neoplastic rather than a mal-
formative origin, hence, the status update in the WHO clas-
sification.6,7 It occurs in adults older than 30 years of age,
with no predilection for sex.5,36

Location. The location is the superficial parietal, frontal, or tempo-
ral lobe and, rarely, in the posterior fossa.4-6,36-38

Clinical Presentation. It presents as asymptomatic and, rarely,
seizures or headache.3-6,36,38

Imaging Findings. Imaging findings
are multiple, small, and coalescent
cortical and subcortical nodules, isoin-
tense to gray matter on T1-weighted
imaging, hyperintense on T2-weighted
imaging and FLAIR, with no mass
effect, perilesional edema, calcifica-
tion, diffusion restriction, and contrast
enhancement (though faint enhance-
ment may occasionally be present)
(Fig 8).3,5,36,38 Spectroscopy and perfu-
sion are usually normal.3-5,36,38

Pathology Findings. Pathology find-
ings are ambiguous neuronal cells or
dysplastic glial cells with cytoplas-
mic and stromal vacuolation.3-5,36

Immunohistochemistry demonstrates
HuC/HuD neuronal antigens, OLIG2,
and cells positive for internexin-a and
cells weakly positive or negative for
synaptophysin and neurofilament.3,36

Molecular studies may identify
MAP2K1, FGFR2, and non-BRAF
V600E variations.6,39

Differential Diagnosis. The differential
diagnosis is DNET, polymorphous
low-grade neuroepithelial tumor of the
young, and angiocentric glioma.3,4,36

Treatment. Follow-up imaging and
expectant management if the patient is

stable is usually recommended, and surgery may be indicated if
the patient is clearly symptomatic.4,36 Total resection is curative.4

Central Neurocytoma
Epidemiology. Central neurocytoma is a WHO grade I, rare, neu-
ronal tumor.1,3,5,8 It occurs in young and middle-aged adults,
with no predilection for sex.1,3,5

Location. It is adjacent to the septum pellucidum and foramen of
Monro.1-4

Clinical Presentation. It presents with headache, mental status
change, visual disturbance, and intracranial hypertension.1,3,5

Imaging Presentation. The presentation is an intraventricular,
heterogeneous, and “bubbly” mixed, solid and cystic lesion,
with a solid component presenting heterogeneous signal, isoin-
tense to gray matter on T1-weighted imaging, hyperintense on
FLAIR, with flow voids, calcification (50% of cases) with hem-
orrhage, diffusion restriction, a decreased NAA peak, a moder-
ately elevated Cho peak, and the presence of glycine and alanine
peaks, increased rCBV, and moderate-to-intense enhancement
(Fig 9).1-3,5,19

FIG 7. Dysplastic gangliocytoma of the cerebellum in a 19-year-old man with Cowden syndrome.
Grossly thickened cerebellar folia with a tiger-striped pattern and rare patchy enhancement in
the superior vermis and left cerebellar hemisphere. Axial T2-weighted image (A). Axial T1-
weighted fat-saturated contrast-enhanced image (B).

FIG 8. Multinodular and vacuolating neuronal tumor of the cerebrum in a 33-year-old asymp-
tomatic woman. Confluent, small, round lesions in a subcortical location with hypersignal in a T2-
weighted FLAIR image (A). They clearly show different signal from the adjacent CSF in a T2-
weighted FIESTA image, differentiating them from perivascular spaces (B).
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Pathology Findings. It presents with uniform, mature, neurocytic
elements arranged in sheets or lobules.1,3 Immunohistochemistry
identifies cells positive for synaptophysin and neuron-specific
enolase and cells negative for OLIG2.2,3 Molecular profiling
depicts N-MYC, IGF2, PTEN, PDGFD, and NRG2,WNT, 1p/19q,
and Tp53 variations.1,4

Differential Diagnosis. The differential diagnosis is subependy-
moma, ependymoma, subependimal giant cell astrocytoma, me-
ningioma, and intraventricular oligodendroglioma.2,3

Treatment. The treatment is an operation and adjuvant radiation
therapy if there is subtotal resection or a high MIB1 labeling
index.1,3 The prognosis is usually favorable, though rare recurrence
may occur, especially if increased mitoses or MIB1 labeling index
higher than 2% is observed.1-4

Variants. Variants are extraventricular and cerebellar liponeuro-
cytoma. Extraventricular neurocytoma is histologically similar
to central neurocytoma, except for necrosis, vascular prolifera-
tion, and increased mitoses.1,3-5,40 It is located outside the ven-
tricular system, usually in the cerebral hemispheres, and imaging
depicts hemorrhage, perilesional edema, and a low or absent

NAA peak.1,3-5,40 Cerebellar liponeurocytoma is composed of
neurocytic elements and lipomalike features, usually with a low
MIB1 labeling index.1,3-5,40 Imaging may depict fat areas on T1-
weighted images, confirmed with fat-suppression, chemical shift
imaging, or a prominent lipid peak (Fig 10).1,3-5,40

Differential Diagnosis. The imaging findings of glioneuronal
tumors are quite varied, and the number of differential diagnoses
is high. The identification of a focal lesion with a cystic component
in the CNS should signal the possibility of glioneuronal and low-
grade glial tumors. The diagnostic approach can be facilitated with
a flow chart organized according to the morphology of the lesion,
its location, and ancillary findings (Fig 1). Next, imaging features
of the main differential diagnosis of uncommon glioneuronal
tumors will be summarized.

Ganglioglioma, DNET, and desmoplastic infantile tumors are
common WHO grade I neuronal-glial tumors that usually affect
the superficial temporal or frontal lobes of children and young
adults.1-5,8 Ganglioglioma presents as a mixed solid and cystic
lesion with calcification, increased rCBV, and homogeneous
enhancement of the solid portion; however, atypical finding, such
as heterogeneous enhancement and superficial siderosis may also
occur (Online Supplemental Data).1-5 DNET is characterized by a
cortically based bubbly wedge-shaped lesion with an increased
myo-inositol peak, heterogeneously reduced rCBV, usually no
contrast enhancement, and a thin halo of hyperintense signal in
FLAIR (Online Supplemental Data).1-5 Calvarial remodeling,
adjacent focal cortical dysplasia, and displacement of white mat-
ter tracts rather than disruption in tractography may also be
present in both, mass effect is minimal if present, and perile-
sional edema is usually absent.1-5 Desmoplastic infantile tumor
presents as a large multilobar mixed solid and cystic lesion with
a deep cystic component and a superficial solid plaquelike or dural-
based
portion, with the dural tail sign, diffusion restriction, avid heteroge-
neous enhancement, mass effect, and mild perilesional edema
(Online Supplemental Data).2,3,5

Polymorphous low-grade neuroepithelial tumor of the young is
a rare and recently described entity, the categorization of which is
not well-defined. It is not yet graded by the WHO and may be

FIG 9. Central neurocytoma. An intraventricular bubbly lesion adjacent to the septum showing honeycombing contrast enhancement and
extensive signs of calcification and hemorrhage (A–C). Microscopic findings are sheets of round cells with scant cytoplasm. Neurocytic rosettes
are present (arrows). Axial T2-weighted image (A). Axial T1-weighted fat-saturated contrast-enhanced image (B). Axial gradient-echo T2*-
weighted image (C). Hematoxylin and eosin, original magnification�200 (D).

FIG 10. Cerebellar liponeurocytoma in a 71-year-old woman with
transient neurologic deficits. A heterogeneously enhancing nodule
(long arrow) in the superior vermis associated with a linear compo-
nent compatible with macroscopic fat (short arrow). Axial T1-
weighted image (A). Axial T1-weighted fat-saturated contrast-
enhanced image (B).
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considered a low-grade neuroepithelial or a glioneuronal tu-
mor.6,41,42 The temporal lobe is the most frequent site, and seizures
are the major clinical presentation.41,42 Imaging depicts a superfi-
cial, solid tumor with isointense-to-hyperintense signal on T1-
weighted imaging, hyperintense signal on T2-weighted and FLAIR
imaging, calcification, cystic degeneration, and irregular or nodular
contrast enhancement (Online Supplemental Data).41-43 Small
nodular diffusion restriction foci and focal high rCBV may rarely
occur; however, mass effect and perilesional edema are absent.41-43

Pathology and molecular diagnostics are characterized by oligo-
dendroglioma-like cellular features, an infiltrative growth pattern,
pseudorosette formation, intense CD34 immunopositivity, BRAF
p.V600E mutation, or FGFR2/3 fusion.6,41,42

Pleomorphic xanthoastrocytoma and angiocentric glioma are
low-grade glial epilepsy-related tumors that usually affect the su-
perficial temporal, frontal, or parietal lobes of children and young
adults.3,4,8,44 Pleomorphic xanthoastrocytoma is characterized by a
cyst and a leptomeningeal-based mural nodule with avid contrast
enhancement and an adjacent dural tail sign (Online Supplemental
Data).3,4 Angiocentric glioma presents as a diffusely infiltrating
and noncircumscribed lesion, with increased ribbonlike signal on
T1-weighted imaging, hyperintense signal on T2-weighted and
FLAIR imaging, a high Cho peak, a low NAA peak, reduced rCBV,
and no contrast enhancement (Online Supplemental Data).44

Additionally, although pilocytic astrocytoma is not an epilepsy-
related tumor, it still is the most common low-grade glioma of
young patients and also is a differential diagnosis of glioneuronal
tumors, especially papillary.3 Pilocytic astrocytoma is commonly
seen in children and characterized by a posterior fossa solid-cystic
tumor with a marked enhancement of the solid portion.13

CONCLUSIONS

Glioneuronal tumors are an uncommon group of brain tumors
with heterogeneous pathologic, radiologic, and prognostic fea-
tures. With the growing description of immunohistochemistry
and molecular findings of these tumors, new subtypes are being
reported. The typical imaging findings of some glioneuronal
tumors may facilitate the distinction from low-grade glial tumors
and guide the pathologic investigation with targeted immunohis-
tochemistry and molecular research. Therefore, neuroimaging
may play a pivotal role in the correct diagnosis and management
of glioneuronal tumors.

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

Intraosseous Venous Malformations of the Head and Neck
S.B. Strauss, J.M. Steinklein, C.D. Phillips, and D.R. Shatzkes

ABSTRACT

SUMMARY: Intraosseous venous malformations represent a subtype of venous vascular malformations that arise primarily in bone.
In the head and neck, intraosseous venous malformations are most frequently found in the skull, skull base, and facial skeleton,
with location at the geniculate ganglion of the facial nerve perhaps the most widely recognized. These non-neoplastic lesions are
characterized by dilated venous channels with characteristic internal bony spicules on CT but may present with a more complex
appearance on MR imaging and may share features with more aggressive lesions. Further confounding the imaging-based diagnosis
of intraosseous venous malformation is the frequent misrepresentation of these lesions as hemangiomas in the radiology and clini-
cal literature, as well as in daily practice. Because most intraosseous venous malformations can be left alone, their correct diagnosis
may spare a patient unnecessary concern and intervention.

ABBREVIATIONS: FN ¼ facial nerve; FS ¼ fat saturated; GLUT1 ¼ glucose transporter 1; IOVM ¼ intraosseous venous malformation; ISSVA ¼ International
Society for the Study of Vascular Anomalies

Venous malformations are part of the spectrum of vascular
malformations designated by their vessel of origin, based

on the widely accepted classification of vascular anomalies
endorsed by the International Society for the Study of
Vascular Anomalies (ISSVA).1 They represent congenitally
malformed and dilated venous channels with sluggish internal
flow that occur commonly in soft tissue; in the head and neck,
the muscles of mastication are a particularly frequent site.
Intraosseous venous malformations (IOVMs) are less com-
mon compared with soft-tissue venous malformations in the
head and neck. When found within the facial skeleton, calva-
ria, and skull base, IOVMs may demonstrate an aggressive
appearance, with medullary space expansion, enhancement,
and cortical thinning. Identification of coarsened internal
trabeculae, best appreciated on CT, is nearly pathognomonic
of this entity2,3 and may obviate the need for biopsy.

Incorrect nomenclature is often applied to soft-tissue vas-
cular malformations within the head and neck. This is particu-
larly true of cavernous venous vascular malformations within

the orbit, cavernous sinus, or brain parenchyma, which consist
of cavernous venous spaces lined by endothelial cells. Because
these lesions have a pseudoencapusulated appearance, they are
often inappropriately referred to as “cavernous hemangioma”
or “angioma,” suggesting neoplasia rather than the more
appropriate designation of “cavernous venous malformation.”

Similarly, a major factor in the confusion surrounding the
correct diagnosis of vascular malformations within bone
derives from the inconsistency and inaccuracy in nomencla-
ture used in the small body of literature on the topic. These
lesions are frequently incorrectly referred to as “ossifying
hemangiomas” or when in the temporal bone, as “facial nerve
hemangioma” and qualified as “cavernous” or “capillary.” The
more apt description of such lesions as venous malformation
was first introduced by Mulliken and Glowacki,4 in 1982, who
proposed a classification scheme based on the pathophysiol-
ogy of vascular lesions and differentiated between vascular
tumors and vascular malformations. In this binary classifica-
tion system, the term “hemangioma” is reserved for the com-
mon benign vascular tumor of infancy, a true neoplasm that
grows by endothelial hyperplasia and expresses markers of
cellular proliferation such as vascular endothelial growth
factor and cell nuclear antigen, as well as the immunohisto-
chemical marker glucose transporter protein-1 (glucose trans-

porter 1 [GLUT1]). Hemangiomas additionally manifest a unique

triphasic growth pattern, with rapid enlargement during infancy

followed by spontaneous involution and, typically, complete
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resolution by mid-childhood. Conversely, vascular malformations

are non-neoplastic, static errors of vascular morphogenesis that
will not regress spontaneously and are composed of dysmorphic

forms of the vessels of origin (capillary, venous, lymphatic, arterial)
with growth occurring on the basis of progressive vascular ectasia,

rather than cellular proliferation. IOVMs are part of the latter cate-
gory, representing dilated and ectatic venous channels within

bone. In fact, it has been argued that
true intraosseous hemangiomas do not

exist, and one should assume that all
such lesions identified within bone rep-

resent IOVM.5 This is true not only for
venous malformations of the head and

neck but for those found in vertebral
bodies as well.6 In 2014, the ISSVA pub-

lished an updated classification based on
the work of Mulliken and Glowacki,4

similarly classifying lesions as vascular
tumors and vascular malformations.7

Although the nomenclature of
Mulliken and Glowacki4 has been in
existence for .30 years, incorrect ter-
minology remains prevalent in the
literature. Hassanein et al8 performed
a literature review and found the term
“hemangioma” incorrectly used in
about 70% of all articles published in
2009; most important, 20% of these
patients received inappropriate ther-
apy because of this seemingly trivial
error in nosology. Whereas infantile
hemangioma causing substantial dis-
turbance in form or function may
be treated pharmacologically, venous
malformations will not respond to
antiangiogenic treatment. Sclerothe-
erapy, possibly in combination with
surgical excision, may be required.5

Fábián et al9 performed a literature
search for terminology used for intra-
osseous vascular lesions, including
intraosseous hemangioma and “intra-
osseous malformation” of the face. Of
272 cases reported between 1950 and

2016, 50.7% were incorrectly described as hemangiomas.9

Further analysis, however, demonstrated that before the first
ISSVA publication in 1996, almost 91% of cases were reported

as intraosseous hemangiomas, while in subsequent years, usage
of this incorrect terminology dropped to 39%.9

Despite increasing familiarity with the ISSVA classification and
nomenclature on the part of clinicians and researchers, much work

Table 1: Commonly used terms and the corresponding correct terminology
Category Incorrect Correct

Calvaria Calvarial hemangioma
Ossifying hemangioma
Cavernoma of the skull

Intraosseous vascular malformation (venous)
Low-flow vascular malformation

of the bone
Facial skeleton Facial bone hemangioma

Intrabony hemangioma
Cellular hemangioma

Intraosseous vascular malformation (venous)
Low-flow vascular malformation

of the bone
Skull base/facial nerve FN capillary hemangioma

FN cavernous hemangioma
Intraosseous vascular malformation (venous)
Low-flow vascular malformation

of the bone

FIG 1. A 39-year-old man with a slowly growing calvarial mass. Axial CT (A) demonstrates a lucent
right frontal bone lesion centered in the diploic space with a honeycomb pattern of internal cal-
cification (arrow). Note a minimal overlying scalp deformity; the patient was able to palpate this
slowly growing lesion. The lesion (arrow in B–D) demonstrates intermediate signal on T1WI (B),
marked hyperintensity on T2WI (C), and prominent contrast enhancement, T1WI C1 (D). Note
the internal foci of low signal most prominent on the T2-weighted examination (C) corresponding
to the internal bone spicules evident on the CT. The diagnosis of IOVM was made on the basis of
the characteristic imaging appearance. C1 indicates with contrast.
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remains regarding the use of correct
terminology when dealing with vas-
cular lesions. It is the authors’ opin-
ion that the incorrect nomenclature
should not be used in reports, even if
discrepant from the vernacular used
by referring physicians, because inap-
propriate descriptions of a vascular
malformation such as a hemangioma
will only further serve to perpetuate
confusion surrounding the topic.
Instead, the authors suggest using the
correct term and then adding “previ-
ously known as hemangioma” within
the report. Clarification and collegial
education regarding the choice of ter-
minology might accompany the
report via phone or email communi-
cation to the ordering provider.
Table 1 shows commonly used terms
and the corresponding correct
terminology.

Like all vascular malforma-
tions, IOVMs are present at birth
and will grow in tandem with the
somatic growth of the child, occa-
sionally punctuated by periods of
more rapid enlargement stimu-
lated by hormonal, inflammatory,
or traumatic factors.10 Politi et
al11 report a female predilection,
which suggests possible endothe-
lial growth by hormone stimula-
tion. Similarly, malformations

FIG 2. A 40-year-old man with a palpable frontal bump. Axial (A) and sagittal (B) thin-section CT
images demonstrate a typical expansile lucent lesion with internal spiculated calcification (yel-
low arrow, A and B). Intraoperative photograph (C) shows a raised, red, porous-appearing calva-
rial lesion. H&E-stained photomicograph (D) shows dilated cavernous blood-filled spaces lined
by flattened epithelium, characteristic of a venous malformation. There is focal hemosiderin
staining, which is evidence of prior hemorrhage.

Table 2: Imaging findings of IOVM and common lesions in the differential diagnosis
Diagnosis CT Findings MR Imaging Findings

IOVM Expansile and well-circumscribed
Cortex intact, but thin/scalloped
Stippled internal trabeculae, or,
Honeycomb/spoke wheel ossification

T2-very hyperintense, with internal
stippled or striated signal void

T1 signal varies, thrombus may be bright
T1 1 gadolinium–avid enhancement

Intraosseous meningioma Dense marrow sclerosis and shaggy
cortical hyperostosis

Extraosseous soft tissue

T2 intermediate
T1 1 gadolinium
Intraosseous: 6 enhancement
Extraosseous: avid plaquelike enhancement

Fibrous dysplasia Ground-glass matrix, 6 cystic or more
sclerotic elements

T2 low-intermediate signal, though varies
depending on cystic change
T1 1 gadolinium: avid enhancement

Metastasis, myeloma No matrix
Cortical lysis
Multiplicity

Variable, depending on primary tumor

Lymphoma No matrix
Hyperdense soft tissue

T2 intermediate, T1 1 gadolinium: bland
enhancement

Diffusion-restriction, hypercellularity
Chondrosarcoma Rings/whorls of calcified matrix

Classic location, petroclival
T2 marked hyperintensity
Enhancement, variable but often mild

Epidermoid cyst Low density
No internal matrix

T1-hypointense, T2-hyperintense
Diffusion restriction
No internal enhancement
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may present in adolescence during growth spurts and presum-
ably also under the influence of endogenous hormones.
Within the lesion, repetitive intralesional hemorrhage may
contribute to lesion expansion. IOVMs are often discovered
incidentally on imaging studies performed for an unrelated
indication; though in more superficial locations, such as in
the zygoma, they may be visible or palpable. In the temporal
bone, IOVMs are most frequently identified adjacent to the
geniculate ganglion of the facial nerve. At this site, clinical
presentation may be of progressive facial nerve paresis. Given
that most lesions are asymptomatic, the overall prevalence of
IOVMs in the population is difficult to estimate, though they
are thought to represent ,1% of osseous neoplastic and
tumorlike lesions.12 Treatment is predicated on symptoms;
incidentally discovered, asymptomatic lesions do not require
therapy. IOVMs that result in cosmetic or functional issues
are treated by surgical excision.13,14

On gross pathology, IOVMs are described as spongy or
porous, raised hemorrhagic lesions, often with ill-defined mar-
gins relative to adjacent normal bone. On histopathologic
analysis, mature bony trabeculae are separated by thin-walled
dilated cavernous vascular spaces that are lined by flattened
endothelial cells.15-17 Immunohistochemical analysis can
definitively distinguish IOVMs and other vascular malforma-
tions from infantile hemangiomas by assaying for GLUT1.10,18

IOVMs demonstrate low-to-intermediate signal intensity on
T1WI; there may be areas of sporadic internal T1-shortening at
sites of hemorrhage or thrombosis.19 On T2WI, IOVMs will
demonstrate heterogeneous, high signal intensity.2 There is heter-
ogenous, avid contrast enhancement, which may be delayed.20

Internal areas of signal void may be visible, often in a spiculated
“sunburst” pattern, representing the characteristic radiating inter-
nal bony trabeculae. The sunburst pattern results from bony dis-
placement by a network of vascular spaces, with reactive new
bone formation resulting in thickened trabeculae. When these
trabeculae are viewed in cross-section, a “honeycomb” or “soap
bubble” appearance is described. On CT, this trabecular pattern
will be highlighted against a background of an expansile lucent os-
seous lesion, with intact cortical margins. Phleboliths, appearing
as rounded areas of signal void on MR imaging and calcification
on CT, are occasionally identified, though they are considerably
less frequent in IOVMs compared with their soft-tissue counter-
parts. Because IOVMs are low-flow lesions, there is no role for ei-
ther cross-sectional or catheter angiographic studies in their
diagnosis or characterization. IOVMs may demonstrate an atypi-
cal appearance on MR imaging when relatively lipid-poor and
may also exhibit a more aggressive-type behavior, leading to soft-
tissue extension, cortical expansion, and potentially pathologic
fracture.21-23 Some authors postulate that aggressive features are
more commonly seen in underlying combined capillary-venous

FIG 3. A 56-year-old woman with a palpable facial mass. The yellow arrow indicates a lesion in A–F. Axial (A) and coronal (B) thin-section CT in
bone windows demonstrates an expansile, low-density lesion with internal coarsened trabeculae. The characteristic internal honeycomb pattern
is typical of an IOVM. Axial T1 C– (C) and axial T1 C1 FS (D) sequences demonstrate a T1-intermediate, avidly enhancing lesion that extends
beyond the cortical margin; the cortex is thinned but identifiable. Axial T2 FS (E) and coronal T2 FS (F) sequences demonstrate that the lesion is
markedly T2 hyperintense. The diagnosis of IOVM was made on the basis of the characteristic imaging appearance, and the lesion remained sta-
ble on surveillance imaging for 3 years. C1 indicates with contrast; C–, without contrast.
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malformations, particularly in the familial cerebral cavernous mal-
formation population.22 The presence of other features such as
homogeneous soft-tissue enhancement, honeycomb pattern of
internal trabeculation, T1 hyperintensity, absence of periosteal
reaction and lack of erosive change, help to support the correct
diagnosis despite otherwise atypical features.2,24-27 Such lesions
can still be referred to as IOVMs. Differential diagnoses for less
characteristic appearances will vary by site but may include intra-
osseous meningioma, fibrous dysplasia, osteochondroma, osteo-
sarcoma, and ossifying fibroma.19

Subsites of IOVM in the Head and Neck: Calvarium
First described in 1845 by Toynbee and perpetually miscatego-
rized as cavernous or osseous hemangiomas, calvarial IOVMs
present clinically as slowly growing or indolent firm, nonmobile
masses with freely mobile overlying skin.11,28 They are often
encountered on CT or MR imaging of the brain as incidental find-
ings and may prove problematic if misdiagnosed. Because the
lesion is composed of malformed venous channels within bone
trabeculae, calvarial IOVMs primarily occur within the diploic
space with an expansile appearance and thinning of the overlying

cortex. This appearance is best
delineated with high-resolution CT
imaging, which easily depicts the char-
acteristic elements, variously described
as stippled, spiculated, honeycomb,
spoke wheel, or sunburst in appearance
(Figs 1 and 2).20 The variable ossific
density is thought reflective of osteo-
blastic activity from chronic and repeat
hemorrhage.28

The imaging appearance of calvarial
IOVMs with MR imaging is variable.
IOVMs have strikingly hyperintense
signal on T2-weighted imaging, reflect-
ing slow-flowing blood or subacute
thrombus. On T1-weighted imaging,
some lesions have high signal from
thrombus or fat, which may be differ-
entiated with a fat-suppressed tech-
nique. Residual cortex has thin and
hypointense signal on all MR pulse
sequences, and the internal ossific spi-
cules may be evident as internal areas
of signal void (Fig 1C). Extraosseous
soft-tissue extension is possible and
better discriminated on MR imaging,
given its advantage in soft-tissue con-
trast resolution.

The differential diagnosis includes
intraosseous meningioma,29,30 also
showing avid contrast enhancement
and T2 hyperintensity,31 though typi-
cally presenting in an older age group
and with associated osseous sclerosis.
Fibrous dysplasia on CT classically
has a ground-glass or heterogeneously

cystic appearance and intermediate-to-low T2 signal intensity
reflecting its fibrous content.29 Dermoid and epidermoid cysts
typically demonstrate low CT density without an internal ma-
trix, without enhancement on MR imaging and with character-
istic diffusion restriction. When a calvarial lesion is large or
growing at a worrisome pace, malignant lesions such as metas-
tasis or myeloma or inflammatory lesions such as eosinophilic
granuloma may be considered, and prompt lesion excision
and/or tissue sampling may be necessary.32 As with most
lesions at the skull or skull base, diagnostic accuracy is
improved when both the CT and MR imaging appearance are
co-interpreted as complementary examinations. Table 2 sum-
marizes typical CT and MR imaging findings of IOVM and
other lesions within the imaging differential diagnosis.

Facial Skeleton
As expected, primary IOVMs of the facial bones are more
likely than calvarial lesions to present clinically as a recogniz-
able deformity and firm, palpable masses. The maxilla is most
frequently involved, with classic locations for IOVM at the ma-
lar eminence, orbital rim, and zygomaticomaxillary junction

FIG 4. Axial T1 (A) and axial T1 C1 FS (B) images through the maxilla demonstrate a T1-intermedi-
ate, heterogeneously enhancing expansile lesion centered in the right maxillary alveolus (yellow
arrow, A and B). The lesion extends beyond the cortical margin, and there is poor identification
of the normal cortex. Axial T2 (C) and axial T2 FS (D) sequences demonstrate that the lesion is T2-
hyperintense with internal T2-hypointense trabeculae (yellow arrows, C and D). The diagnosis of
IOVM was confirmed on pathology. C1 indicates with contrast.

1094 Strauss Aug 2022 www.ajnr.org



(Figs 3 and 4). Less common sites include the nasal bones and
mandible.33 On occasion, the facial bones may be secondarily
involved with more complex and transspatial venous malfor-
mations of the facial soft tissues. Dentition may be altered as
result of a maxillary or mandibular IOVM, though jaw defor-
mity is more commonly encountered with arteriovenous mal-
formations.34 Surgical treatment is often pursued to correct
the cosmetic deformity and/or to restore function. Imaging is
necessary not only for lesion characterization and anatomic
mapping before surgery but also for providing image data for
navigational surgical planning. In the setting of large IOVMs,
preoperative lesion embolization may be offered.24

Differential diagnostic considera-
tions for facial IOVMs are as previously
described for calvarial IOVMs and
include fibrous dysplasia, primary bone
neoplasm, metastasis, and myeloma.
Mandibular or maxillary osteosarcoma
may result in a sunburst periosteal reac-
tion, though this is typically limited to
the periphery of the lesion.35 Of course,
the rapid growth of osteosarcoma rep-
resents a substantially different clinical
course than IOVM.

Skull Base
Given the deep location of skull base
IOVMs, clinical signs and symptoms are
rare, and these lesions are almost exclu-
sively discovered incidentally at imaging
for other indications. The skull base is a
rarely reported site of IOVM, and it is of-
ten not considered as a leading differen-
tial diagnosis for an expansive bony
mass in this location.19 Instead, it may be
mistaken for malignancy or other osteo-
blastic or sclerotic lesions such as menin-
gioma, Paget disease, or fibrous
dysplasia. The greater sphenoid wing is a
common location for an intraosseous
meningioma, also known as an en pla-
que or hyperostotic meningioma.36 Both
lesions may expand bone, but intraoss-
eous meningiomas more often result in
uniform bony sclerosis rather than
lucency and do not typically demonstrate
the trabecular matrix characteristic of
IOVMs (Fig 5). The internal areas of sig-
nal void within a posterior skull base
IOVM may simulate the “salt and pep-
per” MR imaging appearance of a glo-
mus jugulare tumor; however, CT will
readily distinguish these entities because
paragangliomas lack an internal calcified
matrix (Fig 6). Additionally, careful con-
sideration of anatomy will localize these

lesions to the bone rather than skull base foramina. Within the cen-
tral skull base, an additional consideration is a chondrosarcoma,
which may show similar T2-hyperintense signal but often less avid
contrast enhancement and a more flocculent pattern of internal cal-
cification.37 As with IOVMs in other locations, the MR imaging
appearance may be nonspecific, and CT often provides the most
diagnostic utility with a characteristic internal spiculated matrix
(Table 2).

Facial Nerve
The facial nerve (FN) IOVM is the most well-recognized vas-
cular malformation within the head and neck (Fig 7). The

FIG 5. Axial T1-weighted (C) and axial T1-weighted C1 (B) demonstrate an expansile lesion cen-
tered within the left greater wing of the sphenoid, with internal T1-hypointense trabeculae and
avid enhancement (yellow arrows, A and B). There is mass effect on the left orbit, with resultant
proptosis. Axial T2WI (C) demonstrates that the lesion is heterogeneous but predominantly T2
hyperintense (yellow arrow, C). There is vasogenic edema in the subjacent left temporal opercu-
lum, presumably based on mass effect, a response to hypervascularity, and venous congestion.
Axial CT (D) is confirmatory for the diagnosis of the IOVM, given the presence of thickened inter-
nal trabeculae (yellow arrow, D) in a characteristic pattern. The patient was treated with surgical
resection. The diagnosis of IOVM was confirmed on pathology, which showed dilated thin-walled
blood vessels distending and replacing medullary bone. C1 indicates with contrast. Case cour-
tesy of Phillip Chapman, MD, Professor of Radiology, Duke University School of Medicine.
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literature is confounded by inconsistent terminology across
multiple medical disciplines and improper pathologic designa-
tion of lesions, though recent reviews have aimed to reconcile
this issue.38 While most craniofacial IOVMs are incidental or
cosmetically deforming, FN IOVMs are typically discovered
because of related clinical symptomatology. The more com-
mon FN schwannoma may compress the nerve and cause
dysfunction, whereas a venous malformation may directly
infiltrate the nerve and/or cause a vascular steal phenom-
enon.39 Therefore, symptoms such as facial paresis or hemifa-
cial spasm or both are much more common with FN IOVMs
than the more prevalent schwannoma. When compared with
facial neuritis such as Bell palsy, FN dysfunction in IOVMs is
more insidious and progressive and will not spontaneously
resolve.

The location for an IOVM is characteristically at the genicu-
late portion of the FN, which is not surprising given its rich ve-
nous and capillary plexus. There is a rarer occurrence elsewhere
along the FN, namely at the internal auditory canal or second
genu.39 FN IOVMs often infiltrate beyond the margins of the FN
canal and geniculate ganglion, aiding in discrimination from fa-
cial nerve schwannoma.

CT typically reveals an expansile lesion with irregular mar-
gins centered at the geniculate fossa, demonstrating characteris-
tic internal bony spicules or trabeculae, a honeycomb pattern,
or small, needle-shaped calcifications as recently described by
Yue et al.40 However, when small, an FN IOVM may fail to
show typical bony densities and only widen the FN canal.

Discrimination may then prove difficult between an IOVM and
neoplasm, most commonly a schwannoma in this location.41

MR imaging typically reveals a mass of T1-hypointense or -iso-
intense and T2-hyperintense signal that may be heterogeneous
depending on degree of bony matrix. Typically, an FN IOVM
appears as a patchy or geographic focus of enhancement, whereas
a schwannoma may appear ovoid or tubular. Particularly when
lesions are small, differentiation may be very difficult, and ulti-
mately both CT and MR imaging are frequently required in this
differential diagnosis.

Definitive treatment of an FN IOVM is surgical, especially
if there is documented progression in FN dysfunction. Early
detection and shorter duration of symptoms lead to a greater
chance of FN function following surgery. The surgical
approach may be subtemporal or via the middle cranial fossa,
with the goal being FN identification and preservation. The
lesion is most often encountered as a deep red, sinusoidal, and
hemorrhagic mass with a honeycomb or spongy consistency.40

Depending on lesion location and surgical skill and resources,
interposition nerve grafting can be performed to improve clin-
ical outcomes.

CONCLUSIONS
IOVMs are rare-but-underdiagnosed entities that have been misca-
tegorized as hemangiomas in the literature across multiple disci-
plines. In the head and neck, these are found in the skull, skull
base, and facial skeleton, with lesions at the geniculate ganglion

FIG 6. A 17-year-old girl referred for suspicion of paraganglioma identified incidentally on head CT for trauma. Axial thin-section CT (A)
demonstrates a hypodense lesion centered in the right petrous apex (yellow arrow). The presence of internal trabeculae in a honeycomb
pattern as well as the lesion location differentiate the correct diagnosis (IOVM of the skull base) and the suspected diagnosis of glomus
jugulare paraganglioma. Axial T1 C– (B) and axial T1 C1 (C) sequences through the skull base demonstrate that the lesion is T1-intermediate
(yellow arrow, B) and avidly enhancing (yellow arrow, C). A diagnosis of IOVM was made on the basis of characteristic imaging appearance.
C1 indicates with contrast; C–, without contrast.
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(incorrectly termed “facial nerve hemangiomas”) perhaps the most
widely known. While a seemingly aggressive appearance may be of
concern to patients, clinicians, and radiologists, a generally indolent
clinical course and the presence of near-pathognomonic internal
bony spicules on CT should suggest this diagnosis.

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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Validation of a Denoising Method Using Deep Learning–
Based Reconstruction to Quantify Multiple Sclerosis Lesion

Load on Fast FLAIR Imaging
T. Yamamoto, C. Lacheret, H. Fukutomi, R.A. Kamraoui, L. Denat, B. Zhang, V. Prevost, L. Zhang, A. Ruet,

B. Triaire, V. Dousset, P. Coupé, and T. Tourdias

ABSTRACT

BACKGROUND AND PURPOSE: Accurate quantification of WM lesion load is essential for the care of patients with multiple sclero-
sis. We tested whether the combination of accelerated 3D-FLAIR and denoising using deep learning–based reconstruction could
provide a relevant strategy while shortening the imaging examination.

MATERIALS AND METHODS: Twenty-eight patients with multiple sclerosis were prospectively examined using 4 implementations of
3D-FLAIR with decreasing scan times (4 minutes 54 seconds, 2 minutes 35 seconds, 1 minute 40 seconds, and 1 minute 15 seconds).
Each FLAIR sequence was reconstructed without and with denoising using deep learning–based reconstruction, resulting in 8 FLAIR
sequences per patient. Image quality was assessed with the Likert scale, apparent SNR, and contrast-to-noise ratio. Manual and
automatic lesion segmentations, performed randomly and blindly, were quantitatively evaluated against ground truth using the
absolute volume difference, true-positive rate, positive predictive value, Dice similarity coefficient, Hausdorff distance, and F1 score
based on the lesion count. The Wilcoxon signed-rank test and 2-way ANOVA were performed.

RESULTS: Both image-quality evaluation and the various metrics showed deterioration when the FLAIR scan time was accelerated.
However, denoising using deep learning–based reconstruction significantly improved subjective image quality and quantitative per-
formance metrics, particularly for manual segmentation. Overall, denoising using deep learning–based reconstruction helped to
recover contours closer to those from the criterion standard and to capture individual lesions otherwise overlooked. The Dice
similarity coefficient was equivalent between the 2-minutes-35-seconds-long FLAIR with denoising using deep learning–based recon-
struction and the 4-minutes-54-seconds-long reference FLAIR sequence.

CONCLUSIONS: Denoising using deep learning–based reconstruction helps to recognize multiple sclerosis lesions buried in the
noise of accelerated FLAIR acquisitions, a possibly useful strategy to efficiently shorten the scan time in clinical practice.

ABBREVIATIONS: AVD ¼ absolute volume difference; dDLR ¼ denoising using deep learning–based reconstruction; DSC ¼ Dice similarity coefficient; HD ¼
Hausdorff distance; MS ¼ multiple sclerosis; PPV ¼ positive predictive value; TPR ¼ true-positive rate

Multiple sclerosis (MS) is the most common inflammatory dis-
ease of the central nervous system affecting young patients,1

in which demyelination mediated by autoimmune mechanisms is

spatially and temporally disseminated. MR imaging plays an essen-
tial role not only in the initial diagnosis of MS2 but also in regular
monitoring as a sensitive marker of disease activity for promptly
switching therapy if progression is observed.3 Life-long imaging fol-
low-up is, therefore, required for most patients with MS. A short
examination time is necessary to improve the patient’s comfort and
to cope with the high number of demands in imaging centers.
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3D-FLAIR imaging is considered the core sequence for di-
agnosis and monitoring of MS and has been shown to provide
better diagnostic performance than 2D sequences,4 explaining
why 3D acquisitions are now recommended by international
guidelines.5,6 In return for its high sensitivity, 3D acquisition
comes at the expense of a longer scan time, which can be miti-
gated by acceleration techniques, such as the partial Fourier
technique,7 parallel imaging,8 simultaneous multislice imag-
ing,9 or, more recently, compressed sensing.10 These techni-
ques are still being improved; however, the image quality
inevitably decreases due to reduced k-space sampling. As the
images become noisy, the accuracy of lesion detection could
be affected. Therefore, one of the central objectives was to
remove noise associated with image-acquisition acceleration
to maintain high image quality for accurate lesion identifica-
tion. Although several denoising methods take the complexity
of MR imaging artifacts into account, 1 critical drawback of
these sophisticated denoising methods is the processing time,
which makes them not easily applicable in routine clinical
practice.

Artificial intelligence is now providing new solutions with
denoising algorithms based on deep learning, enabling instant
execution.11 New generations of MR imaging with the denoising
using deep learning–based reconstruction (dDLR) are now
becoming available on commercial magnets,12-15 with the goal
of accurately removing the noise associated with higher-resolu-
tion acquisitions or with significantly shorter scan times. Such
dDLR is rapidly growing, but at the same time, its validity in
clinical settings has not yet been well-investigated, and how
these methods could impact the detectability of lesions for radi-
ologists is unknown. Before adoption, it is mandatory to vali-
date such effects on pathologic lesion detection and to quantify
possible false-positives or negatives. Therefore, in this research
study, we tested whether the combination of accelerated
3D-FLAIR and dDLR could provide a relevant strategy to moni-
tor the WM lesion load of patients with MS with shorter
examinations.

MATERIALS AND METHODS
Study Population
The study prospectively recruited 31 participants with MS who
were followed at Centre Hospitalier Universitaire de Bordeaux in
2020 and 2021. The inclusion criterion was to have a confirmed
relapsing-remitting form of MS according to the 2017 McDonald
criteria.2 The exclusion criteria were MR imaging examination
contraindications and other concomitant neurologic disorders.
One patient with a low lesion load had no more visible brain
lesions under treatment, and 2 patients did not properly complete
the MR imaging; thus, we evaluated 28 participants in this analy-
sis. The institutional ethics committee approved the protocol,
and all participants provided written informed consent.

Image Acquisition
Imaging examinations were performed on a 3T scanner (Vantage
Galan 3T/ZGO; Canon Medical Systems) with a 32-channel
phased array head coil. The acquired sequences included a 3D
T1WI and 4 implementations of 3D variable flip angle FLAIR
sequences with decreasing scan times that we will call “standard
FLAIR” (4 minutes 54 seconds), “fast FLAIR” (2 minutes 35 sec-
onds), “ultrafast FLAIR” (1 minute 40 seconds), and “shortest
FLAIR” (1 minute 15 seconds). Acceleration was obtained with
parallel imaging and with a progressive decrease in the TR along
the 4 different implementations. The corresponding TI values
were adjusted accordingly to maintain CSF nulling based on sim-
ulations of the magnetization of 3D-FLAIR that we conducted in
Matlab (MathWorks) using T1/T2 values of CSF from the litera-
ture.16,17 Spatial resolution was identical for the 4 FLAIR sequen-
ces (see the Table for details of scan parameters).

dDLR was directly available in the scanner as a product called
advanced intelligent clear-IQ engine (AiCE) and developed by
Canon. The dDLR method has been described in detail by Kidoh
et al14 and is based on a “plain” convolutional neural network
(CNN) that performs denoising by learning noise thresholds in
the high-frequency components extracted from images by a dis-
crete cosine transform. The algorithm has been originally trained

Parameters of MR imaging acquisitions

3D FLAIR

MPRAGEStandard Fast Ultrafast Shortest
TR (ms) 7000 5000 4000 3000 6.3
TE (ms)/effective TE (ms) 445.5/145.0 445.5/145.0 445.5/145.0 445.5/145.0 2.8
TI (ms) 2070 1580 1270 910 950
BW (Hz) 558 558 558 558 279
Echo space (ms) 4.5 4.5 4.5 4.5
FOV (mm) 230� 230 230� 230 230� 230 230� 230 230� 230
Matrix 224� 224 224� 224 224� 224 224� 224 224� 224
Thickness (mm) 1 1 1 1 1
Parallel imaging 2.0� 3.0 2.0� 3.0 2.0� 3.0 2.0� 3.0 1.8� 1.5
Frequency oversampling 1.4 1.2 1.2 1.2 1.2
Half Fourier 85% 70% 70%
Flip angle 90° 90° 90° 90° 9°
Refocus angle VFA VFA VFA VFA
Shot interval (ms) 2500
Recovery time (ms) 744
Scan time (minute : second) 4:54 2:35 1:40 1:15 6:18

Note:—VFA indicates variable flip angle; BW, Bandwidth.
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on pairs of high SNR ground truth images collected on healthy
subjects (10 average repetitions) and noisy input images (gener-
ated by adding various amounts of noise on the ground truth).
After data augmentation, 32,400 image pairs were used for the
training of the dDLR. In our study, each FLAIR sequence was
processed once with dDLR (,1minute of reconstruction time)
and another time with conventional reconstruction, which will be
referred to as “with or without dDLR.” Therefore, 8 FLAIR
sequences were available per patient, corresponding to a total of
224 FLAIR sequences for the 28 patients.

Image Analyses
To create the ground truth segmentation of MS lesions, 2 senior
neuroradiologists (with 14 and 12 years of experience) manually
delineated MS lesions in collaboration on the standard FLAIR
sequence using 3D Slicer software (www.slicer.org).18 Each seg-
mentation was first performed by 1 of these 2 experienced readers
and carefully and independently checked by the second, who
could correct any missing lesions. We considered this segmenta-
tion the criterion standard against which the other segmentations
were evaluated.

To evaluate the impact of combining “image acceleration 1

dDLR” on the radiologist, the 2 neuroradiologists and another
reader (a radiology resident with 5 years of experience and exper-
tise in neuroimaging) blindly evaluated the overall image quality
of the 224 FLAIR sequences. The sequences were presented in
random order to limit possible bias, especially between images
processed with or without dDLR. Qualitative aspects of the
sequences were assessed using a 5-point Likert-type scale: 11,
1, 0, �, ��, where 0 stands for the image quality that can be
used for diagnostic purpose in clinical settings, while 1 and �
stand for higher and lower quality, respectively.

Then, MS lesions of the 224 FLAIR sequences were manually
and section-by-section delineated by the third reader during ran-
dom presentation under 3D Slicer. Automatic segmentation was
also conducted independently using the lesionBrain module,19

which is freely available on the volBrain platform20 (https://www.
volbrain.upv.es).

Performance Metrics for Evaluation
Several metrics are usually evaluated to assess the performances
of segmentation methods, such as the index of similarity, voxel-
wise metrics, and lesion-wise metrics.21

Therefore, we first computed the relative absolute volume dif-
ference (AVD):

AVD ¼ abs jAj � jGSjð Þ
jGSj ;

where jAj represents the volume of MS lesions from the sequence
under evaluation, GS is the volume of MS lesions from the crite-
rion standard, and absmeans the absolute value.

Second, we computed the following overlap metrics (voxel-
wise metrics) to quantify the contour similarity between 1 seg-
mentation and the criterion standard: positive predictive value
(PPV), true-positive rate (TPR), Dice similarity coefficient
(DSC), and the 95th percentile of Hausdorff distance (HD).
These metrics are defined as follows:

PPV ¼ jTPj
jTPj þ jFPj

TPR ¼ jTPj
jTPj þ jFNj

DSC ¼ 2� jTPj
jGSj þ jAj

HD ¼ max
a2A

�
min
gs2GS

fdist ða; gs��
�
;

where TP, FP, FN represent the numbers of voxels that are true-
positive, false-positive, and false-negative, respectively. Dist refers
to Euclidean distance.

Finally, to understand whether all the MS lesions were
detected, independent of the delineating precision, we computed
the connected components of GS and A (lesion-wise metrics).
We adopted the F1 score (F1) as follows:

SeL ¼ count TPGSð Þ
count GSð Þ

PL ¼ count TPAð Þ
count Að Þ

F1 ¼ 2� SeL � PL
SeL þ PL

;

where TPGS is lesions of A among the lesions in GS that are
correctly detected by A, TPA is—vice versa—overlapped
lesions of GS among the lesions of A, SeL is lesion sensitivity,
and PL is the lesion positive predictive value for individual
lesions. Lesion counting and labeling were performed using
the multidimensional image processing (ndimage) submodule
in the sciPy library (Version 1.7.0, www.scipy.org). Then, the
overlapping labels between GS and A were counted to compute
TPGS and TPA.

Before computing these metrics, all FLAIR images were core-
gistered to the individual 3D-T1WI sequences using the FMRIB
Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.ac.
uk/fsl/fslwiki/FLIRT) program to minimize the positional dis-
placement during the scan.

Statistical Analyses
All statistical analyses were performed with R software (Version
4.1.0; www.r-project.org). First, the interreader agreement among
the 3 readers for image quality was analyzed by the Kendall
Concordance Coefficient W. Then, we considered 2 factors: the
type of FLAIR sequence (standard, fast, ultrafast, shortest) and the
type of reconstruction (without or with dDLR). For the Likert
scale, which is a categoric metric, the effects of the type of recon-
struction were tested with the Wilcoxon signed-rank test. For
AVD, TPR, PPV, DSC, HD, and F1 scores, we used nonparametric
repeat 2-way ANOVA with the aligned rank transform procedure
from the package ARTool (Version 2.1.0; https://depts.washington.
edu/acelab/proj/art/).22 Post hoc tests were conducted with a
Wilcoxon signed-rank test, especially to evaluate the impact of
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dDLR. Finally, to confirm the similarity of metrics between the
standard FLAIR and accelerated FLAIR with dDLR, we used a
nonparametric version of the equivalence test implemented in the
package “EQUIVNONINF” (Version 1.0; https://cran.r-project.
org/package=EQUIVNONINF). P value corrections were always
performed with the Holmmethod.

RESULTS
Demographics of Participants
The participants ranged from young to middle-aged (mean,
41 years of age; range, 24–56 years) and had a median disease du-
ration of .10 years. Most patients (96.4%) underwent second-
line natalizumab disease-modifying treatment and were recruited
during one of the monthly perfusions. None of them had experi-
enced any recent relapse, and the median Expanded Disability
Status Scale score was 2.0. The characteristics are summarized in
the Online Supplemental Data.

Visual Assessment of Image Quality
The agreement among the 3 readers for image quality with the
5-point Likert scale was substantial (Kendall W ¼ .82). We
observed a deterioration in image quality by reducing the scan
time (P, .001, P, .001, and P, .001 for standard versus fast,
fast versus ultrafast, ultrafast versus shortest FLAIR, respectively)
(Fig 1A). Notably, rapid sequences (fast, ultrafast, and shortest
FLAIR) scored lower than the acceptable quality without dDLR
but significantly improved their appearance with dDLR
(P, .001, P, .001, P, .001, P, .001 for standard, fast, ultrafast,
and shortest FLAIR, respectively). The visual quality of fast and
ultrafast FLAIR with dDLR even recovered up to more than the
acceptable quality. The shortest FLAIR with dDLR was still infe-
rior to the acceptable quality, but some ultrafast images improved
to a score of 0 or 11. Compared with standard FLAIR without
dDLR, fast FLAIR with dDLR was better (P, .01).

Quantitative Results
Regarding manual delineation of the MS lesions, the 2-way
ANOVA showed that both the type of FLAIR sequence and the
type of reconstruction significantly affected the segmentations
(P, .001 in all the cases) but without any significant interaction
(Fig 2 and Online Supplemental Data). PPV was the only metric
not significantly affected by the type of FLAIR sequence.

The differences in terms of segmentation volumes compared
with the criterion standard progressively increased with the
shorter FLAIR sequences. Nevertheless, dDLR significantly
reduced such differences in all cases (P ¼ .038, P ¼ .022, P, .01,
P, .001 for standard, fast, ultrafast, and shortest FLAIR, respec-
tively; Fig 2A). Such lower volume differences compared with the
criterion standard were mainly driven by a reduction in false-neg-
ative voxels, as indicated by a significant improvement in TPR in
all cases (P, .001, P, .001, P, .001, P, .001 for standard, fast,
ultrafast, and shortest FLAIR, respectively; Fig 2B). There were
also more voxels considered false-positives with dDLR for the
standard and fast FLAIR as indicated by a significant reduction in
the PPV (P, .001 and P= .047 for standard and fast FLAIR,
respectively; Fig 2C), but this effect was less pronounced than
that on TPR. The DSC was essential to analyze because it is a
composite metric attempting to summarize all such influences
onto a single scalar measure. The DSC progressively decreased
with shorter FLAIR sequences, but dDLR significantly improved
the DSCs in all cases (P, .001, P, .001, P, .001 for fast, ultra-
fast, and shortest FLAIR, respectively; Fig 2D), also in line with
shorter HD (Fig 2E). The dark arrows in Fig 3 and the Online
Supplemental Data show a few examples of manual segmenta-
tions (blue) becoming indeed closer to the criterion standard
(red) after applying dDLR on an ultrafast FLAIR sequence (which
would translate into lower AVD, higher TPR, higher DSC, and
lower HD).

To understand whether dDLR could also help to correctly
capture more individual MS lesions, even more clinically relevant
than the accuracy of the segmentation contours, we also com-
puted SeL, PL, and F1 score. The details of SeL and PL are shown
in the Online Supplemental Data. The resulting F1 score progres-
sively decreased with shorter FLAIR sequences, but most interest-
ing, dDLR improved this metric, especially when used on the

FIG 1. A, Boxplots of image-quality evaluation. The median values are
connected with dotted lines. dDLR generally improved the image
quality. Even images of inferior quality were retrieved to moderate
quality. B, Representative reconstructed axial slices of the different
FLAIR acquisitions without (upper row) and with dDLR (lower row).
The amount of noise and the progressive shadowing of lesions when
the scan time decreased can be appreciated. One, 2, and 3 asterisks
indicate P, .05, P, .01, and P, .001, respectively.
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shortest sequences (P, .001 for shortest FLAIR; Fig 2F and the
Online Supplemental Data). The white arrows in Fig 3 and
the Online Supplemental Data illustrate a few lesions that were
missed on an ultrafast FLAIR sequence without dDLR but were
correctly captured after denoising (blue) according to the crite-
rion standard (red).

We used equivalence tests to understand whether 1 acceler-
ated strategy could replace the current standard FLAIR. Fast
FLAIR with dDLR showed equivalency to standard FLAIR with-
out dDLR in regard to DSC and AVD, and ultrafast FLAIR with
dDLR also showed equivalency to standard FLAIR without dDLR
in regard to DSC and TPR.

To evaluate whether dDLR would still be beneficial for auto-
matic detection of MS lesions by software, we computed the same
metrics after running the lesionBrain module. We observed the
same profiles as those for the effects on the manual delineations
even though the impact of dDLR was less pronounced (Figs 2
and 3 and Online Supplemental Data).

DISCUSSION
In this article, we provided qualitative and quantitative evidence
for combining accelerated FLAIR sequences with a denoising
approach using deep learning–based reconstruction to maintain
accurate lesion-load quantification in patients with MS while
reducing the scan time. We expect that this strategy promoting
short MR imaging examinations could improve comfort and help
scan more patients.23

The SNR, spatial resolution, and scan time are closely related;
if one of them is prioritized, the others will inevitably degrade.
Denoising is one of the strategies that can break this close link.
Several denoising methods have been reported for many years
and are traditionally classified into 3 categories:24 filtering, trans-
form domain, and statistical approaches. All of them can have
problems achieving a high accuracy of denoising, which has
stimulated the development of adaptive approaches and their
combinations.25 In this context, recent studies have shown the
flexibility of machine learning approaches, especially deep

FIG 2. Boxplots of quantitative metrics to evaluate the manual and automatic segmentation. The median values are connected with dotted
lines. One, 2, and 3 asterisks indicate P, .05, P, .01, and P, .001, respectively, for post hoc paired comparisons with Wilcoxon signed-rank test
after 2-way ANOVA with the aligned rank transform procedure. † indicates voxelwise metric; §, lesion-wise metric.
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learning techniques and their robustness for any type of
noise.26,27 Most important, the reconstruction speed of the deep
learning–based approach outperforms conventional methods.28

The objective of this study was not to compare denoising per-
formances of different approaches but rather to take advantage of
1 solution that is clinically viable, due to almost instantaneous
results, and to investigate its clinical validation. Indeed, new deep
learning–based denoising algorithms have become accessible in
clinical practice recently, but only the first few articles have dem-
onstrated their benefits in some clinical situations.29-31 However,
possible interest in the context of MS, for which lesion detectabil-
ity is crucial, has never been explored before. Validation inevita-
bly requires tedious manual delineation or lesion counting by
expert readers, which we report here.

We found a clear benefit of dDLR in improving image quality
due to a higher apparent SNR as measured in vivo and in a phan-
tom (Online Supplemental Data). Our results showed that the
major impact of dDLR is on the lesion edge with improved iden-
tification of the voxels at the transition between the lesion “core”
and the normal-appearing parenchyma. This finding was
expected, considering the concentric model of MS plaques32 with

an inflammatory attack that starts around a central vein and pro-
gresses centrifugally. In this model, histologic modifications are
less pronounced at the periphery, and we can expect that this fea-
ture translates into voxels with intermediate gray levels on
FLAIR, which can be missed if confounded with noise. The
improvement of lesion-contour detection can be particularly rele-
vant in the clinic to facilitate the monitoring of a subtype known
as a slowly expanding lesion.33,34 Furthermore, the detection of
additional lesions is also very important because it will impact
whether the objectives of no evidence of disease activity are
reached.35 The effect of dDLR on lesion detectability was more
challenging to demonstrate, but we identified several examples of
“difficult-to-recognize lesions” that were small, with low signal,
and in locations where the noise was higher (central location
around the deep nuclei or posterior fossa) that were overlooked
without dDLR. This finding translated into an improvement of
the F1 score that reached statistical significance for the shortest
FLAIR sequences. It is likely that 2 individual-but-close lesions
could finally be considered as 1 confluent lesion after dDLR by
the lesion-counting algorithm, possibly obscuring part of the pos-
itive effect on lesion counting.

The results of automatic segmentation followed the same
trend as for manual segmentation but with a lower effect. A
denoising process was already implemented inside volBrain;36 in
other words, the denoising effect was duplicated. Nonetheless,
dDLR still showed beneficial consequences because the dDLR
algorithm is fundamentally different from the conventional
denoising technique and works complementarily. T1WI is used
for such automatic segmentation, and we always used the same
nonaccelerated and nondenoised sequence in this study, which
could also contribute to these results.

The progressive loss of lesion detectability from standard-
to-ultrafast FLAIR sequences likely resulted from the combined
effects of lower apparent SNR and a lower contrast-to-noise ratio.
The denoising procedure positively influenced both the apparent
SNR and the contrast-to-noise ratio (Online Supplemental Data).
However, dDLR could not compensate for all the effects of this
acceleration strategy. The dDLR applied to the ultrafast or shortest
FLAIR sequences did not allow to recover the same performances
as standard FLAIR. Clinical use of such extreme accelerations may
pose a concern. However, the fast FLAIR combined with dDLR,
which already cuts scan time by a factor of close to 2, caught up to
the standard FLAIR in image quality and provided equivalent
DSC performances for manual segmentation. In the future, we
could test the benefit of dDLR with other acceleration strategies.

This study has limitations. First, the number of participants
was small. However, we conducted sequence-wise and lesion-
wise analyses, which already provided a reasonable amount of
data (total of 224 FLAIR sequences). Second, our results came
from a specific population of patients with MS monitored under
second-line therapy. How this would translate at an earlier stage
(clinically isolated syndrome) and for MS diagnosis performances
is unknown. Similarly, generalization to other sequences and
other magnets has not been tested in this single-center and sin-
gle-scanner study. Third, only 1 reader manually segmented
lesions, and a few segmentation errors cannot be excluded even
though they should not have favored 1 type of sequence. Fourth,

FIG 3. Illustrative axial slices of ultrafast FLAIR without and with
dDLR. Standard FLAIR without dDLR is also shown for reference. The
red mask represents the criterion standard that comes from the
delineation of standard FLAIR by 2 expert readers; the blue mask is
the manual delineation from a third reader; and the green mask is the
automatic segmentation from volBrain software. After we applied
dDLR, some lesions showed contours closer to the criterion standard
(black arrows). dDLR also retrieved lesions that were missed on the
original image (white arrows and arrowhead).
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we cannot exclude the fact that the reader, while blinded, could
recognize the type of FLAIR sequence because of relatively strong
noise in ultrafast and the shortest implementations. However, the
time spent drawing was within the same range for all types of
sequences (Online Supplemental Data), ensuring that all the
images were considered equally. It was possible as well that the
reader could remember the delineation of lesions from $1
FLAIR sequence from the same patient segmented before.
However, this recognition bias was likely minor because of the
random presentation of 224 sequences segmented intermittently
during several months. Fifth, we conducted only 1 automatic seg-
mentation, while new segmentations using deep learning technol-
ogies have become mainstream.37 Finally, the criterion standard
was created on the basis of the standard FLAIR without dDLR.
Additional FLAIR hyperintense areas detected on standard
FLAIR with dDLR explained the decrease in PPV, but the under-
lying histologic substrate (authentic lesions or real false-positives)
cannot be known without conducting a postmortem study.

CONCLUSIONS
In this study, dDLR allows a reduced FLAIR scan time while pre-
serving the image quality in the context of MS. dDLR is adaptable
to different noise levels with significant positive effects at differ-
ent acceleration levels and awaits further clinical validation in
several applications.

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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Unsupervised Deep Learning for Stroke Lesion Segmentation
on Follow-up CT Based on Generative Adversarial Networks

H. van Voorst, P.R. Konduri, L.M. van Poppel, W. van der Steen, P.M. van der Sluijs, E.M.H. Slot, B.J. Emmer,
W.H. van Zwam, Y.B.W.E.M. Roos, C.B.L.M. Majoie, G. Zaharchuk, M.W.A. Caan, and

H.A. Marquering, on behalf of the CONTRAST Consortium Collaborators

ABSTRACT

BACKGROUND AND PURPOSE: Supervised deep learning is the state-of-the-art method for stroke lesion segmentation on NCCT.
Supervised methods require manual lesion annotations for model development, while unsupervised deep learning methods such as
generative adversarial networks do not. The aim of this study was to develop and evaluate a generative adversarial network to seg-
ment infarct and hemorrhagic stroke lesions on follow-up NCCT scans.

MATERIALS AND METHODS: Training data consisted of 820 patients with baseline and follow-up NCCT from 3 Dutch acute ische-
mic stroke trials. A generative adversarial network was optimized to transform a follow-up scan with a lesion to a generated base-
line scan without a lesion by generating a difference map that was subtracted from the follow-up scan. The generated difference
map was used to automatically extract lesion segmentations. Segmentation of primary hemorrhagic lesions, hemorrhagic transfor-
mation of ischemic stroke, and 24-hour and 1-week follow-up infarct lesions were evaluated relative to expert annotations with
the Dice similarity coefficient, Bland-Altman analysis, and intraclass correlation coefficient.

RESULTS: The median Dice similarity coefficient was 0.31 (interquartile range, 0.08–0.59) and 0.59 (interquartile range, 0.29–0.74) for the
24-hour and 1-week infarct lesions, respectively. A much lower Dice similarity coefficient was measured for hemorrhagic transformation
(median, 0.02; interquartile range, 0–0.14) and primary hemorrhage lesions (median, 0.08; interquartile range, 0.01–0.35). Predicted lesion
volume and the intraclass correlation coefficient were good for the 24-hour (bias, 3 mL; limits of agreement, �64�59mL; intraclass
correlation coefficient, 0.83; 95% CI, 0.78–0.88) and excellent for the 1-week (bias, �4 m; limits of agreement,�66�58 mL; intraclass
correlation coefficient, 0.90; 95% CI, 0.83–0.93) follow-up infarct lesions.

CONCLUSIONS: An unsupervised generative adversarial network can be used to obtain automated infarct lesion segmentations
with a moderate Dice similarity coefficient and good volumetric correspondence.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; BL ¼ baseline; DSC ¼ Dice similarity coefficient; FU ¼ follow-up; FU2BL-GAN ¼ follow-up to baseline gen-
erative adversarial network; GAN ¼ generative adversarial network; 24H ¼ 24 hours; HT ¼ hemorrhagic transformation; ICC ¼ intraclass correlation coefficient;
IQR ¼ interquartile range; L1-loss ¼ voxelwise absolute difference between generated baseline and real baseline NCCTs; L11adv ¼ L1 and adversarial loss; LoA ¼
limits of agreement; nnUnet ¼ no new Unet; PrH ¼ primary hemorrhagic lesions; 1W ¼ 1 week

Hemorrhagic transformation (HT) and malignant cerebral edema
are severe complications after acute ischemic stroke (AIS), which

frequently result in functional deterioration and death.1-3 Computer-
guided visualization and segmentation of these hemorrhagic and

infarct lesions can assist radiologists in detecting small lesions.4,5

Furthermore, lesion volume computed from a segmentation predicts
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long-term functional outcome3,6 and can be used to guide additional
treatment such as decompressive craniectomy.7 Compared with an
AIS baseline (BL) NCCT, follow-up (FU) NCCT imaging of a hemor-
rhagic lesion is characterized by an attenuation increase, while infarct
lesions are characterized by an attenuation decrease.8,9 This attenua-
tion change between NCCT scans can be exploited by specific deep
learning algorithms to identify tissue changes and, in turn, can be
used to obtain lesion segmentations.

Supervised deep learning with convolutional neural networks
is the state-of-the-art computer-guided method for volumetric seg-
mentation of hemorrhagic and infarct lesions in NCCT.4,5,8-10 The
supervised part in the case of segmentation refers to the use of
human-, often an expert radiologist, guided annotations per voxel
that represent the ground truth of the lesion on NCCT. These
annotations are subsequently used to optimize a convolutional
neural network for automated segmentation.11 However, acquiring
manual annotations is time-consuming and is subject to intra- and
interrater variability. As a result, it is difficult to create large data
sets with comprehensive ground truth annotations. This issue is a
challenge for the training of supervised deep learning models,
affecting the performance and generalizability of these models.

Generative adversarial networks (GANs) are a type of deep
learning model that can be used to generate new images or trans-
form existing images.12,13 Because a GAN is optimized without an
explicitly defined ground truth, such as manual lesion annotations,
it is considered an unsupervised deep learning method. Recently,
Baumgartner et al14 introduced the use of a GAN to transform an
MR image of a patient with symptoms to a scan before symptom
onset of Alzheimer disease. From this transformation, structural
maps were extracted to visually represent pathologic changes relative

to a generated BLMR imaging scan with-
out Alzheimer disease.14 Such structural
pathology maps could subsequently be
used to segment and quantify the patho-
logic changes.

The aim of this study was to accu-
rately segment stroke lesions on follow-
up NCCT scans with a GAN trained in
an unsupervised manner. In line with
Baumgartner et al,14 we developed a
GAN to remove hemorrhagic and is-
chemic stroke lesions from follow-up
NCCT scans by generating difference
maps with a lesion and BL NCCT scans
without a lesion.

MATERIALS AND METHODS
GANs for BL NCCT Generation
The GAN structure as adopted in this
study consists of 2 competing deep
learning models, referred to as generator
and discriminator models. The genera-
tor model generates artificial images,
while the discriminator model tries to
distinguish the generated artificial image
from the original images.12,13 In this
study, the generator receives as input a

follow-up NCCT scan with the lesion and generates a difference
map. This difference map is subtracted from the input follow-up
NCCT scan with the lesion to generate an artificial BL NCCT scan
without the lesion. Because an infarct lesion is visually subtle in
AIS BL NCCTs acquired in the acute stage (0–6 hours after symp-
tom onset), the transformation from a follow-up scan at 24 hours
(24H) or 1week (1W) with a well-defined lesion to a BL scan
entails essentially the removal of the lesion. Subsequently, the dis-
criminator model classifies the presented images as being either
an original BL or a generated BL NCCT. This classification is
used to provide feedback to the generator model and to optimize
the difference map.12,13 The generated difference map is expected
to have high positive values at the location of a hemorrhagic
lesion and negative values at the location of an infarct lesion on a
follow-up NCCT. Similarly, the attenuation change between BL
and follow-up NCCT is positive in the case of a HT and negative
if edema or brain tissue necrosis occurs in the infarct lesion.
Thresholding of the generated difference map values can then be
used to obtain a lesion segmentation.

The proposed GAN method is optimized with 2 types of loss
functions: the voxelwise absolute difference between generated BL
and real BL NCCTs (L1-loss) and the binary cross-entropy of the
discriminator (adversarial-loss) for classifying generated and real
BL NCCTs.12,13 Figure 1 presents the GAN model architecture we
refer to as the follow-up to BL GAN (FU2BL-GAN).

Patient Populations
In this study, 820 patients were included between January 2018
and July 2021 in the training data set from the MR CLEAN-NO-
IV (n ¼ 297), MR CLEAN-MED (n ¼ 377), and MR CLEAN-

FIG 1. The FU2BL-GAN global architecture (asterisk). The follow-up (FU) NCCT with lesion is
clipped between Hounsfield unit ranges of 0�100 and 100�1000 and normalized to (�1) (double
asterisks). The original BL NCCT is only clipped between 0 and 100 HU and normalized to (�1).
The FU NCCT with a lesion is passed through the generator network to compute a difference
map. This difference map is subtracted from the input FU NCCT to construct a generated BL
NCCT. Original BL and generated BL are optimized on the basis of the absolute voxelwise differ-
ence (L1-loss) and the binary cross-entropy loss (adversarial-loss) of the discriminator networks
classification (original or generated BL).
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LATE (n ¼ 146) randomized controlled trials if BL and follow-up
NCCTs were available. Specific imaging protocols, inclusion, and
exclusion criteria of each of these randomized controlled trials have
been published previously.15-17 Scans of these 820 patients were
used to train the FU2BL-GAN. NCCT scans with lesion annotation
from previously published studies by Konduri et al18 and Hssayeni
et al19 were used to construct 4 randomly split dedicated validation
and test sets (depicted in Fig 2): ischemic stroke lesions between 8-
and 72-hour (24H infarct; N validation: 46; N test: 141) and 72-
hour and 2-week (1W infarct; N validation: 46; N test: 141) follow-
up after endovascular treatment or randomization; hemorrhagic
transformation lesions after AIS (HT; N validation: 19; N test: 57);20

and primary hemorrhagic lesions (PrH; N validation: 11; N test:
24). The data from Konduri et al was originally included in the MR
CLEAN trial between December 2010 and March 2014.21 In com-
pliance with the declaration of Helsinki, informed consent has been
received for the use of data for substudies from patients included in
the training data randomized controlled trials and the validation

and test data of ischemic and HT lesions.15-18,20 The PrH data from
Hssayeni et al19 was accessed through physionet.org and obtained
with a “Restricted Health Data License 1.5.0,” because the authors
stated that collection and sharing of the retrospectively collected
anonymized and defaced CTs were authorized by the Iraq Ministry
of Health Ethics board.

Training Data and Training Protocol
All NCCT volumes were converted from DICOM to NIfTI format
with dcm2niix available in MRIcroGL, Version 1.2.20211006.22

Elastix, Version 5.0.0 (https://elastix.lumc.nl/) was used to coregister
the follow-up and BL NCCTs of the training data;23 the scan with
the thinnest slices was used as a moving image. Poor coregistration
was detected by inspecting the overlay of the 2 images at the 30th,
50th, and 80th percentile sections. Up to 3 follow-up NCCTs were
used per patient if clinical deterioration occurred within 8hours af-
ter endovascular treatment or randomization (8 hours) and as part
of the imaging protocols of 8–72 hours (24H) and 72 hours to
2weeks (1W) after AIS.15-17 To ensure stable optimization and
prevent overfitting, per training iteration, we used 1 follow-up
NCCT and 1 corresponding BL NCCT section (512 � 512). Slices
were sampled at random on the 10th and the 95th percentile sec-
tions. Furthermore, to emphasize the variation in attenuation
between different tissues, the generator model received 2D slices
from follow-up NCCTs with 2 channels on the basis of different
Hounsfield unit ranges as input: The attenuation was clipped
between both 0 and 100 HU for brain and infarct differentiation
and 100 and 1000 HU for hemorrhage and skull differentiation.
The images were subsequently normalized to a �1 to 1 range. BL
NCCTs were only clipped between 0 and 100 HU and normalized
to a �1 to 1 range. The discriminator network receives 2D slices
of either generated BL or real BL NCCT scans. To make the
FU2BL-GAN robust to differences in contrast and noise between
the BL and follow-up NCCTs, we applied multiple intensity and
noise-altering image augmentations (details available in the
Online Supplemental Data). A batch size of 2 with a learning rate
of 0.00002 for 500 epochs was used, subsequently linearly reduced
to zero over the following 500 epochs (Nvidia TITAN V [https://
www.nvidia.com/en-us/titan/titan-v/] with 12-gb RAM). The
Online Supplemental Data contains a detailed description of the
FU2BL-GAN architecture.

Lesion Segmentation
To obtain lesion segmentations, we passed validation and test set
NCCTs through the generator model to generate difference maps.
Due to computational constraints, the validation set difference
maps were computed every 10th training epoch. Subsequently,
segmentations were obtained by applying a threshold to the differ-
ence maps. The resulting Dice similarity coefficient (DSC) of the
segmentations relative to the ground truth was used to determine
the optimal threshold for the difference map �0.2 to 10.3 with
steps of 0.01 (equivalent to 0.5 HU). An automatically computed
brain mask based on intensity thresholds and region growing was
used to remove false-positive segmentations that were not allo-
cated inside the skull.9 In the Online Supplemental Data, valida-
tion set results are depicted. Finally, the optimal epoch and
threshold were used to obtain segmentations for the test sets.

FIG 2. Patients included in the training, validation, and test sets. The
training data consisted of a BL and at least 1 follow-up (FU) NCCT. FU
of ,8 hours: FU NCCT acquired within 8 hours; FU 24H: FU NCCT
acquired 8–72 hours; FU 1W: FU NCCT acquired 72 hours to 2weeks
after endovascular treatment or randomization. Validation and test
sets were constructed with data from the studies by Konduri et al18

and Hssayeni et al.19 8H indicates 8 hours.
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Evaluation and Outcome Metrics
Reported results were based on test set segmentations and were
reported relative to expert-based ground truth segmentations. The
DSC and Hausdorff distance in millimeters were used to compute
spatial correspondence. Results from the FU2BL-GAN approach
trained with L1 and adversarial loss (L11adv) were compared stat-
istically with the Wilcoxon rank-sum test with a simpler approach
trained with L1-loss (L1) only. Furthermore, the results of the
FU2BL-GAN were compared with two 2D Unets trained on seg-
mentations from the 24H and 1W infarct validation sets using the
no new Unet (nnUnet) framework as a conventional supervised
learning BL.24 Volumetric correspondence between the ground
truth and predicted segmentations were analyzed with Bland-
Altman plots with bias (mean between methods) and limits of
agreement (LoA, 61.96 SDs from the bias) and the intraclass cor-
relation coefficient (ICC) with 95% CIs. The 2-way mixed-effects
approach for consistency of a single fixed rate was used to describe
differences between the FU2BL-GAN-based segmentations and
the expert-based ground truth lesion segmentations. A subgroup
analysis was performed for lesions of.10 mL to address the effect
of lesion size on our outcome metrics. Results were reported as
median with interquartile range (IQR) or mean with 95% CIs.

RESULTS
Ischemic and hemorrhagic lesions in our test sets were relatively
small; the distribution of volumes was skewed toward smaller
lesions. Ground truth lesion volume of test sets had a median of
35mL (IQR, 16–78 mL) in the 24H and 66mL (IQR, 29–125mL)
and in the 1W infarct NCCTs, respectively. For the HT and PrH
test sets respectively, the mean lesion size was 6mL (IQR, 2—12
mL) and 6mL (IQR, 1–12 mL). Characteristics of the training
data can be found in the Online Supplemental Data. Training
characteristics and the optimal difference map thresholds are
available in the Online Supplemental Data.

Quantitative Results
As depicted in Figs 3 and the Online Supplemental Data, DSC
and lesion volume were positively related. The median DSC of the
FU2BL-GAN was 0.31 (IQR, 0.08–0.59) in the 24H infarct test set,
0.59 (IQR, 0.29–0.74) for the 1W infarct test set, 0.02 (IQR, 0–
0.14) for the HT test set, and 0.08 (IQR, 0.01–0.35) for the PrH
test set. The FU2BL-GAN (L11adv) had a statistically significant
higher DSC than the model trained with only L1-loss (L1) for all
test sets but a significantly lower DSC compared with the nnUnet
approach (Fig 3). The subgroup of lesions of .10mL (Fig 3B)
had a higher DSC than the overall population (Fig 3A), especially
for the HT (median, 0.46; IQR, 0.07–0.51) and PrH (median, 0.44;
IQR, 0.24–0.55) test sets but also for the follow-up infarct (24H
infarct: median, 0.41; IQR, 0.15–0.62; 1W infarct: median, 0.60;
IQR, 0.35–0.75) test sets. For all the infarct and hemorrhage test
sets, the Hausdorff distances of both the FU2BL-GAN and L1
approach were poor with a median varying between 83 and
87mm (Online Supplemental Data). Bland-Altman plots of the 4
test sets are depicted in Fig 4. Bias and LoA for the FUB2BL-GAN
of the 24H (bias,�3 mL; LoA,�64–59 mL) and 1W (bias, –4 mL;
LoA, –66–58 mL) test sets were low, representing good correspon-
dence of the segmentations with ground truth annotations.
However, both the HT (bias, 22 mL; LoA, –49–92 mL) and PrH
(bias, 23 mL; LoA, –10–57 mL) segmentations overestimated
lesion volume and had several outliers that affected volumetric
correspondence. The ICC for the FUB2BL-GAN was excellent in
the 1W infarct test set (ICC, 0.90; 95% CI, 0.83–0.93), good in the
24H infarct (ICC, 0.83; 95% CI, 0.78–0.88) and PrH (ICC, 0.84;
95% CI, 0.66–0.93) test sets, and poor in the HT (ICC, 0.11; 95%
CI, –0.15–0.36) test sets. However, the nnUnet approach resulted
in a lower bias and LoA, a higher ICC, and a lower Hausdorff dis-
tance than the FU2BL-GAN for both the 24H (bias, –14 mL; LoA,
�57–29 mL; ICC, 0.91; 95% CI, 0.88–0.92; Hausdorff distance, 28
mm; IQR, 18–42 mm) and 1W (bias, –6 mL; LoA, –36–23 mL;

FIG 3. Dice similarity coefficients of test sets: 24-hour follow-up after AIS (24H infarct), 1-week follow-up after AIS (1W infarct), HT, and PrH. A,
The results of all the test set data. B, Only results from lesions that are.10 mL. Each shade of color represents the results based on the supervised
nnUnet approach, the FU2BL-GAN approach trained with L11adv, and the generator trained with L1-loss only (L1) respectively. The Asterisk indi-
cates P, .05; double asterisks, P, .001; triple asterisks, P, 1e-10; NS, nonsignificant difference.
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ICC, 0.98; 95% CI, 0.97–0.99; Hausdorff distance, 21 mm; IQR,
14–37 mm) infarct lesions test sets (Online Supplemental Data).

Qualitative Visual Results
Figure 5 depicts visual examples of each test set in the first 4
rows, while the last 2 rows depict examples with poor segmenta-
tion performance. In contrast to the examples shown in the first 3
rows, the input NCCT of the PrH test set is the acute-phase NCCT
with hemorrhagic lesions. For this case, the generated scan can be
regarded as a prehemorrhagic stroke NCCT scan. Although lesions
visually appear to be removed accurately, the generator model was
not able to completely reconstruct 24H infarcted brain tissue similar
to the BL NCCTs (columns 1 versus 3). False-positive hemorrhage
segmentations were present when the input NCCT scan had beam-
hardening artifacts in the brain close to the skull or when the overall
scan attenuation was higher (arrows in PrH and HT column 2).
False-negative hemorrhage segmentations were present if the hem-
orrhage was small and the attenuation increase was low (row 6,
poor HT). False-positive infarct segmentations occurred close to
the ventricles and other locations, where CSF results in a hypoatte-
nuated region (row 5). False-negative infarct segmentation errors
mainly occurred in the 24H infarct data set because the infarct
lesion was not yet significantly hypoattenuated (row 5).

DISCUSSION
Our study shows that when one uses a GAN deep learning struc-
ture, it is possible to obtain follow-up ischemic and large

hemorrhagic lesion segmentations without using manually anno-
tated training data. Although the visual quality of generated BL
scans was not always optimal, lesion segmentation quality was of-
ten not affected. External validation in 4 test sets revealed reason-
able segmentation quality in terms of DSC and good-to-excellent
volumetric correspondence with the ground truth for follow-up
infarct lesions in NCCT at 24H and 1W follow-up after AIS. In
terms of DSC and volumetric correspondence, our work performs
on a par with previous work on supervised deep-for-follow-up
infarct lesion segmentation (DSC median, 0.57 [SD:0.26]; ICC,
0.88).9 However, the presented unsupervised FU2BL-GAN did
not outperform the supervised nnUnet benchmark model with
respect to all outcome measures. Kuang et al25 also used a GAN to
segment infarct lesions but achieved much higher segmentation
quality (DSC mean, 0.70 [SD, 0.12]). However, the approach by
Kuang et al required a training set with manual lesion annotations
because the adversarial (GAN) loss was used in addition to the
supervised loss functions. DSC and volumetric correspondence
for segmenting the HT and PrH lesions were worse than those of
existing supervised methods.4,5,8,10 Poor detection and segmenta-
tion of hemorrhagic lesions are likely due to the small lesion size
in our test sets and an under-representation of hemorrhages in
the training data.

The unsupervised approach to training is a major advantage
compared with conventional supervised deep learning methods.
With the growing availability of unlabeled and weakly labeled
imaging data bases, unsupervised GAN-based approaches can be

FIG 4. Bland-Altman plots of predicted lesion size for the FU2BL-GAN. A, 24H infarct follow-up. B, 1W infarct follow-up. C, HT. D, PrH.
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used without the manual annotation effort for automated lesion
segmentation. However, the downside of the presented approach
is the requirement of paired training images, coregistered images
with and without lesions from the same patient. Such high-qual-
ity registration is often difficult to achieve when considering
medical imaging because most organs, tissues, and body parts
deform or move between acquisition moments. Because the brain
only slightly deforms and moves between acquisition moments,
the use of a GAN-based lesion segmentation method similar to
the presented FU2BL-GAN seems promising for other brain
pathologies.

One of the main shortcomings of the presented FU2BL-GAN
is that it can only be trained on CT slices sampled at random.
Because not every section in an NCCT volume of a patient con-
tains an initial AIS lesion and only a minority of the volumes con-
tain a hemorrhagic lesion, the FU2BL-GAN likely experienced an
under-representation of brain lesions. This under-representation
during the training of NCCT slices with a lesion, especially with a
hemorrhagic lesion, compared with slices without lesions, is known
to result in poorer segmentation performance; in technical litera-
ture, this is often referred to as the “class imbalance problem.”26 In
contrast, supervised deep learning methods often use adjusted sam-
pling techniques that require ground truth annotations;8 most class
(nonlesion tissue) is undersampled relative to the minority class
(the lesion) to balance class representation. A valuable improve-
ment in our FU2BL-GAN would be to manually classify slices for
lesion presence and volumes for the presence of a hemorrhage.
Although these section- or volume-level annotations would take
some time to acquire, such sparse annotation methods are still less
time-consuming than manually segmenting lesions required for
supervised deep learning. Alternatively, automated NCCT-section
classification algorithms for infarct or hemorrhage presence can be
used to classify NCCT slices on the basis of lesion presence.27

Subsequently, this information can be used to select training data
for further improvement of the FU2BL-GAN.

Although the test sets used in this study are frommultiple cen-
ters, it remains largely unclear what scanners, settings, and post-
processing methods were used. Furthermore, Konduri et al18

reported extensive exclusion criteria related to the image quality
and noise level, excluding 93 of 280 patients in their data set.
These factors influence the ability to generalize results from this
study and require additional external validation on subgroups and
other data sets.

CONCLUSIONS
The presented FU2BL-GAN is an unsupervised deep learning
approach trained without manual lesion annotations to segment
stroke lesions. With the FU2BL-GAN, it is feasible to obtain auto-
mated infarct lesion segmentations with moderate DSC and good
volumetric correspondence.
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ORIGINAL RESEARCH
ADULT BRAIN

Stable and Discriminatory Radiomic Features from the
Tumor and Its Habitat Associated with Progression-Free

Survival in Glioblastoma: A Multi-Institutional Study
R. Verma, V.B. Hill, V. Statsevych, K. Bera, R. Correa, P. Leo, M. Ahluwalia, A. Madabhushi, and P. Tiwari

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastoma is an aggressive brain tumor, with no validated prognostic biomarkers for survival before sur-
gical resection. Although recent approaches have demonstrated the prognostic ability of tumor habitat (constituting necrotic core, enhancing
lesion, T2/FLAIR hyperintensity subcompartments) derived radiomic features for glioblastoma survival on treatment-naive MR imaging scans,
radiomic features are known to be sensitive to MR imaging acquisitions across sites and scanners. In this study, we sought to identify the
radiomic features that are both stable across sites and discriminatory of poor and improved progression-free survival in glioblastoma tumors.

MATERIALS AND METHODS:We used 150 treatment-naive glioblastoma MR imaging scans (Gadolinium-T1w, T2w, FLAIR) obtained from 5
sites. For every tumor subcompartment (enhancing tumor, peritumoral FLAIR-hyperintensities, necrosis), a total of 316 three-dimensional
radiomic features were extracted. The training cohort constituted studies from 4 sites (n ¼ 93) to select the most stable and discrimina-
tory radiomic features for every tumor subcompartment. These features were used on a hold-out cohort (n ¼ 57) to evaluate their ability
to discriminate patients with poor survival from those with improved survival.

RESULTS: Incorporating the most stable and discriminatory features within a linear discriminant analysis classifier yielded areas under the
curve of 0.71, 0.73, and 0.76 on the test set for distinguishing poor and improved survival compared with discriminatory features alone
(areas under the curve of 0.65, 0.54, 0.62) from the necrotic core, enhancing tumor, and peritumoral T2/FLAIR hyperintensity, respectively.

CONCLUSIONS: Incorporating stable and discriminatory radiomic features extracted from tumors and associated habitats across multi-
site MR imaging sequences may yield robust prognostic classifiers of patient survival in glioblastoma tumors.

ABBREVIATIONS: AUC ¼ area under the curve; CoLlAGe ¼ Co-occurrence of Local Anisotropic Gradient Orientations; GBM ¼ Glioblastoma; Gd ¼
Gadolinium; LOSO ¼ leave-one-site-out; PI ¼ preparation-induced instability; PFS ¼ progression-free survival; T̂¼ training set; TCIA ¼ The Cancer Imaging
Archive; VS ¼ validation set; TS ¼ test set

G lioblastoma (GBM) is an aggressive brain tumor in which
survival without treatment is typically 3months. A conven-

tional first-line treatment regimen involves maximally safe surgi-
cal resection followed by concomitant chemotherapy and radia-
tion therapy. Despite this aggressive treatment, patient outcomes
are highly variable with .40% of patients with GBM inevitably
developing recurrence within 6months following treatment ini-
tiation. While GBM heterogeneity may be reflected in the MR
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imaging phenotypes with different intensity profiles across the
enhancing tumor and its associated habitat (comprising necrotic
core, peritumoral T2/FLAIR hyperintensity), these image-based
differences may not be visually appreciable to build prognostic
models of survival in patients with GBM using routine MR imag-
ing scans (Gadolinium-enhanced T1w [Gd-T1w], T2w, FLAIR).

Radiomic approaches (ie, high-throughput extraction of
quantitative features) have provided a surrogate mechanism for
capturing image-based phenotypes of disease heterogeneity on
routine MR imaging (ie, Gd-T1w, T2w, FLAIR) toward outcome
prediction in GBM and other tumors. Specifically, in GBM
tumors, the availability of large, multi-institutional imaging
cohorts such as The Cancer Imaging Archive-GBM (TCIA-
GBM) has enabled development of prognostic models using a
variety of radiomic feature families (ie, Gray, Haralick,1

Gradient,2 Laws,3 Gabor,4 Co-occurrence of Local Anisotropic
Gradient Orientations [CoLlAGe]5). These prognostic models
have leveraged radiomic features extracted from the tumor habi-
tat (necrotic core, enhancing tumor, peritumoral T2/FLAIR
hyperintensity) using routine MR imaging toward outcome pre-
diction in GBM tumors.6,7

However, a key challenge in enabling the clinical utility of
these radiomic approaches is to demonstrate their generalizability
to variations in image-acquisition protocols across scanners and
sites. Sources of variations in MR imaging acquisition can include
differing slice thicknesses, image contrast, voxel resolutions, mag-
netic field strengths, echo times, and repetition times.8-10 This
issue is of particular concern when including data from publicly
available repositories such as TCGA-GBM, where imaging scans
are pooled-in from across different institutions (Fig 1A).

While preprocessing steps including bias field correction and
intensity standardization, to some extent, have allowed correction
of site- and scanner-specific variations in MR imaging, multiple
studies have demonstrated9,11,12 that these steps may not be suffi-
cient to ensure stability of radiomic features during downstream
analysis. More recently, studies have used stability measures such
as the preparation-induced instability (PI) score13 to identify radio-
mic features that are stable (across sites) in the context of lung14

and prostate cancer.13,15,16 However, in the context of GBM, most
studies have focused on “controlled” test-retest studies12 or identify-
ing stable features across lesion segmentations obtained from differ-
ent expert readers.9,17,18 No work, to our knowledge, has explicitly

FIG 1. Overview of the methodology and overall workflow. MR imaging scans (Gd-T1w, T2w, and FLAIR) were preprocessed and segmented into
3 tumor subcompartments (necrosis, enhancing tumor, and peritumoral edema). Next, a set of radiomic features was obtained for each of the
MR imaging scans across the 3 tumor subcompartments. The most stable and discriminatory features were identified using the PI score and
AUC measures across every subcompartment and every MR imaging protocol. The identified stable and discriminatory features were used for
stability assessment across tumor subcompartments (with the associated habitat), individual imaging protocols (Gd-T1w, T2w, FLAIR), and MR
imaging acquisition parameters (magnetic field strength, pixel resolution, and slice spacing).
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interrogated the stability of radiomic features across inherent site-
specific acquisition variations within a multisite retrospective cohort
in GBM tumors. Additionally, existing approaches have not explic-
itly interrogated the stability of radiomic features from across differ-
ent subcompartments of the GBM tumor habitat. In this study, we
sought to address 2 specific questions in the context of building ro-
bust prognostic image-based markers for GBM tumors–Can we
identify the following: 1) a subset of radiomic features from across
imaging protocols such as Gd-T1w, T2w, and FLAIR scans that are
most stable across sites; and 2) a set of cross-site stable radiomic fea-
tures from each tumor subcompartment that are also discrimina-
tory of progression-free-survival (PFS) in GBM tumors?

MATERIALS AND METHODS
Data Description
A total of 150 retrospectively analyzed treatment-naive multipara-
metric GBM MR imaging scans (Gd-T1w, T2w, FLAIR) along
with their PFS information were obtained from 5 different institu-
tions, including studies from TCGA-GBM (n ¼ 60)19 and the Ivy
Glioblastoma Atlas Project (n ¼ 33)20 cohorts, as illustrated in
Table 1. We used median PFS obtained from our training cohort
to segregate the studies into improved (PFS. 6.5months) and
poor (PFS # 6.5months) GBM survivors. Additional details
regarding the data curation and preprocessing are provided in the
Online Supplemental Data.

Segmentation of the Tumor Habitat. Following preprocessing,
each 2D MR imaging slice with visible tumor was annotated by
expert readers (V.B.H. with .15 years of experience, V.S. with
12 years of experience, and K.B. with .3 years of experience in
neuroradiology) into 3 subcompartments: 1) enhancing tumor,
2) FLAIR hyperintensities (edema and nonenhancing tumor),
and 3) necrosis. Tumor lesion annotations were also used to
select the nontumor ROI for every patient volume. The nontu-
mor region was defined as the region obtained by mirroring the
tumor lesion (all 3 subcompartments in conjunction) onto the
contralateral hemisphere. The nontumor region for each study
was manually inspected by expert readers to verify that it did not
contain any proportion of the tumor region or skull. An overview

of the entire radiomics analysis workflow (including preprocess-
ing and segmentation) is provided in Fig 1.

Radiomic Feature Extraction. For every tumor subcompartment
(enhancing tumor, peritumoral FLAIR hyperintensities, and
necrosis), a set of 1264 radiomic features were extracted across
all 3 multiparametric MR imaging (Gd-T1w, T2w, and FLAIR)
scans. These radiomic features included Laws energy,3

Haralick,1 Gabor,4 CoLlAGe,5 Gradient,2 and first-order gray
level co-occurrence matrices (additional details provided in the
Supplemental Online Data, A.3). A total of 316 three-dimen-
sional radiomic textural features were extracted on a per-voxel
basis with window sizes of 3 and 5 from each tumor subcom-
partment per the MR imaging scan. Four first-order statistics
(median, variance, skewness, kurtosis) per feature descriptor
were computed within each tumor subcompartment, yielding
1264 statistical features per region (enhancing tumor, peritu-
moral FLAIR hyperintensity, and necrosis) per the MR imaging
protocol. When statistical features were concatenated across all
3 MR imaging sequences (Gd-T1w, T2w, and FLAIR), a total of
3792 texture features were obtained for analysis from each tu-
mor subcompartment. Additionally, to identify stable features
across multiple sites, we extracted 3792 statistical features from
the nontumor brain parenchyma (mirroring the tumor mask
on the opposite brain hemisphere). Following feature extrac-
tion, z score feature normalization21 was applied to ensure that
radiomic features extracted from different sites lie within a
comparable range of values for leave-one-site-out (LOSO) anal-
ysis. The mean and standard deviation (SD) feature values
obtained from the training data were further used to apply z
score normalization on the independent holdout validation set.

Computation of Feature Instability across Sites. As described in
Leo et al,13 the PI uses a statistical t test to compare the number of
feature distributions that are significantly different across data sets
from different sites. The PI score ranges between 0 and 1 with a
high PI score for a feature representing low stability across site-
specific variations, while a low PI score (closer to 0) indicates that
the feature may not be affected by acquisition variations and is likely
stable across sites.13

Table 1: Summary of patient demographics and the most commonly varying MR parameters across our cohort curated from 5
different sites (S1–S5)

Imaging Source Site

S1, MD Anderson
Cancer Center,
Houston, Texas

S2, Ivy
Glioblastoma Atlas

Project

S3, Henry Ford
Hospital, Detroit,

Michigan

S4, University of
California, San

Francisco, California
S5, Cleveland
Clinic, Ohio

No. of cases 17 33 28 15 57
Magnetic field strength
1.5T 11 9 16 14 48
3T 6 24 12 1 9

Sex
Female 7 17 5 6 23
Male 10 16 23 9 34

Scanner
GE Healthcare 17 30 28 15 57
Siemens 0 3 0 0 0

Slice thickness (range) (mm) 6.5 0.9–6.5 1–6 1.5–6 0.9–7.5
Pixel spacing (range) (mm) 0.47–0.86 0.43–1.05 0.43–0.94 0.45–1.02 0.23–1
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Statistical Analysis
To perform a rigorous evaluation of feature stability across sites,
our multi-institutional GBM cohort was segregated into 3 groups:
training set (T̂), validation set (VS), and test set (TS) (Fig 2). Using
these 3 groups, we assessed radiomic feature stability across sub-
compartments of the tumor and its associated habitat, individual
imaging protocols (Gd-T1w, T2w, and FLAIR), and common
sources of variance in MR imaging parameters (magnetic strength,
pixel spacing, slice thickness). Specifically, we used sites S1–S4 in a
LOSO fashion so that studies from 3 sites at a time consisted of T̂
where i [ (1,...,4), while studies from the remaining fourth site
were used as VSi. Finally, the TS consisted of studies obtained from
our hold-out site (Cleveland Clinic Foundation), which was used
for independent evaluation. For every training set T̂, i [ (1,...,4), we
computed the PI score to measure the variability in radiomic fea-
ture values engendered due to acquisition variations across the 3
sites within the T̂. The features with PI. 0 indicated that they
were significantly different in the nontumor regions across differ-
ent sites in the TS and hence were excluded from further analysis.
After this triage, the remaining stable feature set was used to iden-
tify the most discriminatory features using minimum redundancy
maximum relevance (mRMR) feature selection within a linear dis-
criminant analysis classifier across 100 iterations of bootstrapping.

This LOSO analysis was performed separately for each of the 3
tumor subcompartments (enhancing tumor, peritumoral hyperin-
tensity, necrotic core) to identify the most stable and discriminatory
features from the training set for every MR imaging protocol
(Gd-T1w, T2w, and FLAIR). The average area under the curve
(AUC) across different iterations of LOSO was used to obtain dis-
criminability values in identifying poor and improved survival
across each of the tumor subcompartments. Furthermore, for each
tumor subcompartment, we concatenated and rank-ordered stable
and discriminatory features in terms of their frequency of occur-
rence across 400 trials (100 bootstrapped iterations across 4 runs of
LOSO evaluation as shown in Fig 2) of cross-validation run on our
training set. The 5 most-frequently selected features using T̂ and VS
were obtained and evaluated on the TS for their efficacy in distin-
guishing poor from improved survival in GBMs using the AUC
and accuracy measures. Additionally, for comparison, we selected
radiomic features using only minimum Redundancy–Maximum
Relevance (discriminatory features) without inclusion of the PI

metric for feature pruning. We per-
formed the LOSO runs on discrimina-
tory features using a linear discriminant
analysis classifier to evaluate their per-
formance (for distinguishing poor and
improved survival) in terms of the AUC
and accuracy on our hold-out validation
set.

Lastly, we interrogated the feature
distributions of stable and discrimina-
tory radiomic features and compared
them with discriminatory features using
box-and-whisker plots. Specifically, the
comparisons were made using the
Wilcoxon rank-sum test in the context
of evaluating variability in feature distri-

butions across 3 commonly varying MR imaging parameters: 1)
slice thickness (#2mm, 2–5mm, $5mm), 2) pixel spacing
(,0.5mm, $0.5mm), and 3) magnetic field strength (1.5T versus
3T), across our multi-institutional cohort.

RESULTS
Experiment 1: Assessing the Stability of Radiomic Features
across Different Subcompartments of the Tumor and Its
Associated Habitat
Figure 3A–C shows 2D scatterplots of discriminability (average
AUC on the y-axis) versus instability (PI on the x-axis), where
each data point in the 2D space corresponds to 1 of the 3792
radiomic features across every tumor subcompartment (necrosis,
enhancing tumor, and FLAIR hyperintensity, respectively). The
size of the data point on the scatterplot was used to represent the
SD in AUC values for a specific feature across different LOSO
runs. Our results suggested that the features with PI closer to zero
also had a consistent diagnostic performance (in terms of AUC
values) across sites as evident from the small size of the data
points (reflecting a small deviation in the AUC) in Fig 3. The top
5 most frequent stable and discriminatory radiomic features per
subcompartment selected using LOSO subexperiments are listed
in Table 2.

Figure 4 illustrates the AUC values for training (T̂1–T̂4) and
validation (VS1–VS4) cohorts using the top 5 stable and discrimi-
natory radiomic features versus discriminatory features alone
(without inclusion of the stability metric) from each of the 3
tumor subcompartments using LOSO analysis. Confidence inter-
vals derived from across the bootstrapped experiments for the
AUC values in the training set are available in the Online
Supplemental Data. The AUC values on the training set did not
show much improvement between stable and discriminatory and
discriminatory classifiers.

However, on the validation set (VS1–VS4), the compartment-
specific linear discriminant analysis classifiers trained using the
top 5 stable and discriminatory radiomic features yielded at least
5%–10% improvement in AUC values (0.78, 0.64, 0.66, 0.71 for
VS1–VS4 respectively), compared with the linear discriminant
analysis classifiers trained using discriminatory features alone
(0.57, 0.51, 0.52, 0.32 for VS1–VS4, respectively) in the enhancing
tumor and T2/FLAIR hyperintensity subcompartments (0.76,

FIG 2. The strategy used for segregating our cohort into training (T̂1 –T̂4), validation (VS1–VS4), and
TSs. The training and the validation sets were created using the LOSO scheme.
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0.69, 0.73, 0.77 using stable and discriminatory features compared
with 0.51, 0.59, 0.53, 0.70 from discriminatory features alone
across VS1–VS4). For the necrosis subcompartment, the AUC
values for VS were identified as 0.68, 0.52, 0.58, and 0.75 using
discriminatory-alone across VS1–VS4 and 0.69, 0.68, 0.73, and
0.70 for stable and discriminatory features, respectively.

Our compartment-specific classifiers trained using the top 5
stable and discriminatory radiomic features yielded AUCs of 0.71,
0.73, and 0.76, while discriminatory-alone features yielded AUCs
of 0.65, 0.54, and 0.62 for necrotic core, enhancing tumor, and
FLAIR hyperintensities, respectively, on the hold-out testing
cohort. Additionally, combining stable and discriminatory features
from across the tumor habitat yielded an AUC of 0.78 compared

with using discriminatory features alone, which yielded an AUC of
0.69 on the hold-out test set.

Experiment 2: Assessing the Stability of Radiomic Features
across Individual Imaging Protocols (Gd-T1w, T2w, and
FLAIR)
Figure 3D shows stacked barplots corresponding to the total
number of features (basic set) along with the proportion of fea-
tures that were identified as cross-site stable with a PI¼ 0 (stabil-
ity-informed set) from each feature family across Gd-T1w, T2w,
and FLAIR sequences. Of a total of 3792 features for every proto-
col (1264 features per subcompartment), a total of 240 features
from Gd-T1w, 302 features from T2w and 306 features from

FIG 3. 2D plots of discriminability (average AUC, y-axis) versus instability (PI score, x-axis) for each tumor subcompartment (A, Necrosis. B,
Enhancing tumor. C, T2/FLAIR hyperintensity). Each radiomic feature is shown as a bubble where its size represents the SD between the AUC
values across different LOSO runs. D, The stacked barplot of the total number of extracted features, the features that were identified as stable
(PI ¼ 0) from across different feature families per MR imaging sequence (Gd-T1w, T2w, and FLAIR), and the overlapping stable features across
multiparametric MR imaging sequences. Different colors represent different feature families.
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FLAIR were found to be stable (using PI ¼ 0) across the studies
from the training set (T̂) sets. While �20% of features from every
feature family were identified as stable across all the 3 MR imag-
ing protocols, the greatest number of stable features was found to
belong to Laws, CoLlAGe, and Gabor feature families (Online
Supplemental Data).

Experiment 3: Assessing the Radiomic Stability across
Common Sources of Variance in MR Imaging Parameters
(Magnetic Strength, Pixel Resolution, Slice Spacing)
Figure 2 demonstrates the boxplots representing feature distri-
butions for a stable and discriminatory radiomic feature
(CoLIAGe sum average feature) along with a corresponding dis-
criminatory feature (Haralick info2), both extracted from
enhancing tumor of FLAIR MR imaging across test sets, dicho-
tomized across different slice thicknesses (millimeter):#2, (n ¼
34), and .2 (n ¼ 23). Similarly, Fig 3A, -B and Fig 4 represent
feature distributions of the corresponding features acquired at
different pixel spacing categorized such as , 0.5 (n ¼ 16) and
$0.5mm (n ¼ 41), as well as across different magnetic
strengths (1.5T [n ¼ 48] versus 3T [n ¼ 9]), respectively. We
observed the range and median values of stable and discrimina-
tory radiomic features at different slice thicknesses, pixel spac-
ing, and magnetic strengths to be more consistent (Online
Supplemental Data) than the feature distributions obtained for
discriminatory features (Online Supplemental Data). Similarly,
we observed statistically significant separations (demonstrated
with asterisks in the boxplots of Online Supplemental Data) in
feature distributions between poor and improved survivors for
stable and discriminatory radiomic features, compared with the
discriminatory features, across slice thicknesses, pixel spacing,
and magnetic strength variations in our training and testing
cohorts.

DISCUSSION
Estimation of PFS often serves as a surrogate marker for predict-
ing therapeutic efficacy in GBM tumors. Previous approaches
have investigated radiomic features extracted from different sub-
compartments of the tumor habitat (constituting necrotic core,
enhancing tumor, and T2/FLAIR hyperintensity subcompart-
ments) on routine MR imaging in prognosticating PFS in patients
with GBM. However, most of these studies do not explicitly take
into account the sensitivity of radiomic features to site- and scan-
ner-specific variations in MR imaging parameters, including
variations in slice thicknesses, image contrast, voxel resolutions,
and magnetic field strengths, which ultimately impact the gener-
alizability and clinical applicability of these approaches.

More recently, a few approaches have focused on identifying
stable and discriminatory features (using preparation-induced
instability score13) across multi-institutional studies in the context
of other tumor sites (lung,14 prostate13,15,16). Our work leveraged
a similar approach to identify radiomic features that are stable as
well as discriminatory of poor- and improved-survival groups in
the context of brain tumors. To rigorously evaluate the reproduci-
bility of our selected radiomic features, we performed a compari-
son of stable and discriminatory features with discriminatory-
alone features in a LOSO fashion (across 4 training sites) for
distinguishing poor and improved GBM survivors on the basis of
their PFS. This analysis was performed across each of the tumor
subcompartments of the tumor habitat on routine multiparamet-
ric pretreatment MR imaging scans (Gd-T1w, T2w, FLAIR).
Lastly, for each tumor subcompartment, the most frequent stable
and discriminatory radiomic features in the training set were used
to risk-stratify patients with GBM into poor and good survi-
vors on an independent cohort obtained from a collaborating
institute (Cleveland Clinic). Our findings on training and test

Table 2: A list of the top 5 features identified to reliably differentiate poor from improved survival in patients with GBM from the
training set for every tumor subcompartment (necrosis, enhancing tumor, peritumoral T2/FLAIR hyperintensity, and nonenhancing
tumor)

No. Feature Family Descriptor Window Size MRI Sequence Statistic
Top 5 features selected from necrosis
1 Laws Edge-edge-level 5 T1 Skewness
2 Laws Level-level-level 3 T1 Skewness
3 Laws Wave-wave-level 5 FLAIR Median
4 CoLIAGe Sum variance 3 FLAIR Skewness
5 CoLIAGe Sum variance 3 FLAIR Kurtosis

Top 5 features selected from
enhancing tumor
1 CoLIAGe Sum average 3 T2 Median
2 CoLIAGe Sum average 5 T2 Median
3 CoLIAGe Energy 3 FLAIR Median
4 CoLIAGe Sum average 3 FLAIR Median
5 Laws Spot-level-ripple 5 T1 Skewness

Top 5 features selected from edema
and nonenhancing tumor
1 Laws Level-edge-level 5 T1 Median
2 CoLIAGe Sum variance 5 T2 Variance
3 CoLIAGe Sum variance 5 T2 Skewness
4 Haralick Sum entropy 5 FLAIR Skewness
5 Gabor –u ¼ 1.178, XZ –u ¼ 0,

l ¼ 1.482, BW¼ 1
5 T2 Kurtosis

Note:—BW indicates bandwidth.
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sets are in line with those in previous work,13,14 in which the
use of PI score within feature selection allowed building
improved diagnostic and prognostic classifiers using stable
and discriminatory features.

In the context of GBM prognosis, a few studies that have inter-
rogated variations in radiomic features have focused on the

reproducibility across segmentations of the tumor obtained from
across different experts/institutions9,12,17,18 or, in terms of repeat-
ability, using test-retest studies.12 For instance, Tixier et al17

explored the robustness of radiomic features extracted from the
TCGA-GBM data set of 90 studies across segmentations obtained
from different experts. They reported that the features computed

FIG 4. Barplots showing training and validation AUCs to distinguish patients with improved and poor outcomes using the top 5 stable and dis-
criminatory radiomic versus discriminatory-only features. Blue barplots depict the AUC values using discriminatory features, while orange bars
represent AUC values using stable and discriminatory radiomic features from the respective training and validation cohorts.
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from the histogram and co-occurrence matrices were the most ro-
bust with an intraclass correlation coefficient value of $0.8.
Similarly, Lee et al22 compared radiomic features (textural, morpho-
metric, and first-order) across segmentations of the tumor habitat
obtained from 2 semiautomated segmentation software programs
on 45 studies and identified the first-order statistic-feature family
(across all 3 tumor subcompartments) to be the most stable across
the automated segmentations. In a recent study, Shiri et al12 eval-
uated the repeatability of radiomic features across 17 patients with
GBM using T1- and T2-weighted MR imaging scans obtained
within the same imaging unit on 2 consecutive days. By means of
the intraclass correlation coefficient, the study demonstrated that
the textural features from the gray-level run length matrix and
gray-level dependence matrix were highly repeatable (intraclass cor-
relation coefficient, .95%) with respect to image preprocessing,
different image-registration algorithms, and test-retest analysis.
Similar features, including difference variance, inverse different
moment, fraction, and long- and short-run emphasis were found to
be highly reproducible among different field sizes and phantom
positions in Rastegar et al.23 In Suter et al,24 the authors applied
multiple perturbations, including variability in the imaging proto-
cols (voxel size and axial slice spacing), artificial deformation in the
segmentation labels, k-space subsampling on MR imaging, and
selected robust features based on the intraclass correlation coeffi-
cient from a single site. Selected robust features along with machine
learning classifiers evaluated on multicenter data demonstrated an
improvement in the prognostic power of the models compared
with the machine learning classifiers trained with nonrobust
features.

Our work is different from previous related studies25-29 in a few
ways. First, our work presented the first approach in the context of
GBM tumors to jointly explore the stability and discriminability of
radiomic features. Our results suggest that the radiomic features
from T2/FLAIR hyperintensity are the most stable and discrimina-
tory across different tumor subcompartments. Second, we carefully
interrogated a set of stable features from across different MR imag-
ing sequences (Gd-T1w, T2w, FLAIR). Finally, we leveraged retro-
spective MR imaging scans acquired from 5 different institutions
to build a robust prognostic classifier that incorporated both stable
and discriminatory features. Uniquely, we demonstrated that fea-
ture distributions across different slice thicknesses, pixel spacing,
and magnetic field strengths were more consistent across stable
and discriminatory radiomic features than the feature distributions
obtained for the discriminatory features.

While the performance accuracy across stable and discrimina-
tory features was similar to that of discriminatory features alone
on the training set, there are 2 key points worth noting: 1) The
model trained on stable and discriminatory was robust to the vari-
ability in training data because the SD of the AUC values was
much higher for discriminatory-alone compared with stable and
discriminatory features (Online Supplemental Data). 2) We
observed an improvement in AUC values on the independent
hold-out test set, suggesting that the model trained on stable and
discriminatory features may be more generalizable and hence
more amenable to providing reliable AUC assessments on the
hold-out set, compared with the model trained on discriminatory
features alone.

Our work did have some limitations. While our analysis
included 150 patients from 5 different institutions, it was limited
to a small cohort of studies per site. The retrospective nature of
our cohort led to an unequal number of patients per site, which
may have further impacted our analysis of radiomic variations in
slice thickness, pixel spacing, and magnetic strengths across sites.
Notably, our model yielded the lowest AUCs when validated on
VS2 (the Ivy Glioblastoma Atlas Project cohort). A possible reason
may be the high variability in acquisition parameters across scan-
ners (GE Healthcare and Siemens), variations in themagnetic field
strength, and a high range of slice thicknesses (0.9–6.5mm) and
pixel spacing (0.43–1.05mm), compared with data sets from the
other cohorts. Additional work is warranted to rigorously validate
the reproducibility of the identified features across multiple differ-
ent imaging parameters on a much larger multisite cohort. We
will additionally also investigate the repeatability of the radiomic
features from across the tumor habitat via a prospectively col-
lected test-retest study for the GBM cohort.

CONCLUSIONS
Our approach demonstrated that the radiomic features from the
T2/FLAIR hyperintentensity subcompartment were the most sta-
ble and discriminatory of PFS in GBM tumors compared with the
features from enhancing tumor and necrotic core. Identification of
stable and discriminatory radiomic features across multisite multi-
parametric MR imaging (Gd-T1w, T2w, FLAIR) sequences from
within the tumor and its associated habitat may yield robust prog-
nostic classifiers for patient survival in GBM tumors.
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ORIGINAL RESEARCH
ADULT BRAIN

Absence of the Anterior Communicating Artery on Selective
MRA is Associated with New Ischemic Lesions on MRI after

Carotid Revascularization
S. Yamashita, M. Kohta, K. Hosoda, J. Tanaka, K. Matsuo, H. Kimura, K. Tanaka, A. Fujita, and T. Sasayama

ABSTRACT

BACKGROUND AND PURPOSE: ICA-selective MRA using a pencil beam presaturation pulse can accurately visualize anterior commu-
nicating artery flow. We evaluated the impact of anterior communicating artery flow on the perioperative hemodynamic status
and new ischemic lesions after carotid revascularization.

MATERIALS AND METHODS: Eighty-three patients with carotid artery stenosis were included. We assessed anterior communicating
artery flow using ICA-selective MRA. The preoperative hemodynamic status was measured using SPECT. We also measured the
change in regional cerebral oxygen saturation after temporary ICA occlusion. New ischemic lesions were evaluated by DWI on the
day after treatment.

RESULTS: Anterior communicating artery flow was detected in 61 patients, but it was not detected in 22 patients. Preoperative cere-
brovascular reactivity was significantly higher in patients with (versus without) anterior communicating artery flow with a mean peak
systolic velocity of $200cm/s (39.6% [SD, 23.8%] versus 25.2% [SD, 16.4%]; P ¼ .030). The decrease in mean regional cerebral oxygen
saturation was significantly greater in patients without (versus with) anterior communicating artery flow (8.5% [SD, 5.6%] versus 3.7%
[SD, 3.8%]; P ¼ .002). New ischemic lesions after the procedure were observed in 23 patients. The multivariate logistic regression analy-
sis revealed that anterior communicating artery flow (OR, 0.07; 95% CI, 0.012–0.45; P ¼ .005) was associated with new ischemic lesions.

CONCLUSIONS: The absence of anterior communicating artery flow influenced the perioperative hemodynamic status in patients
with carotid stenosis and was associated with an increased incidence of new ischemic lesions after carotid revascularization.

ABBREVIATIONS: AcomA ¼ anterior communicating artery; BeamSAT ¼ pencil beam presaturation; CAS ¼ carotid artery stenting; CEA ¼ carotid endarter-
ectomy; CVR ¼ cerebrovascular reactivity; PSV ¼ peak systolic velocity; rSO2 ¼ regional cerebral oxygen saturation

Collateral flow via the circle of Willis plays an important role in
hemodynamic status in patients with steno-occlusive ICA dis-

ease, and its presence is associated with favorable outcomes.1-4 In
addition, the development of collateral flow via the circle of Willis
is important for maintaining blood flow during temporary ICA
occlusion in carotid endarterectomy (CEA) and carotid artery
stenting (CAS).5 Previous studies have demonstrated that reduced
cerebrovascular reactivity (CVR) and reduced cerebral perfusion
during temporary ICA occlusion predict new ischemic lesions on
MR imaging after CEA and CAS.6-8

Conversely, the development of collateral flow via the circle of
Willis is related to arterial morphologic features in the circle of

Willis, such as the presence of anterior communicating artery
(AcomA) flow or posterior communicating artery flow.9,10 The
collateral route via the AcomA is considered particularly impor-
tant.11 However, the relationship between the configuration of the
circle of Willis and new ischemic lesions on MR imaging after
carotid revascularization has been poorly investigated.12 In partic-
ular, no reports have focused on the relationship between the
presence of AcomA flow and new ischemic lesions on MR imag-
ing after carotid revascularization.

Pencil beam presaturation (BeamSAT) pulse, which is a new
MR imaging method, enables suppression of the flow signal of a
target vessel using 3D TOF-MRA and allows ICA-selective MRA
to be performed.13,14 Previously, we reported that ICA-selective
MRA using a BeamSAT pulse can accurately detect AcomA flow
and predict ischemic intolerance to temporary ICA occlusion
during CEA or CAS.14

As the degree of ICA stenosis progresses, cerebral perfusion
pressure decreases. CBV increases in response to reduced cerebral
perfusion pressure by dilation of intracranial cerebral vessels,
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leading to CBF preservation and a reduction in CVR.15 In contrast,
collateral flow development is thought to preserve CBF and might
contribute to the preservation of CVR.2 Accordingly, we hypothe-
sized the following: In patients with cervical ICA stenosis, inad-
equate collateral flow via the circle of Willis due to the absence of
AcomA flow leads to development of new ischemic lesions after
carotid revascularization because of impaired CVR and reduced
cerebral perfusion during temporary ICA occlusion.

The objective of this study was to validate this hypothesis and
to evaluate the impact of AcomA flow on perioperative hemody-
namic status in patients with carotid stenosis and new ischemic
lesions on MR imaging after carotid revascularization. First, we
investigated the association between the presence of AcomA flow
on ICA-selective MRA and preoperative CBF and CVR on
SPECT. Second, we examined the association between the presence
of AcomA flow on ICA-selective MRA and regional oxygen satura-
tion (rSO2) changes during temporary ICA occlusion. Third, we
determined whether the absence of AcomA flow on ICA-selective
MRA predicted development of new ischemic lesions on MR
imaging after carotid revascularization.

MATERIALS AND METHODS
Patients
We prospectively recruited patients who were under consideration
for either CEA or CAS and retrospectively reviewed the BeamSAT
results of these patients. Between March 2015 and December 2020,
eighty-three patients who underwent preoperative examinations
before carotid revascularization were included. The inclusion crite-
ria were carotid stenosis of $50% for symptomatic patients and
stenosis of$60% for asymptomatic patients according to the crite-
ria outlined in previous studies.16,17 Symptomatic patients were
defined as patients who experienced amaurosis fugax, TIA, or
stroke in the territory of the ipsilateral carotid artery within
6months before entry. The institutional review board of Kobe
University approved this study, and written informed consent was
obtained from all patients.

MR Imaging Study
We performedMR imaging, including DWI, before and the day after
the CEA or CAS, as well as MR imaging with the BeamSAT pulse
before the procedure. No clinical signs or symptoms of a new ische-
mic event developed between the last DWI examination and the
procedure.

DWI was performed using a 3T MR imaging scanner (Achieva;
Philips Healthcare). The images were obtained using a spin-echo
EPI sequence: TR, 3000ms; TE, 48ms; flip angle, 90°; sensitivity
encoding, 3; FOV, 350mm (rectangular FOV, 65%); matrix,
142� 176 (reconstruction, 256� 256); section thickness, 4mm;
gap, 1mm; sections, 24–26; fat suppression, spectral presaturation
with inversion recovery; b-value, 1000 s/mm2; number of excita-
tions, 2; scan time, 1minute 3 seconds.

ICA-selective MRA was performed using a 1.5T MR imaging
scanner (Echelon Vega; Hitachi) and an 8-channel head coil, as pre-
viously reported.14 The 3D TOF-MRA parameters were as follows:
TR, 23.0ms; TE, 6.9ms; flip angle, 20°; FOV, 230mm; matrix,
512� 200; section interval, 0.55mm (after zero-fill interpolation);
number of slices, 152; scan time, 4minutes 50 seconds. For selective

3D TOF-MRA, BeamSAT pulse positioning was performed on a
TOF source image from conventional MRA, and suppression of the
flow signal in the region of the arteries covered by the BeamSAT
pulse on 3D TOF-MRA was achieved. To depict the target artery,
we suppressed other arteries with a 30-mm-diameter BeamSAT
pulse.

ICA-selective MRA was performed as follows: When we
adjusted the insertion direction of the BeamSAT pulse to pene-
trate and suppress the flow signals of the 3 major vessels (contra-
lateral ICA and bilateral vertebral arteries) (Figs 1A, -B), only the
target ICA flow signal remained, and ICA-selective MRA was
performed (Fig 1C).

AcomA Flow Evaluation
We performed bilateral ICA-selective MRA for AcomA flow evalu-
ation for all subjects. The method used to evaluate AcomA flow
using ICA-selective MRA has been reported previously.14 When
the bilateral anterior cerebral arteries (distal to A2) were perfused
from the unilateral ICA, they were classified into the AcomA (1)
group (Fig 2A). When the anterior cerebral artery (distal to A2) on
each side was perfused only from the ipsilateral ICA, they were
classified into the AcomA (�) group (Fig 2B). The presence of
AcomA flow was assessed by 2 observers blinded to the clinical in-
formation, both of whom are Japan Neurosurgical Society board–
certified neurosurgeons.

SPECT
All patients were scanned with a rotating dual-headed g -camera
with dynamic SPECT for 50minutes (ECAM GMS7700; Toshiba
Medical) before and the day after the operation. A dual-table auto-
radiographic method was used, which was developed for use with
diffusible tracers to quantify CBF at rest and after pharmacologic
stress from a single session of dynamic scanning with dual-bolus
administration of N-isopropyl-[123I]-p-iodoamphetamine.18 The
subjects were administered 2 doses of N-isopropyl[123I]-p-iodoam-
phetamine (111 MBq each) with a constant infusion for 1minute
at the beginning and at 30minutes of dynamic SPECT imaging,
and acetazolamide was injected 10minutes before the second injec-
tion of N-isopropyl[123I]-p-iodoamphetamine. The SPECT scans
(both resting and acetazolamide-challenged scans) started immedi-
ately after administration of N-isopropyl[123I]-p-iodoamphet-
amine. Arterial blood sampling was performed 10minutes after
the first N-isopropyl[123I]-p-iodoamphetamine administration.

FIG 1. A, The BeamSAT pulse is positioned to cover the unilateral
petrous portion of the ICA and bilateral vertebral arteries in an axial
TOF source image obtained with conventional MRA (A). By adding
the BeamSAT pulse to the unilateral ICA and bilateral vertebral
arteries on 3D TOF-MRA (B), we performed ICA-selective MRA (C).
The asterisk indicates BeamSAT.
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CBF quantification was performed using the quantitative SPECT/
dual-table autoradiography method, which automatically and accu-
rately corrects attenuated absorption and scattered radiation.19 We
used the NEUROSTAT software library (http://128.95.65.28/
�Download/) for anatomic standardization of SPECT images. This
software generates standardized 3D stereotactic surface projection
data sets for individual patients. ROIs were automatically placed in
both the cerebral and cerebellar hemispheres with a NEURO
FLEXER (https://neuro-flexer.software.informer.com/) template.20

The mean CBF in the resting state and with the acetazolamide chal-
lenge was measured in the MCA territory ipsilateral to the carotid
stenosis. Then, the CVR to the acetazolamide challenge was calcu-
lated as follows: CVR (%) ¼ [(Acetazolamide-Challenged CBF –

Resting CBF)/resting CBF]� 100.

Carotid Artery Sonography
All patients underwent carotid Doppler ultrasonography to
observe the carotid artery and atherosclerotic plaque characteris-
tics before the procedure. The peak systolic velocity (PSV) of the
ICA and plaque characteristics, such as ulceration and calcifica-
tion, was evaluated.

Surgical Procedures
Surgical procedures for CEA and CAS have been previously
reported.14,21,22 In cases of CEA, patients were administered at least
1 antiplatelet agent for a minimum of 7days before the procedure.
CEA was performed with the patient under general anesthesia and
somatosensory-evoked potential monitoring for selective shunt
placement. In cases of CAS, patients were administered 2 antiplate-
let agents for a minimum of 7days before the procedure. CAS was

performed with the patient under local anesthesia and general hep-
arinization with embolic-protection devices.

rSO2 Monitoring
We monitored the rSO2 using a near-infrared spectroscopy oxime-
ter (INVOS 5100C Cerebral Oximeter; Medtronic), as previously
reported.14 Adhesive optode pad sensors were placed at the bilateral
frontotemporal area. Monitoring of the rSO2 was started before an-
esthetic induction, and the rSO2 value was checked every 1minute
during the procedure. We measured the change in rSO2 before and
after ICA clamping during external carotid artery occlusion for
CEA and the change before and after distal ICA balloon inflation
for CAS.

Statistical Analysis
Statistical analyses were performed using open-source software
(R4.0.3; http://www.r-project.org). Descriptive statistics are pre-
sented as mean (SD) and were compared using theWelch 2-sample
t test. The proportion of patients with each parameter was com-
pared using the Fisher exact test. The relationships between
patients’ baseline characteristics and new ischemic lesions on MR
imaging were evaluated using the multivariate logistic regression
model. The covariates included in the model were age, procedure
(CEA or CAS), the presence of AcomA flow, the presence of ulcer-
ated plaques, and preoperative CVR. These covariates were selected
on the basis of previous literature and expert opinion.7,8,23-27 The
ORs of age and CVR are presented as estimated odds of outcome
for a 1 year increase in age and a 1% increase in percentage. P values
, .05 were considered statistically significant.

RESULTS
Association between AcomA Flow and Hemodynamic
Status on SPECT
Of the 83 patients, 61 patients were classified into the AcomA (1)
group, while 22 patients were classified into the AcomA (�)
group. Patients’ baseline characteristics are summarized in Table
1. There were no statistically significant differences in the baseline
characteristics between the 2 groups, except in the case of new is-
chemic lesions on postoperative DWI. Figure 3 shows preoperative
ipsilateral CBF and preoperative ipsilateral CVR in response to
acetazolamide according to the presence of AcomA flow.
Preoperative ipsilateral CBF was not significantly different between
the 2 groups (Fig 3A). Although preoperative ipsilateral CVR was
higher in the AcomA (1) group than in the AcomA (�) group, the
mean difference was not statistically significant (43.4% [SD, 25.3%]
versus 31.6% [SD, 22.2%]; P ¼ .056; Fig 3B). In addition, we
extracted patients with a PSV $200 cm/s, which indicates 70%
stenosis,28 from both groups. The patients were subdivided into
the AcomA (1)/PSV $200 cm/s group (n ¼ 40) and the
AcomA (�) / PSV$200 cm/s group (n¼ 12). Preoperative ipsilat-
eral CBF was not significantly different between the 2 groups (Fig
4A). The mean preoperative ipsilateral CVR was significantly lower
in the AcomA (�) / PSV $200 cm/s group than in the AcomA
(1) / PSV$200 cm/s group (25.2% [SD, 16.4%] versus 39.6% [SD,
23.8%], respectively; P¼ .030) (Fig 4B).

FIG 2. A, A case with an AcomA. The bilateral anterior cerebral arteries
are perfused from the ICA of the nonstenotic side. Only the ipsilateral
anterior cerebral artery is perfused by the ICA of the stenotic side. B, A
case without an AcomA. Each ICA perfuses only the ipsilateral anterior
cerebral artery. White arrows show the direction of blood flow. Bil.
indicates bilateral; Rt., right; Lt., left.
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Association between AcomA Flow and the Change in rSO2

before-versus-after Temporary ICA Occlusion
Of 83 patients, 80 patients underwent carotid revasculariza-
tion. Although CAS was attempted in 2 patients, the guiding
catheter failed to navigate into the common carotid artery and
the procedure was abandoned. One patient refused CEA im-
mediately before the procedure. CEA was performed in 48
patients, and CAS was performed in 32 patients. The mean
decrease in rSO2 after ICA occlusion during CEA or CAS was
significantly greater in the AcomA (�) group than in the
AcomA (1) group (8.5% [SD, 5.6%] versus 3.7% [SD, 3.8%],
respectively; P ¼ .002) (Fig 5).

Association between AcomA Flow and New Ischemic
Lesions on MR Imaging
New ischemic lesions in the ICA territory ipsilateral to the surgery
site on postoperative DWI were recognized in 23 patients (DWI-
positive group), while there were no new lesions in 57 patients

(DWI-negative group). In the 23 patients
with new ischemic lesions, 2 were symp-
tomatic, while 21 were asymptomatic.
Among 48 patients who underwent
CEA, 7 patients had CEA with carotid
shunting, while 41 had CEA without ca-
rotid shunting. There were no statisti-
cally significant differences in the
incidence of new ischemic lesions on
postoperative DWI between the patients
who underwent CEA with carotid shunt-
ing (3/7 [43%]) or without carotid shunt-
ing (5/41 [12%]) (P¼ .080).

In the univariate analysis of factors
related to postoperative ischemic lesions
on MR imaging, there were significant
differences between the DWI-positive
group and the DWI-negative group in
relation to age, the percentage of sub-
jects undergoing CAS, and the percent-
age of subjects with AcomA flow
(Table 2). The mean age of patients was
78.0 (SD, 5.7) years in the DWI-positive
group and 74.4 (SD, 7.3) years in the
DWI-negative group (P ¼ .023). The
percentage of subjects undergoing CAS
was higher in the DWI-positive group
than in the DWI-negative group (65%
versus 30%, P ¼ .005). The presence of
AcomA was more common in the
DWI-negative group than in the DWI-
positive group (81% versus 52%, P ¼
.014). There were no statistically signifi-
cant differences between the 2 groups in
the preoperative CVR and the rate of
ulcerated plaques.

In the multivariate analysis, the pres-

ence of AcomA (OR, 0.07; 95% CI,

0.012–0.45; P ¼ .005) was significantly
associated with a decreased odds of new ischemic lesions on post-

operative DWI. CAS (OR, 12.99; 95% CI, 2.09–80.86; P ¼ .006)

and age (OR, 1.14; 95% CI, 1.01–1.29; P ¼ .039, estimated odds of
outcome for a 1 increase in age) were significantly associated with

an increased odds of new ischemic lesions on postoperative DWI

(Table 2).
The results of univariate analysis of factors related to postoper-

ative ischemic lesions on MR imaging in patients with a PSV

$200 cm/s are summarized in Table 3. The mean age of patients

was 78.7 (SD, 4.3) years in the DWI-positive group and 75.0 (SD,

7.4) years in the DWI-negative group (P ¼ .032). The presence of

the AcomA was more common in the DWI-negative group than

in the DWI-positive group (87% versus 46%, P ¼ .005).

Multivariate analysis in patients with a PSV $200 cm/s revealed

that only the presence of the AcomA (OR, 0.08; 95% CI, 0.014–

0.64; P ¼ .017) was significantly associated with a decreased odds

of new ischemic lesions on postoperative DWI.

Table 1: Patients’ baseline characteristicsa

AcomA (+) (n = 61) AcomA (–) (n = 22) P Value
Age (yr) 75.1 (SD, 7.4) 76.9 (SD, 5.9) .24
Male 53 (87%) 19 (86%) 1
Rt. ICS 30 (49%) 8 (36%) .33
CAS 26 (43%) 6 (27%) .31
Symptomatic 24 (39%) 12 (55%) .32
Degree of stenosis (%) 74.7 (SD, 12.7) 76.0 (SD, 10.4) .77
PSV (cm/s) 281.1 (SD, 120.5) 250.8 (SD, 138.5) .37
Hypertension 45 (74%) 19 (86%) .37
Hyperlipidemia 33 (54%) 16 (73%) .14
Diabetes mellitus 21 (34%) 7 (32%) 1
Ischemic heart disease 11 (18%) 2 (9%) .50
Smoking 31 (51%) 13 (59%) .62
COPD 6 (10%) 2 (9%) 1
Postoperative DWI high 12 (20%) 11 (50%) .011

Note:—Rt indicates right; ICS, ICA stenosis; COPD, chronic obstructive pulmonary disease.
a Values are presented as mean (SD) or number (%).

FIG 3. A, Box-and-whisker plots of preoperative CBF on the stenotic side in the AcomA (1) group
and the AcomA (�) group. Preoperative CBF is not significantly different between the 2 groups. B,
Box-and-whisker plots of preoperative CVR on the stenotic side in the AcomA (1) group and the
AcomA (�) group. The CVR to the acetazolamide challenge is not significantly different between
the 2 groups. The thick horizontal lines divide the boxes at the median values. The bottom and
top of the boxes indicate the first and third quartiles. The whiskers extend to the most extreme
data points, which are no more than 1.5 times the interquartile range from the box.
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DISCUSSION
In this study, we analyzed the impact of AcomA flow on periopera-
tive hemodynamic status and new ischemic lesions onMR imaging
after carotid revascularization in patients with carotid stenosis. We
showed that preoperative ipsilateral CVR was significantly lower in
the AcomA (�) group than in the AcomA (1) group when the
PSV was $200 cm/s. The decrease in rSO2 after temporary ICA

occlusion was significantly greater in the
AcomA (�) group than in the AcomA
(1) group. Furthermore, the multivari-
ate logistic regression analysis demon-
strated that CAS, age, and the absence of
AcomA flow were significantly associ-
ated with new ischemic lesions on MR
imaging after carotid revascularization.

The results showed that preoperative
ipsilateral CVR was significantly lower in
the AcomA (�) group than in the
AcomA (1) group in patients with
severe cervical ICA stenosis. This result
suggested the importance of collateral
flow via the AcomA for preservation of
CVR in patients with severe cervical ICA
stenosis, which is consistent with a previ-
ous study.11 In contrast, it might not be
necessary for collateral flow via the circle
of Willis to develop for preservation of
CVR in mild cervical ICA stenosis; the
possibility is supported by no significant
difference in CVR between the AcomA
(�) group and AcomA (1) group in all
patients in the current study.

The decrease in rSO2 after temporary occlusion of the ICA
was significantly greater in the AcomA (�) group than in the
AcomA (1) group. These results are consistent with those in a
previous study14 and suggest that inadequate collateral flow via
the circle of Willis due to the absence of AcomA flow might lead
to hypoperfusion during clamping of the ICA.

The absence of AcomA flow was significantly associated with
new ischemic lesions on MR imaging after carotid revasculariza-
tion. Dislodgement of thrombotic material or atherosclerotic debris
can lead to new ischemic lesions on MR imaging.23 In addition,
decreased blood flow during temporary ICA occlusion impedes the
clearance of emboli and can lead to new ischemic lesions on MR
imaging.29 During temporary ICA occlusion, collateral flow via the
circle of Willis develops to maintain CBF.30 Therefore, inadequate
collateral flow in patients without AcomA flow might contribute to
new ischemic lesions onMR imaging due to impaired emboli clear-
ance. Our decrease in rSO2 after temporary ICA occlusion supports
this hypothesis.

Previous studies have reported that reduced CVR is associated
with new ischemic lesions on MR imaging after CEA and CAS.7,8

In these studies, it has been hypothesized that the CVR measured
with acetazolamide challenge can identify low MCA blood flow
during ICA clamping, which might impair clearance of microem-
boli, leading to ischemic lesions on MR imaging. However, the
CVRmeasured with the acetazolamide challenge was not associated
with ischemic lesions on MR imaging in the present study.
Although the reason for the inconsistency between our results and
previous studies was unclear, CVR was considered to be affected by
not only collateral flows via the AcomA but also the degree of ICA
stenosis and collateral flows via the posterior communicating and
cortical leptomeningeal arteries. In contrast, our result suggested
that collateral flow via the AcomA substantially contributed to

FIG 4. A, Box-and-whisker plots of preoperative CBF on the stenotic side in the AcomA (1)/PSV
$200 cm/s group and the AcomA (�) / PSV $200 cm/s group. Preoperative CBF is not signifi-
cantly different between the 2 groups. B, Box-and-whisker plots of preoperative CVR on the ste-
notic side in the AcomA (1) / PSV $200 cm/s group and the AcomA (�) / PSV $200 cm/s
group. The CVR to the acetazolamide challenge is significantly lower in the AcomA (�) / PSV
$200 cm/s group than in the AcomA (1) / PSV $200 cm/s group. The thick horizontal lines
divide the boxes at the median values. The bottom and top of the boxes indicate the first and
third quartiles. The whiskers extend to the most extreme data points, which are no more than 1.5
times the interquartile range from the box. The asterisk indicates P, . 05.

FIG 5. Box-and-whisker plots of the decrease in rSO2 after tempo-
rary ICA occlusion on the stenotic side during CEA or CAS. The
decrease in rSO2 is significantly greater in the AcomA (�) group than
in the AcomA (1) group. The thick horizontal lines divide the boxes
at the median values. The bottom and top of the boxes indicate the
first and third quartiles. The whiskers extend to the most extreme
data points, which are no more than 1.5 times the interquartile range
from the box. Double asterisks indicate P, . 01.
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MCA blood flow during ICA clamping, which was an important
factor for new ischemic lesions on MR imaging. Among patients
with reduced CVR, it might be important to recognize the pattern
of collateral flow development for predicting new ischemic lesions
on postoperative MR imaging.

The occurrence of new ischemic lesions on MR imaging after
carotid revascularization has been recently considered to lead to
clinical consequences in the long term. New ischemic lesions on
DWI are associated with a higher risk of cerebrovascular
events.31,32 In addition, the presence of silent ischemic lesions may
lead to early-onset cognitive decline and dementia.33 Therefore, it
is important to predict the risk of new ischemic lesions on MR
imaging after the procedure. The current results suggest that evalu-
ating the presence of AcomA flow using ICA-selective MRA con-
structed by applying a BeamSAT pulse is helpful for predicting the
risk of new ischemic lesions and for deciding the treatment and
perioperative management strategies.

There were some limitations to the current study. First, the
assessment of AcomA flow by ICA-selective MRA was not quanti-
tative but subjective. However, a previous study demonstrated that
interobserver agreement in these measurements was excellent.14

Second, collateral flow via anatomic variants in the posterior circu-
lation might also be important, and such variants were not eval-
uated in this study. However, previous studies have reported that
the collateral route via the AcomA is most important.11,14

Therefore, we focused on the presence of AcomA to establish a
simple method for predicting new ischemic lesions onMR imaging
after carotid revascularization. Third, collateral flow via the oph-
thalmic artery and via the cortical leptomeningeal artery could not
be assessed using this MR imaging technique. Finally, the small
sample size was the main limitation of this study. We did not
include other important risk factors, such as plaque vulnerability
on MR imaging, as predictors of new ischemic lesions after the
procedure to avoid further overfitting. Thus, a large-scale study is
needed to clarify our results.

CONCLUSIONS
In this study, the absence of AcomA flow was associated with a
reduced CVR in the ipsilateral MCA territory in patients with
severe cervical ICA stenosis and with hypoperfusion during tem-
porary ICA occlusion. In addition, the absence of AcomA flow was
associated with the occurrence of new ischemic lesions after CEA
and CAS. Evaluating AcomA flow on ICA-selective MRA might
be helpful for predicting the risk of ischemic lesions after the pro-
cedure and determining the treatment and perioperative manage-
ment strategies for ICA stenosis.
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Characteristics of Radiation-Related Intracranial Aneurysms:
A Multicenter Retrospective Study
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ABSTRACT

BACKGROUND AND PURPOSE: Intracranial aneurysms, a rare complication of radiation therapy, have been reported mainly in case
reports or case series. We performed a multicenter, retrospective cohort study to investigate the characteristics of radiation-induced
intracranial aneurysms.

MATERIALS AND METHODS: Data on 2641 patients with intracranial aneurysms were retrospectively collected from 3 hospitals between
January 2005 and June 2014. An additional 1519 patients were recruited from a single center between July 2014 and March 2020. Aneurysms
in patients with a history of radiation therapy for at least 6months were defined as radiation-related aneurysms. Patients' demographic
profiles, clinical characteristics, and aneurysm parameters detected on CTA were compared between radiation-related and control groups.

RESULTS: Of the 4160 patients, the average age was 57.9 (SD, 13.5) years, 2406 (57.8%) were women, 477 (11.5%) had multiple aneurysms,
3009 (72.3%) had SAH, and 34 (0.8%) had radiation-related aneurysms. The male-to-female ratio in the radiation-related group was signifi-
cantly higher than that in the control group (2.4:1 versus 0.72:1, P ¼ .001). The mean age of the radiation-related group was significantly
younger than in the control group (51.4 [SD, 15.0] years versus 58.2 [SD, 13.5] years, P ¼ .003). More patients in the radiation-related group
presented with SAH than in the control group (without age and sex matching, 88.2% versus 72.2%, P ¼ .037; with age and sex matching,
88.2% versus 58.8%, P ¼ .006). Of the 4813 intracranial aneurysms, only 43 (0.9%) aneurysms were categorized as in the radiation-related
group, whereas 4770 (99.1%) aneurysms constituted the control group. Compared with the control group, there was a significantly higher
proportion of sidewall aneurysms (46.5% versus 32.3%, P ¼ .048) and a predilection for aneurysms involving the ICA and posterior circula-
tion arteries (72.1% versus 52.2%, P ¼ .046) in the radiation-related group.

CONCLUSIONS: Compared with the control group, radiation-related aneurysms are more prone to occur in men and young patients,
with a higher percentage of sidewall aneurysms located in the ICA and posterior circulation arteries. Furthermore, SAH is highly prevalent
in patients with radiation-induced aneurysms, indicating that dedicated screening for aneurysms after radiation therapy is necessary, but
further studies are needed to determine when and how to screen.

Radiation therapy is one of the mainstay treatment modalities
for head and neck tumors, including nasopharyngeal carci-

noma and medulloblastoma.1,2 Nasopharyngeal carcinoma is char-
acterized by a distinct geographic distribution and is particularly
prevalent in East and Southeast Asia.1,3 Medulloblastoma is an ordi-
nary childhood CNS tumor.4 Clinicians can precisely deliver

effective therapeutic doses to the target zone for patients with head
and neck tumors while preserving adjacent functionally important
tissues using modern devices. Nevertheless, radiation therapy fields
often encompass the skull base neurovascular structures,1,4,5 and at-
tendant radiation-related vasculopathies may be unavoidable due to
the destructive effects on arteries of irradiation.6-8

The short-term sequelae of radiation have been extensively

described during the past century, but long-term complications of

radiation therapy were not well-understood.6,7,9,10 With the

improvement of radiation therapy technology and comprehensive

treatment, there has been a remarkable increase in the survival
rates of patients with head and neck cancer. With this increase in

life span, clinicians have had the opportunity to study potential

delayed effects of radiation therapy, such as cognitive decline,

hearing impairment, secondary cancers, stroke, and vascular dis-
eases,2,4,6,7 which may require specific monitoring and screening.
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The delayed vascular diseases include atherosclerosis, cavern-
ous malformation, and intracranial aneurysm, but previous stud-
ies mainly focused on the risk of intracranial atherosclerosis.4,10

Intracranial aneurysm is one of the most common vascular
diseases,7 but an aneurysm following radiation therapy is a rare
complication and less commonly recognized, sometimes leading
to a catastrophic event of spontaneous SAH.5,6 Despite the scarcity
of reported cases, previous reports concluded that various radiation
therapy methods can cause aneurysms, including external beam
radiation therapy, gamma knife surgery, and brachytherapy,5,7 as
well as the histopathologic features of radiation-related aneurysms,
including irregular fibrous thickening of the media and intima with
smooth-muscle loss, necrosis of the media with lipid-laden macro-
phages, and mononuclear cell infiltration within the intima and
media wall of the aneurysm.9,11 However, there is limited informa-
tion available in the literature about the clinical characteristics of
patients with radiation-related aneurysms, and previous studies on
such aneurysms mostly consisted of case reports that lack statistical
analysis with a comparison group. We, therefore, conducted this
retrospective cohort study to explore the unique characteristics of
the radiation-related aneurysm by comparing it with a cohort.

MATERIALS AND METHODS
Patient Selection and Data Collection
This retrospective study was approved by the institutional review
board (Yuebei People’s Hospital), and patient informed consent was
waived due to the study design that entailed no diagnostic tests or
treatment. Patients who were diagnosed with intracranial aneurysms
by CTA with at least 64 sections were recruited. Patient exclusion
criteria for the study were the following: 1) an insufficient clinical
data set and image data set on record; 2) fusiform, traumatic, or
mycotic aneurysms; and 3) an intracranial aneurysm related to arte-
riovenous malformation or comorbidity with Moyamoya disease.
Patients were dichotomized into the radiation-related aneurysm
group and control group. The inclusion criteria for the radiation-
related aneurysm group were the following: 1) a previous diagnosis
of head and neck tumor with a history of radiation therapy, and 2)
at least a 6-month time interval between radiation therapy and a di-
agnosis of an intracranial aneurysm. Patients with aneurysms with-
out a history of radiation therapy constituted the control group.

Among all patients with intracranial aneurysms, 2641 consecu-
tive patients were retrospectively included from 3 hospitals (Yuebei
People’s Hospital, The Second Affiliated Hospital of Guangzhou
Medical University, and Zhujiang Hospital) from January 2005 to
June 2014, as previously described,12 and the following 1519
patients were recruited consecutively from a single center (Yuebei
People’s Hospital) between July 2014 and March 2020. The demo-
graphic profiles and cerebrovascular risk factors (including diabetes,
hypertension, and hyperlipidemia) were collected for this study
through chart reviews on each site. Diabetes was defined as a ran-
dom serum glucose level of $11.1mmol/L, glycosylated hemoglo-
bin level of $5.8%, or the use of antidiabetic medication.
Hypertension was defined as systolic blood pressure of $140mm
Hg and/or diastolic blood pressure of$90mmHg. Hyperlipidemia
was described as a total cholesterol of .240 mg/dL, high-density
lipoprotein cholesterol of,40mg/dL, or the use of cholesterol-low-
ering medication.

CTA Analysis
All patients underwent CTA with an FOV of 160mm and a section
thickness of 0.5 or 0.625mm reconstructed at 0.5 or 0.625mm. As
previously described, the sites of the aneurysms were categorized by
4 locations: 1) the anterior cerebral artery (including the anterior
communicating artery and anterior cerebral artery); 2) the MCA; 3)
the ICA, including the ICA terminus, posterior communicating ar-
tery, cavernous ICA; and 4) the posterior circulation arteries
(including the posterior cerebral artery and the vertebrobasilar sys-
tem).12,13 The aneurysm type was dichotomized into bifurcation
aneurysms if they were located at the parent artery bifurcations in
the cerebral vasculature based on CTA and sidewall aneurysms if
they originated from only 1 parent vessel without an artery emerg-
ing from the top of the dome.13 The aneurysm wall was defined as
an irregular wall if the blebs, lobes, or protrusions were present on
the wall. The size of the aneurysm was measured as in our previous
report.14 Two neuroradiologists reviewed CTA images and recorded
the imaging characteristics independently. In case of disagreement,
a consensus reading was performed with a third neuroradiologist
on the classification parameters (including aneurysm location, type,
and irregular wall); then, the values were used for statistical analyses
afterward. Regarding the quantitative parameter (aneurysm size),
the values were averaged for subsequent statistical analyses.

Statistical Analysis
SPSS 19.0 (IBM) was used for all statistical analyses. Quantitative
data are presented as mean (SD) and were compared between the
radiation-related group and the control group using an independ-
ent-samples t test. Categoric variables are presented in percentages
and analyzed between groups using the x 2 or Fisher exact test.

RESULTS
Of the 4160 patients, the average age was 57.9 (SD, 13.5) years
(Table 1), 2406 (57.8%) were women, 477 (11.5%) had multiple
aneurysms, 3009 (72.3%) had SAH, and 34 (0.8%) had radiation-
related aneurysms. Of the 34 patients with radiation-induced aneur-
ysms, 23 were diagnosed with nasopharyngeal carcinoma before
radiation therapy; 2, with medulloblastomas; 2, with lymphomas;
and 7, with other head and neck tumors. The average time interval
of the 34 patients between radiation therapy and a diagnosis of an
intracranial aneurysm was 6.8 (SD, 5.1) years. As Table 1 shows,
the male-to-female ratio in the radiation-related group was signifi-
cantly higher than in the control group (2.4:1 versus 0.72:1, P ¼
.001). The mean age of the radiation-related group was

Table 1: Characteristics of the patients (n = 4160)

Characteristics
Radiation-Related
Group (No.) (%)

Control Group
(No.) (%)

P
Value

Male 24 (70.6) 1730 (41.9) .001
Age (mean) (yr) 51.4 (SD, 15.0) 58.2 (SD, 13.5) .003
Hyperlipidemia 3 (8.8) 348 (8.4) NS
Hypertension 15 (44.1) 2187 (53.0) NS
Diabetes 2 (5.9) 281 (6.8) NS
Multiple
aneurysms

7 (20.6) 470 (11.4) NS

Presented with
SAH

30 (88.2) 2979 (72.2) .037

Note:—NS indicates not significant.
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significantly younger than the control group (51.4 [SD, 15.0] years
versus 58.2 [SD, 13.5] years, P ¼ .003). The number of patients
who presented with SAH in the radiation-related group was signif-
icantly higher than in the control group (88.2% versus 72.2%, P ¼
.037), implying that radiation-related aneurysms may be more
fragile and prone to rupture. For a subanalysis, we confirmed a 1:1
match in the age and sex of the radiation-related group and the
controls. If .1 patient from the control group matched, to avoid
possible selection bias, the patient used for comparison was ran-
domly chosen by 1 neuroradiologist without knowledge of the par-
ticipant’s characteristics. The prevalence of SAH (88.2% versus
58.8%, P ¼ .006) in the radiation-related group was significantly
higher than in the age- and sex-matched controls.

Of the 4813 intracranial aneurysms (Table 2), only 43 (0.9%)
aneurysms were categorized as in the radiation-related group, and
the remaining 4770 (99.1%) aneurysms constituted the control
group. The most frequent location for radiation-related aneurysms
was the ICA (53.5%, Fig 1), followed by the posterior circulation
arteries (18.6%, Fig 2), whereas aneurysms in the control group

predominantly involved the ICA (42.2%)
and anterior cerebral artery (25.4%)
(P, .05). Compared with the control
group, more sidewall aneurysms were
found in the radiation-related group
(46.5% versus 32.3%, P, .05). There
was no difference in aneurysm size and
wall irregularity between the 2 groups.

DISCUSSION
With improvement in comprehensive
therapies, patients with head and neck
cancer may have a reasonably long life

expectancy, but they may have an increased risk of delayed compli-
cations resulting from radiation therapy. Most previous studies
were case reports that lacked a comparison group due to the
extremely low incidence of radiation-related aneurysms and the
need for long-term follow-up after radiation therapy. The present
study provided substantial insight into the demographic and clini-
cal characteristics of patients with radiation-related aneurysms by
comparing them with a cohort.

Unlike classic intracranial aneurysms, which are more common
in women,12 our study showed that radiation-related aneurysms
were more common in men (the male-to-female ratio was 2.4:1).
Previous literature reviews have documented that most patients
with radiation-related aneurysms were men,5,7,11 consistent with
findings in our study. The percentage of men was even as high as
80%.8 The average age of patients at the time of intracranial aneu-
rysm diagnosis was 51.4 years, much younger than in the control
group. This average age trend was similarly noted in the litera-
ture,8,11 but our results are distinct from those in other literature.5-7

One possible explanation for the higher prevalence of radia-
tion-induced aneurysms in men and younger patients could be
because nasopharyngeal carcinoma and medulloblastoma, which
are the main indications for radiation in our study, occur more of-
ten in men (male/female ratios were 2.5:11 and 1.8:115 for naso-
pharyngeal carcinoma and medulloblastoma, respectively) and are
diagnosed at a relatively young age (incidence peaks in the fourth
to sixth decades1,16 and at 5–7 years4,15 for nasopharyngeal carci-
noma and medulloblastoma, respectively). One would postulate
that younger patients and those with a favorable prognosis after
treatment are most at risk of developing an aneurysm and poten-
tial rupture.6,17

Compared with the control group, radiation-related aneur-
ysms had a significantly higher proportion of sidewall locations
and a predilection for location in the ICA and posterior circula-
tion arteries. A previous study revealed a similar result, with 53%
of radiation-related aneurysms located at the ICA and 40%
located at the posterior circulation arteries.5 The exact mecha-
nism is unknown, but vessel sensitivity to irradiation and hemo-
dynamic factors may be responsible for the phenomenon. First,
the CBF in each branch is different (ie, CBF in the ICA is signifi-
cantly higher than in the basilar artery),18 and the ICA is tortuous
and transitions from elastic-to-muscular intracranial arteries.19

The adverse effects of radiation on tissues are complex, including
the possibility of inducing an inflammatory cascade and subse-
quently weakened blood vessels.11,17,20 The combination of

Table 2: Characteristics of the aneurysms (n = 4813)
Characteristics Radiation-Related Group Control Group P Value

Aneurysm size (mean) (mm) 4.9 (SD, 2.3) 5.2 (SD, 2.2) NS
Location of aneurysm (No.) (%) .046
ICA 23 (53.5) 2015 (42.2)
Anterior cerebral artery 6 (14.0) 1213 (25.4)
MCA 6 (14.0) 1066 (22.3)
Posterior circulation artery 8 (18.6) 476 (10.0)

Type of aneurysm (No.) (%) .048
Sidewall 20 (46.5) 1543 (32.3)
Bifurcation 23 (53.5) 3227 (67.7)

Irregular wall 12 (27.9) 1438 (30.1) NS

FIG 1. A 52-year-old man with nasopharyngeal cancer (T4N2M0, stage
IVA). T1-weighted image (1.5T) with contrast shows that the tumor (A,
black stars) has grown into the skull base and embraces the left ICA
(A, white arrows) with swollen lymph nodes bilaterally (A, white
arrowhead). Five years after irradiation, the patient presented with
headache, and a sidewall aneurysm (5.1mm) was detected at the left
ICA using CTA (B, white arrow).
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hemodynamic wall characteristics and a weakened vessel wall may
affect hemodynamic force formation, which, in turn, affects aneu-
rysm development.14,21 Second, compared with the anterior cere-
bral artery and MCA, the posterior circulation has a relatively
sparse sympathetic innervation.22,23 However, cerebral autoregula-
tion that depends on sympathetic nerve innervation may decrease
and cause fibrosis after radiation,24,25 leading to a passive overdis-
tention of the vessel.26 Recently, Pesce et al7 reported that the pos-
terior circulation is vulnerable even at low irradiation.

SAH was present in 88.2% of radiation-induced aneurysms,
much higher than in the control group, implying that radiation-
related aneurysms are more fragile and prone to rupture. Previous
studies have shown that most patients with radiation-related
aneurysms presented with SAH5,11,17 and consequently had higher
mortality and morbidity than patients with classic aneurysms.5,6

Therefore, early detection of radiation-related aneurysms is crucial
to allow monitoring or therapeutic intervention while the aneu-
rysm is still unruptured. We think that it is reasonable to recom-
mend dedicated screening for aneurysms after radiation therapy,
but further studies are needed to determine the ideal timing to
screen because the latency period remains highly variable (as early
as 3months27 or as late as 37 years28 after radiation therapy) and
how to screen in terms of avoiding additional radiation exposure.
The reasons for the high percentage of SAH in patients with radia-
tion-related aneurysms should be cautiously interpreted. We
postulate that the following reasons may contribute to this phe-
nomenon: 1) the weakened and inflammatory vessel wall in the
radiation-related aneurysm, as aforementioned, is vulnerable to
rupture;11,14,17,20,21 2) as the longevity of treated patients increases
(especially for young patients), the damaged blood vessels are cor-
respondingly exposed to wall shear stress for an extended period,
allowing a longer time for aneurysmal formation and rupture; and

3) radiation-related aneurysms are more likely to develop necro-
sis,17 which is uncommon in classic intracranial aneurysms, and
radiation-related aneurysms are associated more often with an
inflammatory aneurysmal wall,17 which is known to be a critical
element of aneurysm rupture.29

Limitations
There are some limitations to our study: 1) The shape of an aneu-
rysm may be affected by radiation therapy,17 but we lost a chance
to report this feature because the fusiform aneurysms were
excluded in the first data collection, which was completed before
January 2016, and the criteria of the second data collection fol-
lowed the first one. 2) Because an intracranial aneurysm is a rare
complication of radiation therapy, we included a small number of
radiation-induced aneurysms. The gigantic difference in the sam-
ple size between groups, regardless of data types, might provide
insufficient statistical power for analysis. 3) Clinically, we per-
formed CT or/and MR imaging with contrast to evaluate the head
and neck mass before radiation but did not regularly acquire CTA
or TOF-MR angiography for those patients. Therefore, some radia-
tion-related aneurysms could be coincidental because no vascular
examination acquired before radiation therapy was available to
prove the absence of the aneurysm. 4) CTA has a high sensitivity
and specificity for the detection of intracranial aneurysms,13,14 but
we did not compare the results with the current criterion standard,
DSA. Hence, we may have missed and/or misdiagnosed a fraction
of smaller intracranial aneurysms. 5) Although the shortest time
interval between delivery of radiation and the diagnosis of an aneu-
rysm, to our knowledge, is 3 months,27 the risk of a coincidental
aneurysm may increase because the inclusion criterion of the
latency interval ($6 months) may not be long enough for aneu-
rysm formation and development.

CONCLUSIONS
Compared with control group, patients with radiation-related
aneurysms showed different characteristics related to their sex
and age and the location and type of aneurysm. Furthermore, a
higher percentage of these patients presented with SAH.
Therefore, it is reasonable to recommend dedicated screening for
aneurysms after radiation therapy, but further studies are needed
to determine when to screen because the latency period remains
highly variable and how to screen in terms of avoiding additional
radiation exposure.
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CLINICAL REPORT
ADULT BRAIN

Neuroimaging Findings in CHANTER Syndrome: A Case Series
K.S. Mallikarjun, M.S. Parsons, Z. Nigogosyan, M.S. Goyal, and R.W. Eldaya

ABSTRACT

SUMMARY: Recently, a distinct clinicoradiologic entity involving cerebellar, hippocampal, and basal nuclei transient edema with re-
stricted diffusion (CHANTER) on MR imaging was identified. Patients present in an unresponsive state following exposure to drugs
of abuse. Very little information exists regarding this entity, particularly in the radiology literature. We identify and describe 3
patients at our institution with similar clinical and radiographic findings. Multifocal restricted diffusion in the brain is typically asso-
ciated with poor outcomes. By contrast, CHANTER involves intraventricular obstructive hydrocephalus that, when treated, can lead
to substantial recovery. This novel syndrome should be on the differential in patients who present in an unresponsive state after
recent opioid use in the context of the above imaging findings. Additional diagnoses on the differential can include ischemic
stroke, hypoxic-ischemic encephalopathy, “chasing the dragon,” leukoencephalopathy, opioid-associated amnestic syndrome, and
pediatric opioid-use-associated neurotoxicity with cerebellar edema.

ABBREVIATIONS: CHANTER ¼ cerebellar, hippocampal, and basal nuclei transient edema with restricted diffusion; EVD ¼ external ventricular drain; HIE ¼
hypoxic-ischemic encephalopathy; OAA ¼ opioid-associated amnestic syndrome; POUNCE ¼ pediatric opioid use-associated neurotoxicity with cerebellar
edema

Cerebellar, hippocampal, and basal nuclei transient edema with
restricted diffusion (CHANTER) syndrome is a recently

described novel disease entity involving distinct radiologic and clin-
ical findings. The initial case series that identified this constellation
consisted of 6 patients who presented with stupor or coma in the
setting of intoxication with drugs of abuse.1 The initial CT in these
patients showed a consistent pattern of progressively worsening
acute cerebellar edema, which eventually progressed to intraventric-
ular obstructive hydrocephalus. MR imaging showed diffusion
restriction in the bilateral hippocampi, cerebellar cortices, and basal
ganglia, without substantial cortical involvement.

This combination of distinct radiologic findings and clinical
course is distinct from that of other similar etiologies, such as
acute ischemic stroke, hypoxic-ischemic encephalopathy (HIE),
and heroin-associated spongiform leukoencephalopathy. Despite
its suggestive and unique imaging features, there is a scarcity of
data regarding CHANTER syndrome in the radiology literature,

and clinical services often drive its diagnosis. However, prompt
recognition or suggestion of CHANTER by the radiologist on
MR imaging is essential. It may allow aggressive early treatment,
which might not be offered in cases of HIE or multifocal diffusion
restriction with obstructive hydrocephalus, given a presumed
poor neurologic outcome.1,2

Preliminary data suggest an association between the use of
drugs of abuse, particularly opioids, and the eventual diagnosis of
CHANTER syndrome. Fentanyl overdoses are now the leading
cause of death among those 18–45 years of age in the United
States.3 The coronavirus disease 2019 (COVID-19) pandemic and
response have caused a spike in opioid overdoses, predicted to
worsen further.4 The increasing scope of the opioid epidemic eluci-
dates the necessity for radiologists and clinicians to recognize the
findings of CHANTER because the disease prevalence is expected
to increase.

Since the initial series of patients with CHANTER syndrome,
only 1 case report in the literature of suspected CHANTER syn-
drome has been published.5 Additionally, further classification has
occurred for 2 syndromes that bear a resemblance to CHANTER:
pediatric opioid use-associated neurotoxicity with cerebellar
edema (POUNCE)6 and opioid-associated amnestic syndrome
(OAA).7 Thus, the relationship of these patterns to CHANTER
has yet to be discussed. We believe that our case series supports
CHANTER as an essential entity that radiology can suggest on the
basis of imaging.
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Case Series
Patient 1. A 54-year-old woman with a history of HIV and IV drug
use presented in an unresponsive state after a fentanyl overdose.
Naloxone was administered, but the patient remained encephalo-
pathic and was intubated for airway protection.

The initial CT showed subtle edema and hypoattenuation in
the cerebellar hemispheres, with a developing mass effect on the
fourth ventricle. There was no hydrocephalus at the time nor any
hypoattenuation within the basal ganglia. The patient continued
to deteriorate clinically. CT performed the day after admission
showed progressive hypoattenuation and edema within the cere-
bellar hemispheres; new edema within the posterior hippocampi,
basal ganglia, and cortex; and developing hydrocephalus (Fig 1).
The patient was given IV mannitol, admitted to the neurocritical

care unit, and had an external ventricular drain (EVD) placed for
CSF flow diversion. CTA showed no large-vessel occlusions, and
CTP data showed no evidence of core or penumbra to suggest a
stroke or hypoperfusion. Continued deterioration led to the patient
requiring a suboccipital decompressive craniectomy.

MR imaging showed areas of diffusion restriction in the bilat-
eral cerebellar hemispheres, bilateral hippocampi, bilateral basal
ganglia, and deep WM, and scattered cortical involvement (Fig 2).
Blood products were seen in the right cerebellum. TOF-MRA con-
firmed the lack of large-vessel occlusion.

In 1 week, the patient was extubated, and her EVD was weaned
and removed. The patient’s mental status was slowly improving. A
repeat MR imaging 2 weeks postadmission (Online Supplemental
Data) showed the evolution of known injury involving the cerebel-
lum, temporo-occipital lobes, hippocampi, and basal ganglia with
decreased T2/FLAIR hyperintensity and increased areas of enhance-
ment, as well as increased abnormal T2/FLAIR signal within the
subcortical WM of the pre- and postcentral gyri bilaterally, without
enhancement, restricted diffusion, or susceptibility artifacts.

Although the patient required tracheostomy and gastrostomy,
she improved enough for transfer to the floor and subsequently to
a long-term acute care facility. At follow-up 5 weeks after admis-
sion, the patient had a substantially improved mental status with
mild memory, speech, and gait deficits. The estimated mRS score
was a 3. CT showed encephalomalacia in the bilateral cerebellar
hemispheres, occipital lobes, and left parietal lobe and scattered
hypodensities in the deepWM.

Patient 2. A 33-year-old man with a medical history of treated HIV
and IV drug use presented after being found unresponsive. A urine

drug screen was positive for amphet-
amines, cocaine, fentanyl, and benzodia-
zepines. He was given naloxone with
minimal arousal. He was subsequently
intubated for airway protection, given IV
hypertonic saline, and admitted to the
neurocritical care unit.

The initial CT demonstrated bilateral
cerebellar hypoattenuation and hypoat-
tenuation involving the basal ganglia,
posterior hippocampi, and parieto-occi-
pital cortex. It also showed developing
obstructive hydrocephalus with partial
effacement of the fourth ventricle and
cerebral aqueduct as well as dilation of
the lateral and third ventricles. MR
imaging showed diffusion restriction in
the cerebellar hemispheres, hippocampi,
temporo-occipital cortex, and basal
ganglia (Fig 3). TOF-MRA showed no
evidence of large-vessel occlusion.

The patient had a posterior fossa cra-
niectomy with resection of the cerebellar
tissue and EVD placement for intraven-
tricular obstructive hydrocephalus. His
EVD was weaned and removed. An MR

FIG 1. Representative findings on initial head CT. Axial NCCT demon-
strates hypoattenuation within the cerebellar hemispheres and hypoat-
tenuation within the posterior hippocampi (black arrows, A) and
hypoattenuation within the basal ganglia, hippocampi, and cortex (black
arrows, B). Developing hydrocephalus is present (white arrows, B).

FIG 2. MR DWI from patient 1, thirty hours after presentation, shows diffusion restriction in the
cerebellum (white arrows, A), hippocampi and cortex (white arrows, B), and basal ganglia (white
arrows, C). The ADC map is not shown.

FIG 3. MR DWI from patient 2, six hours after presentation, shows diffusion restriction in the cer-
ebellar hemispheres (white arrows, A), hippocampi and temporo-occipital cortex (white arrows,
B), and basal ganglia (white arrows, C). The ADC map is not shown.
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imaging performed 2 weeks postadmission demonstrated the
expected evolution with normalization of the abnormal findings
on DWI involving the cerebellum, hippocampi, and basal ganglia
(Online Supplemental Data).

The patient could not be extubated secondary to mental status
and ultimately had a tracheostomy. The patient improved enough
for transfer to the floor and subsequently to a long-term acute care
facility. CT at discharge showed resolution of hypoattenuation and
mass effect in the posterior fossa. At follow-up 14 weeks after
admission, the patient could follow simple commands and com-
municate with eye contact, and the estimated mRS score was 5.

Patient 3. A 42-year-old woman with a medical history of poly-
substance abuse presented in an unresponsive state after being
found down after a fentanyl overdose. Her urine drug screen was
positive for fentanyl, amphetamines, and cannabinoids. She was
given naloxone and had minimal responsiveness. She was intuba-
ted for airway protection due to a somnolent mental status.

The initial CT demonstrated areas of decreased attenuation
and edema involving the bilateral cerebellar hemispheres, the right
basal ganglia, and hippocampi. The patient continued to deterio-
rate. A repeat CT the following day revealed increased prominence
of the hypoattenuation and edema in the previously mentioned
areas, dilation of the lateral ventricles consistent with developing
hydrocephalus, and a new area of marked hypoattenuation in the
left caudate. Initial MR imaging showed diffusion restriction in the
bilateral cerebellum, bilateral hippocampi, cortex, and basal ganglia
with blood products in the right cerebellum (Fig 4). TOF-MRA
showed no large-vessel occlusions.

The patient had EVD placement for obstructive hydrocephalus.
Her EVD was weaned and eventually removed. An MR imaging at 2
weeks postadmission showed resolving areas of the initially noted dif-
fusion restriction, along with FLAIR hyperintensity and postcontrast
enhancement within the cerebellum, hippocampi, cortex, and basal
ganglia consistent with evolving injury (Online Supplemental Data).

The patient was extubated successfully but had a gastrostomy
tube placed due to dysphagia. The patient’s condition improved
enough for transfer to a skilled nursing facility. At discharge, the
patient regarded the examiner briefly but was mute and did not reli-
ably track or follow commands. The estimated mRS score was 5.

DISCUSSION
All 3 patients in our series had presentations, imaging findings, clin-
ical courses, and outcomes similar to those in patients first identified

and categorized as having CHANTER by Jasne et al.1 No other docu-
mented syndrome fit these findings as well as CHANTER. Thus, we
concur with the classification of this unique constellation of symp-
toms as a distinct clinicoradiographic syndrome of CHANTER.

Radiographic Features
The 3 patients in our series had consistent NCCT findings. The ini-
tial CT findings showed cerebellar edema with eventual mass effect
on the fourth ventricle and intraventricular obstructive hydroceph-
alus requiring shunting and decompression. A varying degree of
involvement of the basal ganglia and cortex was noted on the initial
CT, with subsequent development of these findings on CT the fol-
lowing day. All patients had vessel imaging showing no large-vessel
occlusion to suggest arterially mediated infarctions. No evidence of
hemorrhage was seen on NCCT in any of these cases. CTP and re-
gional CBF images in 1 patient showed no evidence of a stroke or
decreased blood flow to the basal ganglia and cerebellum. This
finding suggests that the injury in CHANTER is not related to vas-
cular flow restriction but rather likely internal cellular injury.

While patients who present in an unconscious state are likely
to have NCCT as their first imaging study, MR imaging findings,
especially diffusion restriction, are the distinct radiologic hall-
mark of CHANTER and necessary for diagnosis. The initial MR
imaging findings among our 3 patients were also consistent. On
initial MR imaging, all patients showed diffusion restriction in
the cerebellum, hippocampi, basal ganglia, and cortex. Only 1 of
the patients had subcortical WM involvement of the centrum
semiovale. Initial MR imaging was performed within several
hours for 2 patients but was delayed in patient 3. A follow-up MR
imaging generally obtained 2–3 weeks later in all cases showed
expected injury evolution with normalization of signal on DWI,
FLAIR hyperintensity, and postcontrast enhancement in these
areas, consistent with evolving injury. All patients had TOF-
MRA demonstrating the absence of occlusion in large vessels.

The radiologic findings among the 3 patients in our series are
largely consistent with those of the 6 patients in the Jasne et al1 se-
ries, including the initial CT findings, development of obstructive
hydrocephalus following cerebellar edema, and diffusion restric-
tion in the cerebellar cortex, hippocampi, and basal ganglia, typical
of CHANTER. The only substantial discrepancy was the presence
or absence of cerebral cortical involvement. Jasne et al reported
that all 6 of their patients had the typical diffusion restriction find-
ings but sparing of the cerebral cortex. However, all 3 patients in
our series had some extent of cerebral cortical involvement, though

this was not a dominant feature. The
involvement of subcortical WM was
rare in both case series. Only 1 patient
in the series of Jasne et al showed areas
of restricted diffusion in the subcortical
WM. In contrast, no patients in this se-
ries exhibited such findings.

Clinical Course. Clinicians often
approach a pattern of large symmetric
areas of restricted diffusion in the
brain as representing severe, irreversible
injury and a poor neurologic outcome

FIG 4. DWI of patient 3, fifty-eight hours after presentation, shows diffusion restriction in the
cerebellum (white arrows, A), hippocampi and cortex (white arrows, B), and basal ganglia (white
arrows, C). There is mass effect from the diffusion restriction in the right caudate nucleus on the
frontal horn of the right lateral ventricle (C). The ADC map is not shown.
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with a small chance of improvement. This belief could stem from
the poor prognosis in patients with multifocal diffusion restriction
caused by HIE, with only one-quarter of patients with HIE surviv-
ing to hospital discharge and those surviving having severe neuro-
logic deficits.2 While the initial presentation of patients with
CHANTER syndrome is severe, the outcomes in these patients
illustrate the potential for substantial clinical improvement with
prompt detection and treatment of the edema.

Regarding the 6 patients classified as having CHANTER by
Jasne et al,1 4 patients had EVD placement for CSF flow diversion
and 3 had suboccipital decompression. Although 1 patient died
during hospitalization due to brain herniation, 5 had notable
levels of functional improvement. The patients in our series are
all different individuals from those reported by Jasne et al.

After medical and surgical intervention, our patients had simi-
lar outcomes compared with those in the initial CHANTER series.
All 3 had EVD placement, and 2 had further neurosurgical decom-
pression. Obstructive hydrocephalus resolved in all patients. All
survived and showed substantial-but-variable neurologic improve-
ment compared with their presenting status. Similarly, Kobayashi
et al,5 in 2021, described a case of CHANTER syndrome in which
the patient had a dramatic clinical improvement with the only defi-
cit being mild leg weakness. In contrast, the presence of large areas
of symmetric restricted diffusion following anoxic brain injury typ-
ically predicts very poor neurologic outcome.

Differential Diagnoses and Classification
Acute ischemic stroke is unlikely to be confused with CHANTER
because patients with CHANTER do not have any vessel occlusion
on imaging. Additionally, patients with CHANTER typically have
injuries in multiple vascular territories. A related pathology that is
closer with respect to radiologic features to CHANTER is HIE.
Patients with HIE can present in an unresponsive state, similar to
that in patients with CHANTER. However, they do not necessarily
have acute exposure to drugs of abuse. The outcomes are typically
extremely poor compared with patients with CHANTER syn-
drome.2 This pattern of injury tends to affect areas of high meta-
bolic demand. Notably, cerebellar and hippocampal edema can be
seen in HIE. However, when this occurs, other areas, such as the
cerebral cortex, are often diffusely involved.8,9 In HIE, NCCT will
typically show a diffuse loss of gray-white matter differentiation
and effacement of the sulci with cytotoxic edema.10,11 These find-
ings were not seen in any patients classified as having CHANTER.

Additionally, in HIE, the cerebellum is more likely to be spared,
giving rise to the white cerebellum sign, contrary to the cerebellar

hypoattenuation seen on CT in all patients with CHANTER syn-
drome. Last, while obstructive hydrocephalus developed in all
patients with CHANTER syndrome, it is not common in patients
with HIE.12 However, it is possible that some patients described
here and previously with CHANTER syndrome might also have
some degree of superimposed HIE, which might partially account
for the variability in outcomes.

Heroin-associated spongiform leukoencephalopathy is a toxic
leukoencephalopathy with distinct imaging features. Because it is
exclusively associated with heroin vapor inhalation, it is also
known as “chasing the dragon” leukoencephalopathy. Although
it can present with cerebellar restricted diffusion, it almost always
presents with changes in the WM, including symmetric confluent
deepWM hyperintensity on T2 and FLAIR sequences, with sparing
of the gray matter, which is not typical of CHANTER.11,13 Contrary
to CHANTER, it also presents during a more extended period.

Another recent case remarkably similar to CHANTER con-
sisted of cerebellar edema in a young child following accidental
opioid ingestion and fentanyl administration.14,15 It appears that
this case, as well as several others in the pediatric population, may
fit under the recently described constellation of POUNCE.6,16-21

Children with POUNCE are generally accidentally exposed to
opioids and present with a decreased level of consciousness.
Similar to CHANTER, the prominent feature of POUNCE is ma-
lignant cerebellar edema, with diffusion restriction occasionally
reported.14,18,22 This cerebellar edema can lead to obstructive hy-
drocephalus.14 However, contrary to CHANTER, these cases rarely
have hippocampal and basal ganglia involvement, instead involv-
ing WM areas with lesions that are hyperintense on T2 and hypo-
attenuated on CT.14,15,18,20,22 Some of these differences in injury
patterns have been speculated to be due to the differences in opioid
receptor expression between childhood and adulthood.23,24

Another syndrome that has some overlapping features with
CHANTER is OAA. Patients with OAA present with new-onset
amnesia after exposure to opioids, most notably fentanyl.7,25-29

Radiologically, the prominent finding is symmetric diffusion
restriction and FLAIR hyperintensity of the hippocampi. Edema in
the cerebellum and basal ganglia occurs only rarely, and patients
do not present with obstructive hydrocephalus. Presentation and
outcomes are milder than in CHANTER, with amnesia as the
defining deficit.

The similarities between patients with CHANTER, POUNCE,
and OAA perhaps indicate that these syndromes exist along a
spectrum with several overlapping clinical and imaging features
and a common underlying etiology (Table). It has been thought

Proposed spectrum of opioid syndromes

Clinical Data Imaging Findings
CHANTER Decreased level of consciousness in adults,

cerebellar edema leading to obstructive
hydrocephalus, mixed prognosis

Cerebellar edema with hippocampal and
basal ganglia involvement on DWI

POUNCE Decreased level of consciousness in children,
cerebellar edema leading to obstructive
hydrocephalus, poor prognosis

Cerebellar edema without hippocampal
and basal ganglia involvement on DWI,
more WM involvement with T2
hyperintensity

OAA New-onset amnesia, mild prognosis Symmetric diffusion restriction and FLAIR
hyperintensity of the hippocampi
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that CHANTER represents the more severe end of this spectrum,
while OAA represents a milder form.1

Febrile infections, including acute cerebellitis, would also be on
the differential. However, apart from a different clinical history,
cerebellitis is more likely to have leptomeningeal and cortical
enhancement in the acute setting and less likely to have extensive
supratentorial involvement, for example, in the basal nuclei, cortex,
and hippocampi as in CHANTER.29,30

Etiology and Mechanism
There is a clear association of the presentation of CHANTER syn-
drome and acute intoxication with drugs of abuse, particularly
opioids. Four of the 6 patients identified by Jasne et al1 had acute
exposure to opiates. In our series, all 3 patients had a fentanyl
overdose. Thus, although the pathogenesis of CHANTER is still
uncertain, it appears that direct opioid toxicity plays a key role.
The injury pattern is thought to be due to a combination of neuro-
toxicity and hypoxic effects, resulting in mitochondrial failure
with anoxic injury.1 Other proposed mechanisms for the effect of
opioids on the cerebellum have been proposed in POUNCE syn-
drome, including direct oligodendrocyte toxicity, demyelination,
and apoptotic upregulation.6,31,32 An underlying susceptibility to
CHANTER syndrome due to genetic or environmental factors
might also be present. The expression of the OPRM1 gene, which
encodes the m-opioid receptor, which is the primary target of
morphine-derivative opioids, is higher in key regions affected in
CHANTER, particularly the cerebellum.33-35

In the adult literature, heroin-associated spongiform leu-
koencephalopathy has preferential cerebellar involvement. It
has been postulated that this is due to the high concentration
of opioid receptors in the cerebellum,22,36 which are also
highly expressed in affected regions of the WM.33-35 The injury
in OAA is thought to be due to fentanyl-induced hippocampal
excitotoxicity in the context of hypoventilatory hypoxemia.37

Accordingly, we propose that the regional topography of
CHANTER might be due to an overlap of brain regions most
vulnerable to both opioid toxicity and hypoxic-ischemic
injury, with similar conditions falling on either side of this
spectrum. However, although the patients in our case series all
had acute exposure to fentanyl specifically, the exposures
reported by Jasne et al1 appear more heterogeneous, including
2 not having any acute opioid exposures.

CONCLUSIONS
Because of the distinct imaging features of CHANTER syndrome,
radiologists can often be the first to consider this syndrome as a
possible diagnosis. We believe that CHANTER syndrome is
under-recognized, to the detriment of these patients who can of-
ten experience strong neurologic improvement from baseline if
identified early and provided with an urgent medical and surgical
intervention. While the opioid epidemic continues to worsen and
synthetic opioids like fentanyl cause an even larger portion of
overdoses, this syndrome will likely only increase in prevalence.
Further research can better clarify the inciting factors for
CHANTER, determine a more consistent radiologic presentation,
elucidate its underlying mechanisms, and implicate the possibility

of CHANTER being part of a spectrum of overlapping injury
patterns.

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
INTERVENTIONAL

Tumor Embolization through Meningohypophyseal and
Inferolateral Trunks is Safe and Effective

E. Raz, D.D. Cavalcanti, C. Sen, E. Nossek, M. Potts, S. Peschillo, E. Lotan, V. Narayan, A. Ali,
V. Sharashidze, P.K. Nelson, and M. Shapiro

ABSTRACT

BACKGROUND AND PURPOSE: Skull base tumors are commonly supplied by dural branches of the meningohypophyseal and
inferolateral trunks. Embolization through these arteries is often avoided due to technical challenges and inherent risks; however,
successful embolization can be a valuable surgical adjunct. We aimed to review the success and complications in our series of tu-
mor embolizations through the meningohypophyseal and inferolateral trunks.

MATERIALS AND METHODS:We performed a retrospective review of patients with tumor treated with preoperative embolization
at our institution between 2010 and 2020. We reviewed the following data: patients’ demographics, tumor characteristics, endovas-
cular embolization variables, and surgical results including estimated blood loss, the need for transfusion, and operative time.

RESULTS: Among 155 tumor embolization cases, we identified 14 patients in whom tumor embolization was performed using the
meningohypophyseal (n ¼ 13) or inferolateral (n ¼ 4) trunk. In this group of patients, on average, 79% of tumors were embolized.
No mortality or morbidity from the embolization procedure was observed in this subgroup of patients. The average estimated
blood loss in the operation was 395mL (range, 200–750mL). None of the patients required a transfusion, and the average operative
time was 7.3 hours.

CONCLUSIONS: Some skull base tumors necessitate embolization through ICA branches such as the meningohypophyseal and
inferolateral trunks. Our series demonstrates that an effective and safe embolization may be performed through these routes.

ABBREVIATION: PVA ¼ polyvinyl alcohol

Preoperative embolization of extra-axial brain tumors is often
performed to devascularize a tumor and facilitate a safe surgi-

cal resection.1-6 Such embolization has been associated with
improved outcomes, including reduced surgical blood loss,7-11

shorter operative times,9 more complete resections,3 increased
progression-free survival,12 and decreased surgical complica-
tions.13 Preoperative embolization for skull base tumors, however,
remains controversial, particularly for tumors supplied by the
meningohypophyseal and inferolateral trunks. Embolization
through these ICA branches poses several challenges. The

meningohypophyseal and inferolateral trunks can be small and,
therefore, difficult to catheterize. They supply the vasa nervorum
of cranial nerves, placing those nerves at risk of ischemia during
embolization. Finally, the short course of these branches risks
reflux of embolic material into the ICA itself. Thus, tumor emboli-
zation through the meningohypophyseal and inferolateral trunks
has been considered a “precarious undertaking.”13

Despite these concerns, there is mounting evidence that pre-
operative embolization of skull base tumors through the menin-
gohypophyseal and inferolateral trunks can be both safe and
effective if done properly.14-16

In this study, we aimed to review our series of skull base
tumors treated with preoperative embolization through the
meningohypophyseal and/or inferolateral trunk to better charac-
terize the safety and efficacy of embolization in this subgroup.

MATERIALS AND METHODS
Study Design
This study was approved by NYU institutional review board
and conducted in accordance with the Health Portability and
Accountability Act. We performed a retrospective review of all
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patients who underwent preoperative brain tumor embolization
from 2010 to 2020. Patient and tumor data were collected, includ-
ing patient age and sex, tumor size and location, and the final
pathologic diagnosis. In addition, details of the embolization pro-
cedure were collected, including the vessels embolized, percent-
age of tumor devascularization, and any intra- or postprocedural
complications. Finally, surgical variables were collected, including
estimated blood loss, the need for transfusion, and operative
time. Two neurointerventionalists (E.R., and M.S.) independently
evaluated the angiographic images before and after embolization
to evaluate the percentage of tumor embolization and arrived at a
final value by consensus.

Embolization Procedure
The decision to perform preoperative embolization and its goals
were discussed in a multidisciplinary fashion among the treating
neurosurgeons and neurointerventionalists. Patients were typically
scheduled for embolization 1 to 2 days before the planned surgical
resection. All embolization procedures were performed with the
patient under general anesthesia, and intravenous steroids were
administered at the start of each procedure. The procedure was
performed using a sheathless 5F catheter to minimize the size of
the arteriotomy. A comprehensive angiographic evaluation was
first performed to completely characterize the supply to each
artery. Once the target arteries for embolization were identified,
there was an additional discussion in the control room with the
neurosurgeon to reassess the goals and safety. For embolization,
either an Excelsior SL-10 (Stryker) or a Headway Duo (Micro-
Vention) microcatheter was navigated over a Synchro-14 or -10
soft microwire (Stryker). After appropriate superselective microan-
giography to verify the catheter position and the collateral anasto-
moses, embolization was performed using Contour Polyvinyl

Alcohol (PVA) particles (Boston Scientific) diluted in 100% con-
trast. Embolization began with 45- to 150-mm PVA particles until
remarkable stagnation was noted in the tumor bed. Subsequent
embolization was then performed with 150- to 250-mm PVA par-
ticles, which were sometimes followed with deployment of detach-
able coils in the main trunk. At the end of the embolization, a full
angiographic evaluation was obtained to demonstrate the possible
presence of collateral flow and an accurate estimation of devasculari-
zation. The patient was then extubated and kept in the neurointen-
sive care unit overnight for neurologic observation.

RESULTS
Among 155 tumor embolization cases performed from 2010 and
2020, we identified 14 patients in whom embolization was per-
formed through the meningohypophyseal (n ¼ 13) or inferolateral
(n ¼ 4) trunk. Three patients had embolization through both
trunks (Online Supplemental Data).

In the included patients, on average, 79% (range, 50%–95%)
of the tumor was embolized. No morbidity or mortality postem-
bolization was observed in this subgroup of patients. The mean
estimated blood loss during surgical resection was 395mL (range,
200–750mL). None of the patients required a transfusion, and
the average operative time was 7.3 hours.

Case Examples
In a patient with a large, right sphenoid wing meningioma with
encasement of the ICA (Fig 1), a right ICA injection demonstrated
the supply to the tumor from an enlarged meningohypophyseal
trunk. After selective embolization through the meningohypophy-
seal trunks and indirectly from the middle meningeal artery, the
final right common carotid artery injection demonstrated interval
90% tumor embolization. The patient woke up from the procedure

FIG 1. A patient with a large right sphenoid wing meningioma with encasement of the ICA visible on a T1-weighted, axial, postcontrast image
(A). Right ICA DSA injection in a lateral view (B) demonstrates the supply to the tumor from an enlarged meningohypophyseal trunk. After selec-
tive embolization through both the meningohypophyseal trunk and indirectly from the middle meningeal artery, a final right common carotid
artery injection in a lateral view (C) demonstrates interval 90% tumor embolization. Complete gross resection of the meningioma is visible on
the T1-weighted, axial, postcontrast image (D). RT indicates right; CCA, common carotid artery; EMB, embolization.
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at baseline and underwent an operation the following day with
estimated blood loss of 200 mL without the need for a transfusion
with complete gross resection of the meningioma.

In a patient with a Meckel cave meningioma with involvement
of the cavernous sinus, an angiogram showed most of the supply
arising from the inferolateral trunk from the left ICA, (Fig 2) and
the inferolateral trunk arising from the lateral inferior aspect of
the horizontal cavernous ICA. Catheterization was performed
with a Headway Duo over a Synchro-14 microguidewire. MICRO
DSA performed through a microcatheter better demonstrated the
selective supply to the meningioma. It is important to have runoff
in the vessel and not aim for a wedged position if embolization
with particles is planned. At the end of the embolization, coils are
placed at the proximal inferolateral trunk with the final angiogra-
phy demonstrating marked interval reduction of blush in the
region of the tumor. The patient woke up from the procedure at
baseline and underwent an operation the following day with an
estimated blood loss of 250 mL without the need for a transfusion,
with complete gross resection of the meningioma.

Additional cases are illustrated in detail in Figs 3 and 4 and
the Online Supplemental Data.

DISCUSSION
Preoperative tumor embolization is typically performed to facilitate
surgical resection. Significant devascularization not only reduces
surgical blood loss but also induces necrosis within the tumor,
which makes the tumor more amenable to aspiration. Meningiomas
and other extra-axial brain tumors that arise from the dura receive
most of their blood supply from the dural feeders. Surgical control
of the dural supply is straightforward for a convexity meningioma,
in which the dural base is encountered and circumferentially discon-
nected before tumor resection. The dural base of skull base tumors,
however, is typically deep within the surgical view; therefore, tumor

resection must be performed before the dural arterial supply can be
surgically controlled. In these cases, preoperative embolization can
provide that dural arterial control. Skull base tumors such as medial
sphenoid wing and clival or clinoidal meningiomas often receive
dural supply from the meningohypophyseal and/or inferolateral
trunk andmay benefit most from embolization.9We present a series
of 14 patients with skull base tumors who underwent preoperative
embolization through the meningohypophyseal and/or inferolateral
trunks. We demonstrate that this procedure can be both safe and
highly effective in terms of tumor devascularization. To our knowl-
edge, this is the largest such series published to date.

The meningohypophyseal trunk is classically described as
arising from the posterior vertical cavernous segment of the ICA
and, as the name indicates, it gives off supply to the pituitary
gland and the meninges. The inferolateral trunk instead is usually
a pure meningeal vessel, arising from the lateral horizontal cavern-
ous ICA. The supply to the meninges of the medial middle cranial
fossa has been described in detail elsewhere.17-19 Briefly, feeders
may come off the meningohypophyseal trunk, inferolateral trunk,
and middle meningeal artery and the accessory meningeal, recur-
rent ophthalmic, and ascending pharyngeal arteries. The amount
of territory supplied by each of these branches is extremely vari-
able from human to human, confirming the extreme importance
of thorough angiographic detailed evaluation before performing
skull base tumor embolization.

Several prior series of tumor embolization through the menin-

gohypophyseal and/or inferolateral trunk have also reported

excellent outcomes: Robinson et al14 with 5 patients and no com-

plications; Hirohata et al15 with 7 patients and no complications;

and Waldron et al16 with 10 patients and no complications.
The reluctance of performing embolization through the menin-

gohypophyseal and inferolateral trunks arises from 2 concerns:
First, there is a risk of reflux of embolic material into the parent

FIG 2. A patient with a Meckel cave meningioma also with involvement of the cavernous sinus visible on a T1-weighted, axial, postcontrast
image (A). Right ICA DSA injection in lateral view (B) demonstrates the supply to the tumor from an enlarged inferolateral trunk from the left
ICA. Inferolateral trunk catheterization is performed with a Headway Duo over a Synchro-14 microguidewire (C and D). MICRO DSA performed
through a microcatheter on a lateral view (unsubtracted, E, and subtracted, F) better demonstrates the selective supply to the meningioma.
Final lateral view ICA injection (G) demonstrates marked interval reduction of blush in the region of the tumor. Complete gross resection of the
meningioma is visible on a T1-weighted, axial, postcontrast image (H). LT indicates left.
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ICA, which can lead to embolic infarcts within the ICA territory.
Second, there is a risk of causing ischemia to the cranial nerves
commonly supplied by these vessels.13 On the basis of this experi-
ence and others, however, it seems that reluctance to embolize
through the meningohypophyseal and inferolateral trunks is dog-
matic and unjustified, and safe embolization can be achieved if the
following principles are followed.

Thorough Anatomic Evaluation
The main risk of tumor embolization is inadvertent embolization
into the cerebral circulation. The dural arteries that supply most
skull base tumors form a rich anastomotic network, creating
potential, dangerous collaterals to the ICA, ophthalmic artery,
and vertebrobasilar circulation. It is, therefore, important to per-
form a thorough investigation of the arterial supply to a tumor,
which typically includes injections of the bilateral ICAs, external
carotid arteries, and at least 1 vertebral artery. Most important,
skull base tumors may also receive significant pial supply that
should be well-characterized. It is also important after the embo-
lization to evaluate possible residuals related to reorganization of
the tumor vascular supply induced by embolization and to prop-
erly assess the extent of the embolization achieved.4,6,20-22

Catheter Positioning
Catheterization of the meningohypophyseal trunk is typically eas-
ier than of the inferolateral trunk. The meningohypophyseal
trunk arises from the posterior genu of the cavernous ICA and
courses posteriorly. Conversely, the inferolateral trunk arises
from the lateral aspect of the horizontal segment of the cavernous
ICA and curves posteriorly, forming a double curve. With the use
of particles, we believe it is safest to obtain a nonwedged position
with the catheter. While wedging provides flow arrest that can
promote penetration of liquid embolics, a nonwedged position
allows persistent flow through the target vessel. This can help
carry particles distally as close as possible to the capillary bed.

Choice of Embolic Material
Several different options exist for embolic materials in tumor
embolization. Particles include PVA (Contour) microspheres
(Embosphere Microspheres; Merit Medical) and absorbable gela-
tin powder (Gelfoam; Pfizer). Liquid embolics include n-butyl
cyanoacrylate (Trufill; Cerenovus) and ethylene-vinyl alcohol
copolymer (Onyx; Medtronic). Finally, coils can also be used for
proximal embolization. In our experience, particles provide the
safest and most effective means of tumor embolization for skull

FIG 3. A patient with a right petroclival meningioma as shown on MR imaging T2 (A) and postcontrast T1 (B). A right ICA injection lateral view
DSA (C) demonstrates a large blush supplied by the meningohypophyseal trunk. Selective catheterization and DSA (D) with a Marathon micro-
catheter (Medtronic), followed by embolization with 45- to 150- and 150- to 250-mm particles. Final right ICA injection, lateral view DSA (E) dem-
onstrates resolution of the previously seen blush. Final CT (F) postsurgical resection demonstrates complete excision with a small amount of
retraction injury in the right temporal lobe.
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base tumors. Small particles (ie, PVA, 45–150 mm; Embosphere
Microspheres, 40–120 mm) can penetrate the vascular bed of a
tumor up to the distal arterioles. Progressively larger particles
then fill the more proximal arterioles. By this method, the tumor
is devascularized from the distal bed outward. While liquid
embolics can similarly penetrate deep into a tumor, they can also
permeate the vasa nervorum of cranial nerves and can more
quickly reflux into unwanted territories.

As Low as Reasonably Achievable Principles
Embolization of large skull base tumors can be a time-consuming
process with long fluoroscopy times. This can, therefore, risk radia-
tion injury such as hair loss or skin burns. It is, therefore, important
to follow as low as reasonably achievable principles. Collimation,
reduced roadmap fluoroscopic rates (ie, 4 pulses per second), use of
only a single plane at a time, and frequent changes of the fluoro-
scopic angles can help minimize the risk of radiation injury.21

Embolization
Paramount to safe embolization is preventing reflux into the ICA
or any other potentially dangerous collaterals. The operator
should define acceptable limits for reflux. This can be aided by ref-
erence images demonstrating the relevant anatomy or marking
limits on the roadmap screen with a washable marker. We recom-
mend significantly diluting particles to prevent clumping, which
can inadvertently occlude the arterioles before effective tumor
devascularization.21,22 Repeat dilution is often required to

maintain sufficient dilution. The injections should be brief, gentle,
and pulsatile, giving time between injections for the particles to
flow distally.

Postembolization Anatomic Evaluation
Embolization can lead to reorganization of the tumor vascular sup-
ply. We, therefore, recommend thoroughly evaluating the relevant
feeders after embolization for additional embolic targets and to
properly assess the extent of embolization.

Balancing Risks of Embolization versus Surgical Resection
Surgery and embolization must be coordinated toward a shared
goal. The ultimate purpose is not just to control blood flow but to
minimize the overall morbidity and maximize the efficiency of sur-
gical resection. A conservative or inefficient embolization is a low
risk–but-unhelpful procedure. Conversely, a thoroughly aggressive
embolization may be more hazardous but ultimately more helpful
to the surgeon. The embolization and resection should be viewed
by the patient and treating physicians as a single combined treat-
ment with shared risks and benefits. Also, a tumor that benefits the
most from embolization is one in which the supplying vessels
come from its deep part away from the surgical view, in the “dark
side” of the tumor; thus, a convexity meningioma is the least chal-
lenging with respect to devascularizing its blood supply because
the dural blood supply is encountered as soon as the cranial flap is
elevated and the dura overlying the tumor is exposed; medially
located skull base tumors instead, such as tuberculum sellae, medial

FIG 4. A patient with a left anterior clinoid meningioma as shown on postcontrast T1 MR imaging (A). A left ICA injection, lateral view DSA (B),
demonstrates a large blush supplied by the meningohypophyseal trunk. Selective catheterization with unsubtracted (C) and subtracted (D) views
with a Marathon microcatheter, followed by embolization with 45- to 150-mm particles. A final left ICA injection, lateral view DSA (E) demon-
strates 60% embolization of the tumor. A final MR imaging T1 postcontrast (F) postsurgical resection demonstrates partial excision of the mass.
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sphenoid wing, or clinoid meningioma, often supplied by ICA
branches of the meningohypophyseal and inferolateral trunks, are
ones that may benefit the most from embolization,9 unless they
have significant pial blood supply as well.

We did not encounter complications such as neuropathy or
intratumoral hemorrhage in our series; however, the association
between the use of a small amount of PVA and hemorrhage has
been previously reported.23 We agree with other authors24 who
believe that the finalization of the tumor embolization with larger
particles and possibly with coils, as was routinely done in the cur-
rent series, may mitigate this risk.

We acknowledge several limitations to this study. First, it is
retrospective in nature, which limits the available treatment and
outcome details. Second, it is difficult to identify a metric that
directly proves the utility of preoperative embolization. On an
institutional basis, the best measure of utility is often the surgeon’s
subjective opinion of the tumor resection after embolization.
Blood loss can be a good surrogate for effective tumor devasculari-
zation, though estimated blood loss during an operation is a noto-
riously inaccurate measure.

CONCLUSIONS
Preoperative embolization of skull base tumors through the
meningohypophyseal and inferolateral trunks can be performed
safely and with high efficacy if certain procedural principles are
followed.

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
INTERVENTIONAL

Emergency Department Visits for Chronic Subdural
Hematomas within 30 Days after Surgical Evacuation with

and without Middle Meningeal Artery Embolization
J.S. Catapano, L. Scherschinski, K. Rumalla, V.M. Srinivasan, T.S. Cole, J.F. Baranoski, M.T. Lawton, A.P. Jadhav,

A.F. Ducruet, and F.C. Albuquerque

ABSTRACT

BACKGROUND AND PURPOSE: Middle meningeal artery embolization after surgical evacuation of a chronic subdural hematomas is
associated with fewer treatment failures than surgical evacuation. We compared emergency department visits within 30 days for
patients with chronic subdural hematomas with and without adjunctive middle meningeal artery embolization.

MATERIALS AND METHODS: All cases of chronic subdural hematoma treated from January 1, 2018, through December 31, 2020,
were retrospectively reviewed. Treatment was classified as surgery only or surgery combined with middle meningeal artery emboli-
zation. The primary outcome was 30-day emergency department presentation and readmission.

RESULTS: Of 137 patients who met the study criteria, 28 (20%) underwent surgery combined with middle meningeal artery emboli-
zation. Of these 28 patients, 15 (54%) underwent planned middle meningeal artery embolization and 13 (46%) underwent emboliza-
tion after surgical failure. The mean chronic subdural hematoma size at presentation in the group with surgery only (n ¼ 109, 20.5
[SD, 6.9] mm) was comparable with that in the combined group (n ¼ 28, 18.7 [SD, 4.5] mm; P ¼ .16). A significantly higher percent-
age of the surgery-only group presented to the emergency department within 30 days compared with the combined group (32 of
109 [29%] versus 2 of 28 [7%] patients; P ¼ .02). No significant difference was found with respect to readmission (16 [15%] versus 1
[4%] patient; P ¼ .11). Nine patients (8%) in the surgery-only group were readmitted for significant reaccumulation or residual sub-
dural hematoma compared with only 1 patient (4%) in the combined group (P ¼ .40).

CONCLUSIONS: Surgical evacuation combined with middle meningeal artery embolization in patients with chronic subdural hema-
toma is associated with fewer 30-day emergency department visits compared with surgery alone.

ABBREVIATIONS: cSDH ¼ chronic subdural hematoma; ED ¼ emergency department; GCS ¼ Glasgow Coma Scale; MMA ¼ middle meningeal artery; SDH ¼
subdural hematoma

Chronic subdural hematoma (cSDH) is a common neurosurgi-
cal condition that is most prevalent among elderly patients and

can be challenging to treat.1-6 Surgical evacuation using burr- hole
irrigation or craniotomy is the preferred treatment option for
patients with primary or recurrent subdural hematoma (SDH) who
present with symptomatic brain compression.1-3,7 However, these
procedures are associated with recurrence rates as high as 28%,
with nearly one-tenth of patients requiring re-operation within 30–
60days.3,7,8 Conservative management may be indicated in patients
with small or asymptomatic SDHs, but many cSDHs may eventu-
ally require surgical evacuation.9-11 Middle meningeal artery
(MMA) embolization has recently been proposed as an alternative

or adjunct to surgery for primary or recurrent cSDHs, and it has
been associated with a decreased risk of treatment failure.3,9,12

Although several case series have outlined the potential bene-
fits of MMA embolization during the past few years, no studies
have used standard outcome measures to examine these findings.
In this single-center study conducted during a 3-year study pe-
riod, we compared the rates of emergency department (ED) use
and readmission within 30 days for patients with cSDHs who
underwent surgical evacuation with and without adjunctive
MMA embolization.

MATERIALS AND METHODS
The medical records of all patients who presented with a cSDH to a
single quaternary center from January 1, 2018, through December
31, 2020, were retrospectively reviewed. The study was approved by
the institutional review board at St. Joseph’s Hospital and Medical
Center in Phoenix, Arizona, and informed consent was waived
because of the low risk to patients. The endovascular treatment
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database was reviewed to abstract data on age, sex, Glasgow Coma
Scale (GCS) scores at admission and discharge, comorbid condi-
tions, and previous trauma. Patients in this cohort were assigned to
2 groups: surgical evacuation only or surgery combined with MMA
embolization. The group with surgery only included patients who
presented during the first 2 years of the study, whereas the surgery
and MMA embolization group (the combined group) included
patients who received the combined treatment during the entire 3-
year study period. The medical records of patients in the surgery-
only and combined groups were analyzed for ED visits and read-
mission within 30days as primary outcomes.

Statistical analysis was performed using SPSS Statistics for
Windows, Version 26.0 (IBM). Comparisons of ED visits and re-
admissions within 30 days were performed using an independent
samples t test. The level of significance was set at P, .05. Patient
data and outcomes are expressed as mean (SD) or as frequency
(percentage) or both.

RESULTS
The total study cohort consisted of 137 patients, of whom 109
(80%) underwent surgery only and 28 (20%) underwent combined
surgery and MMA embolization. Of the 28 patients in the com-
bined group, 15 (54%) underwent planned elective MMA emboli-
zation and 13 (46%) underwent unplanned MMA embolization
after surgical failure. No significant differences were found in age
or sex between the 2 groups (Table 1). The mean age was 70 (SD,

12.8) years in the surgery-only group
and 71 (SD, 10.2) years in the combined
group. Most patients in both groups
were men (81 of 109 [74%] in the sur-
gery-only group and 21 of 28 [75%] in
the combined group). Both groups of
patients had a mean GCS score of 14 at
both admission and discharge. No sig-
nificant differences were found in
comorbid conditions between the 2
groups. Comorbid conditions for the 2
groups are presented in Table 1.

The mean size of the cSDHs at pre-
sentation was not significantly different
in the surgery-only group (20.5 [SD,
6.9] mm) compared with the combined
group (18.7 [SD, 4.5] mm; P¼ .16). The
overall rate of ED visits within 30days
for the entire cohort was 24% (33 of 137
patients). This rate was significantly
higher in patients who underwent sur-
gery only (29%, 32 of 109) compared
with those who underwent MMA
embolization with surgery (7%, 2 of 28;
P¼ .02) (Table 2).

The overall rate of readmission within
30days was 12% (17/137 patients). The
readmission rate was higher in the sur-
gery only group (15%, 16/109) compared
with the combined group (4%, 1/28), but
this difference could not be compared

statistically because of the small number of ED presentations in each
group and because of the small sample size of the combined group.
Most readmissions (59%, 10/17) were due to reaccumulation or re-
sidual cSDH. Only 1 patient who underwent both surgery and
MMA embolization was readmitted for reaccumulation or residual
cSDH compared with 9 in the surgery-only group. In the 10 patients
with reaccumulated/residual SDH, the mean cSDH diameter was
12.3 (SD, 2.2) mm.

DISCUSSION
MMA embolization has emerged as a promising minimally inva-
sive procedure to treat primary and refractory cSDH.3,8,9,12-15

Compared with surgery alone, it has been associated with fewer
treatment failures and a reduced rate of hematoma reaccumula-
tion in patients with cSDH.9,12 To examine this association, we
compared the 30-day ED use and readmission rates among
patients with surgery only with those among patients with sur-
gery combined with MMA embolization during a 3-year study
period at a single institution. We found significantly less ED use
in the combined treatment group than in the surgery-only group
(P¼ .02).

In this era of continually increasing health care costs, institu-
tions are under pressure to identify ways to reduce expenditures
while maintaining and improving the quality of care. Returns to
the hospital within 30 days can be devastating for both patients
and the health care system. Federal policies and insurance payors

Table 1: Characteristics of 137 patients with cSDH who underwent surgery only versus
surgery combined with MMA embolizationa

Characteristic
Surgery-Only Group

(n = 109)
Combined Group

(n = 28)
P

Value
Age (mean) (SD) (yr) 70 (12.8) 71 (10.2) .86
Sex .94
Male 81 (74) 21 (75)
Female 28 (26) 7 (25)

GCS score (mean) (SD)
At presentation 14 (2.2) 14 (2.6) .77
At discharge 14 (2.1) 14 (2.3) .70

Comorbid condition
Hypertension 54 (50) 16 (57) .47
Diabetes mellitus 27 (25) 8 (29) .68
CAD 36 (33) 12 (43) .33
Liver disease 3 (3) 1 (4) .82
Alcohol abuse 14 (13) 1 (4) .16
CVA 10 (9) 2 (7) .73
Coagulopathy 4 (4) 3 (11) .13
Previous trauma 78 (72) 17 (61) .27

Length of hospital stay
(mean) (SD) (day)

9.9 (6.3) 8.6 (5.5) .51

Disposition home 60 (55) 18 (64) .38

Note:—CAD indicates coronary artery disease; CVA, cerebrovascular accident.
a Data are presented as No. (%) unless otherwise indicated.

Table 2: ED visits and readmissions within 30days for patients with cSDH who underwent
surgery only versus surgery combined with MMA embolization

Characteristic
Surgery-Only Group, No. (%)

(n = 109)
Combined Group, No. (%)

(n = 28) P Value
ED visits 32 (29) 2 (7) .02
Readmissions 16 (15) 1 (4) .11
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even penalize hospitals for unplanned readmissions. To our
knowledge, this study is the first to demonstrate that MMA embo-
lization for SDHs decreases the likelihood of ED visits and hospital
readmissions. Our results indicate that the recurrence of cSDH is
the most common reason for readmission. However, only 1
patient who underwent MMA embolization was readmitted for re-
currence. These findings suggest that MMA embolization may
reduce hospital readmissions and their associated cost to both the
patient and the health care system. A previous analysis of the
National Surgical Quality Improvement Program database simi-
larly found that recurrent SDH was the most common reason for
hospital readmission within 30days for patients who had under-
gone cSDH evacuation.16

Previous estimates of readmission rates after treatment of cSDH
are limited. The lack of a specific billing code for cSDH has hin-
dered analyses of nationwide administrative databases. Lako-
mkin et al16 reported a 30-day readmission rate of 7.7% (45 of 585)
in patients who underwent surgery for SDH. However, several limi-
tations minimize the generalizability of this and other reported
readmission rates. Their study was conducted using an administra-
tive billing database, and cSDH was defined by International
Classification of Disease, Ninth Revision (https://www.cdc.gov/
nchs/icd/icd9cm.htm) billing code 432.1 for “nontraumatic” SDH.
This code has not been validated against institutional records to
accurately detect cSDH. Furthermore, the National Surgical Quality
Improvement Program does not have a specific code for burr- hole
evacuation, which is the criterion standard surgical approach for
evacuating cSDHs. In addition, their readmission rates were calcu-
lated without consideration of how many patients died before dis-
charge, possibly leading to further underestimates.

Previous studies have demonstrated the safety and efficacy of
MMA embolization for cSDH. A recent meta-analysis and system-
atic review by Srivatsan et al2 identified 3 two-arm studies (emboli-
zation versus conventional surgery) and 6 single-arm case series.
The authors’ pooled analysis showed that hematoma recurrence
was significantly less common among patients who underwent
embolization (2.1%) than among those who underwent conven-
tional surgical treatment (27.7%; P, .001). In our study, only 1 of
28 patients who underwent MMA embolization was readmitted for
cSDH recurrence, a finding consistent with that of Srivatsan et al.
In addition to the outstanding efficacy of MMA embolization for
cSDHs, the procedure has been found to be relatively safe, largely
because of the recent advent of newer endovascular techniques (eg,
transradial access).17-25

Limitations to the study include those inherent in all retrospec-
tive analyses. Additionally, the study included only 28 patients in
the combined group, limiting its power, and the patients were
treated at a single institution by multiple neurosurgeons who ulti-
mately decided which patients underwent surgery with no stand-
ardized guidelines.

CONCLUSIONS
Our results show that surgical evacuation combined with MMA
embolization in patients with cSDH is associated with decreased ED
visits within 30days compared with surgery alone. Most readmis-
sions after cSDH treatment were due to hematoma recurrences,
which were markedly decreased in patients who underwent MMA

embolization. These findings warrant the design of future prospec-
tive, large-cohort studies to substantiate our data and expand on
this preliminary research.
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ORIGINAL RESEARCH
INTERVENTIONAL

Effect of the Shelving Technique on the Outcome of
Embolization in Intracranial Bifurcation Aneurysms

F. Çay and A. Arat

ABSTRACT

BACKGROUND AND PURPOSE: Stent bulging technique has been introduced as a technique that improves the outcome of aneu-
rysm coiling. Our aim was to evaluate the utility of this technique, which involves the intentional herniation of stents into the
bifurcation aneurysms during coiling.

MATERIALS AND METHODS: Unruptured bifurcation aneurysms treated by stent-assisted coiling using a single type of low-profile
braided (LEO Baby) stent between November 2012 and October 2018 were retrospectively evaluated. The clinical (age and sex) and
morphologic characteristics (aneurysm size, neck size, proximal/distal diameters of the stented artery, incorporation of the origins
of the side branches to the aneurysm neck, and bifurcation angle) and response to antiplatelet therapy were evaluated.

RESULTS: Sixty-one patients (29 men, 47.5%; mean age, 55.95 [SD, 12.33] years) with 66 aneurysms were included. There were 36
aneurysms in group A (treated with the stent bulging technique) and 30 aneurysms in group B (treated by classic stent-assisted coil-
ing). There was no significant difference in the patient and aneurysm characteristics in the groups except for the larger size and
wider neck of the aneurysms in group A (P ¼ .02 and P ¼ .04, respectively). At the mean follow-up of 27.30 (SD, 17.45) months,
there was no significant difference in the complication rate, the occlusion status, and the early and long-term occlusion rates
between the groups. The stent bulging technique did not predict total occlusion (Raymond-Roy I) at the final imaging follow-up.

CONCLUSIONS: The stent bulging technique enables the coiling of larger, wide-neck aneurysms; however, we did not observe an
added flow-diversion effect with the stent bulging technique compared with conventional stent-assisted coiling. We, therefore,
suggest that bifurcation aneurysms should be coiled as densely and as safely as possible using this technique.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; RDPD ¼ regional diameter percentage difference; RR ¼ Raymond-Roy score; SAC ¼ stent-assisted coiling;
SBT ¼ stent bulging technique; SCA ¼ superior cerebellar artery

Stent-assisted coiling (SAC) is a safe and effective option in the
treatment of wide-neck intracranial aneurysms. The stent

provides a scaffold for the neointima formation and prevents coil
protrusion into the parent artery. In addition, intracranial stents
may result in the development of hemodynamic changes inside
the aneurysm, which may lead to further aneurysm occlusion.
These hemodynamic changes relate to the type (braided versus
laser-cut stents), the number of stents, and the technique of stent
deployment.1,2 In some patients, SAC with a single stent may not

provide sufficient neck coverage, and in these cases, dual stent
placement in an X or Y configuration may be necessary. Dual
stent placement is technically more challenging than basic SAC
and is known to be associated with an increased rate of throm-
boembolic complications.3-6 The stent bulging technique (SBT,
also known as the shelf technique) has been proposed as an alter-
native to dual stent placement to overcome its drawbacks.7,8 The
compression technique is based on the compaction of a stent at
the neck of an aneurysm, which creates a bulge and allegedly
results in a higher “flow diversion effect” compared with a “uni-
form stent” due to the higher metallic ratio at the aneurysm neck
in sidewall aneurysms.1 Some authors have further suggested that
the added flow diversion secondary to compaction is also
observed in bifurcation aneurysms.9-12 The aim of this study was
to evaluate the utility of the SBT in bifurcation aneurysms by
comparing the clinical and imaging outcomes of bifurcation
aneurysms that are treated using a single type of stent, the classic
SAC versus the SAC with SBT.
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MATERIALS AND METHODS
After ethics approval was obtained from the institutional review
board, of Hacettepe University, we retrospectively evaluated
patients with unruptured intracranial bifurcation aneurysms who
underwent SAC that used a single type of low-profile braided stent
(LEO Baby stent; Balt Extrusion) between November 2012 and
October 2018. Patients with dual stent placement, T-stent place-
ment, half T-stent placement, temporary stent placement, stent
placement after balloon remodeling, and telescoping stent placement
were excluded from the study. Additionally, patients without follow-
up imaging studies were excluded from the angiographic analysis;
however, their clinical findings were included in the clinical follow-
up data. If the patients had multiple eligible aneurysms that were
treated by the same type of stent, all their eligible aneurysms were
included in the study. Patients with recurrent or residual aneurysms
after a previous SAC or a flow diversion were also excluded from
the study. The patient characteristics, including age and sex, and the
aneurysm characteristics (aneurysm size, neck size, proximal and
distal diameters of the stented artery, incorporation of the origins of
the side branches into the aneurysm neck, and bifurcation angle)
and the level of on-treatment platelet reactivity (measured by
VerifyNow; Accumetrics) were noted. The bifurcation angle was cal-
culated as described in the literature.13 The aneurysm occlusion sta-
tus that was based on the Raymond-Roy score (RR) immediately
after the procedure and during follow-up, and clinical complications
were analyzed. The mRS was used to determine the neurologic sta-
tus of the patients before the procedure and during the postoperative
and follow-up period.

“Recanalization” was defined as the deterioration of the RR dur-
ing follow-up, whereas “progressive occlusion” was defined as an
improvement of the RR during the follow-up. Incorporation of the
origins of the side branches into the aneurysm neck and stent com-
paction were independently assessed by each of the authors, and a
consensus was required if discrepancies existed regarding the arte-
rial branch involvement or compaction. For the quantification of
the compaction, the regional diameter percentage difference
(RDPD) was calculated—that is, the stent diameter was measured
at the parent artery (dPA) on the working projection. Then the larg-
est diameter of the deployed stent (dMax) was measured at the an-
eurysm neck on the same projection. RDPD was calculated as
dMax/dPA�100. A receiver operating characteristic curve was cal-
culated, and we noted that when the cutoff value of the RDPD was
set at 110% (in other words, if the dMax was, at most, 10% over the
diameter of the parent artery we classified the procedure as a “basic
SAC” technique), we achieved the best sensitivity and specificity
values (97.2% and 96.7%, respectively) for the prediction of com-
paction as assessed by the operators. Hence stent bulging (compac-
tion) was defined as compression of the braided stent beyond 110%
of the diameter of the parent artery. The ranges of the RDPD were
from 111.06% to 154.81% for the SBT group and from 87.21% to
109.68% for the basic SAC group.

The aneurysms were divided into groups A and B on the basis
of the type of SAC procedure. Group A consisted of aneurysms
that were treated with SBT. Group B consisted of aneurysms that
were treated with the basic SAC technique. For each group, the
imaging data at#4months, between 5 and 12months, and dur-
ing the long term were evaluated.

General Description of the Interventional Procedure
A written informed consent form was signed by all patients
before the procedure. The patients were administered antiplatelet
medications (300mg of aspirin and a thienopyridine, that is, 75mg
of clopidogrel or 10mg of prasugrel) starting at least 5days before
the procedure. Patients were only treated if they had an adequate
response to antiplatelet therapy (P2Y12 reaction units of $60 and/
or percentage inhibition of .40%). All procedures were performed
by a single surgeon. With the patient under general anesthesia, fem-
oral access was achieved and a 6F guiding sheath was navigated to
the target, which was the carotid or vertebral artery. After we
inserted the guiding sheath, anticoagulation was started with a bolus
injection of 70–100 IU/kg of heparin, followed by a heparin infusion
to keep the activated clotting time 2–3 times higher than its baseline
value. Then, using a triaxial system, we catheterized the aneurysm
sac with a microcatheter for the coil embolization, and a second
microcatheter was advanced across the neck of the aneurysm for the
stent deployment. Before the detachment of the first coil, a LEO
Baby stent was released at approximately 50%–80% of its length
across the neck of the aneurysm. The coiling procedure was contin-
ued with bare platinum coils. If a coil protrusion into the parent
artery was noted, stent bulging was performed by pushing the
microcatheter gently forward, while an antegrade push was main-
tained on the stent delivery wire. The force on the microcatheter
was gently withdrawn as the stent was deployed in a bulging fashion
during further deployment of the stent (Online Supplemental Data).
After we achieved a stable coil mass by placing more coils, the stent
was detached from its deployment wire. Following the procedure,
the patient’s anticoagulation therapy was reversed, and dual antipla-
telet therapy was continued for at least 6 months. Thienopyridines
were generally discontinued after 6months, and the patients were
asked to stay on 300mg of aspirin indefinitely.

Follow-up
Immediate postprocedural angiograms were obtained on anterior-
posterior, lateral, and working projections to evaluate the occlusion
status. Early follow-up MRAs were performed at 1–4months post-
operatively. At 5–12months postoperatively, the second follow-up
with a DSA was performed. After that, long-term follow-up imag-
ing examinations were performed. These follow-up angiograms
were reviewed for stent patency, in-stent stenosis, and aneurysm
occlusion status.

Data Analysis
The SPSS 20.0 (IBM) program was used for the statistical analysis.
Continuous data are presented as the mean (SD), and categoric
data are presented as percentages. Between the groups, categoric
variables were compared using the x 2 test or Fisher exact test on
the basis of the number of variables, and continuous variables
were compared using the independent samples t test or Mann-
Whitney U test on the basis of the distribution of variables.
Statistical significance was set at P, .05.

RESULTS
Sixty-one patients with 66 aneurysms were included in our analy-
sis. Two patients did not have imaging follow-up. Both of these
patients had uneventful endovascular treatments without clinical
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complications and were excluded from the analysis. Twenty-nine
(47.5%) patients were men, and 32 (52.5%) were women. The
mean age of the patients was 55.95 (SD, 12.33) years. The locations
of the aneurysms are listed in Table 1. There were 36 and 30 aneur-
ysms in groups A and B, respectively. The results of the univariate
analysis of the patient and aneurysm characteristics between the
groups are listed in Table 2. The aneurysms in group A were larger.
The mean aneurysm sizes were 7.95 (SD, 2.88) cm and 6.29 (SD,
2.90) cm (P ¼ .02) for groups A and B, respectively. The aneurysm
necks in group A were also wider, with a mean neck size of 4.68
(SD, 1.67) cm compared with 3.91 (SD, 1.39) cm (P¼ .04) in Group
B. The mean age of the patients was older in group A than group B,
58.89 (SD, 10.95) years and 52.43 (SD, 13.14) years, respectively
(P ¼ .03). There was no statistically significant difference between
the groups in terms of sex, proximal and distal diameters of the
stented artery, bifurcation angle, response to antiplatelet therapy, fol-
low-up duration, rate of complications, or rate of incorporation of
the origins of the side branches to the aneurysm neck (Table 2). The
overall mean follow-up duration was 27.30 (SD, 17.45)months.
There was only 1 case (1,5%) with recanalization in this cohort, and
this patient was in group A. In this patient, the postoperative RR
score was I, and it increased to II at the 6-month follow-up and then
remained stable until the final follow-up at 36months.

There were 13 (19.7%) patients with progressive occlusions.
Progressive occlusion was noted in 8 (22.2%) of the patients in
group A and in 5 (16.7%) in group B. There was no difference
between the groups regarding the progressive occlusion rate (P ¼
.57). The overall angiographic occlusion rates at the final follow-
up (mean follow-up, 27.30 [SD, 17.45]months) included an RR of
I in 59 (89.4%) patients, an RR of II in 6 (9.1%) patients, and an
RR of III in 1 (1.5%) patient. The patient with an RR score of III
in group B was re-treated 3months after the initial treatment
without any complications. The occlusion statuses of the aneur-
ysms immediately after the procedure and during the follow-up
based on the patient’s group are listed in Table 3. There was no
statistically significant difference between the groups regarding
the occlusion status. Additionally, there was no statistically signifi-
cant difference between the groups in the imaging technique used
for the follow-up, including in the early- (#4months), medium-
term (5–12months), and longer-term (.12months) evaluations
(P values ¼ 1, .24, and .71, respectively). The type of follow-up
modalities that were used for each of these time periods is listed in
the Online Supplemental Data.

There were 3 (8.3%, based on the aneurysm count) adverse
events in group A. One patient had a minor stroke after we changed
the patient’s antiplatelet regimen from prasugrel and acetylsalicylic
acid to only acetylsalicylic acid at 6months. There was a decline in
that patient’s baseline mRS from 0 to 2. The final status of the
patient is an mRS score of 1. Two patients had stent stenosis with-
out clinical sequelae. Both of these patients had a peculiar stenosis
of the parent artery, which was at the transition zone immediately
proximal to the bulged segment (Online Supplemental Data).
There were 4 (13.3%, based on the aneurysm count) adverse events
in group B. Of these 4 complications, 2 patients had minor strokes
during the follow-up without deterioration in their final mRS score.
One patient had stent stenosis without clinical sequelae. One patient
with an MCA bifurcation aneurysm had stenosis of the origin of

Table 1: Aneurysm locations
Location Group A (%) Group B (%) Total No. (%)

AcomA 9 (25) 11 (36.7) 20 (30.3)
Basilar tip 1 (2.8) 1 (1.5)
Distal ACA 1 (2.8) 1 (3.3) 2 (3)
MCA bifurcation 25 (69.4) 14 (46.7) 39 (59.1)
SCA 2 (6.7) 2 (3)
Terminal ICA 2 (6.7) 2 (3)

36 (100) 30 (100) 66 (100)

Note:—AcomA indicates anterior communicating artery.

Table 2: Univariate analysis of the patient and aneurysm characteristics between the 2 groups

Group A Group B P Value
Total No. (%) 36 (100) 30 (100)
Female sex (No.) (%) 20 (55.6) 15 (50) .65
Age (mean) (years) 58.89 (SD, 10.95) 52.43 (SD, 13.14) .03
Aneurysm size (mean) (mm) 7.95 (SD, 2.88) 6.29 (SD, 2.90) .02
Neck width (mean) (mm) 4.68 (SD, 1.67) 3.91 (SD, 1.39) .04
Proximal diameter of the stented artery
(mean) (mm)

2.64 (SD, 0.37) 2.50 (SD, 0.37) .13

Distal diameter of the stented artery
(mean) (mm)

2.04 (SD, 0.50) 1.89 (SD, 0.40) .18

Follow-up duration (mean) (mo) 28.28 (SD, 17.47) 26.13 (SD, 17.65) .62
Bifurcation angle (mean) (IQR) 92.50° (SD, 25.23°) (43.38°) 92.75° (SD, 34.84°) (65.40°) .97
Platelet inhibition (%) (mean)a 79.03 (SD, 17.65) 81.39 (SD, 16.27) .58
Complications (in-stent restenosis or stroke)
(No.) (%)

3 (8.3) 4 (13.3) .69

Incorporation of the origins of at least
1 of the side branches to the aneurysm neck
(No.) (%)

23 (63.9) 19 (63.3) .96

Incorporation of the origins of both side
branches to the aneurysm neck
(No.) (%)

12 (33.3) 5 (16.7) .12

Progressive occlusion (No.) (%) 8 (22.2) 5 (16.7) .57

Note:—IQR indicates interquartile range.
a As measured by the VerifyNow assay.
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the upper branch. Additionally, in this patient, a follow-up MR
imaging showed enhancing brain lesions that are consistent with a
foreign body reaction, as it is described in the literature,14 and the
patient is currently asymptomatic.

The rate of incorporation of at least 1 side branch into the an-
eurysm neck was similar (P ¼ .96, Table 2). However, when both
of the side branch origins were incorporated into the aneurysm
neck, 12 (group A, 12 of 36, 33.3%) aneurysms were treated with
SBT, and although not statistically significant, this rate was higher
than that of the 5 (5 of 30, 16.7%) aneurysms in group B that
were treated with basic SAC (P ¼ .12)—that is, of the 17 aneur-
ysms in which both of the side branches were incorporated into
the aneurysm neck, 12 (70.6%) aneurysms were treated with SBT.
The results of the univariate analysis of the predictors for total
occlusion (RR I) on the final imaging follow-up are shown in
Table 4. No significant differences were found between the
groups in any of the analyzed variables, including the bulging of
the stent.

DISCUSSION
The SBT has been described using various terms in the literature,
such as the “shelf technique,” “barrel technique,” “stent bulging,”
“compressed stent,” “intentional stent herniation,” “intentional short-
ening,” “compaction,” or “wrapped-candy” techniques.8,11,12,15-19

Although some authors prefer to use the term “compression/com-
paction” for all types of aneurysms, on the basis of our review of the
relevant literature, we think that the terms “compression,” “compac-
tion,” “shortening,” and “wrapped-candy” should be reserved for
sidewall aneurysms, whereas “shelf,” “herniation,” or “bulging”
should be used for bifurcation aneurysms. Technically, the maneu-
vers performed to achieve a compacted stent are similar in both
scenarios; however, the intent (the ability to preserve a side branch
versus the desire to achieve a better flow diversion) and the immedi-
ate angiographic results (bulged stent versus shortened stent) are
different.

Supposedly, the SBT may obviate the need for Y-stent place-
ment,8 and it results in an increased flow diversion compared with

a uniformly deployed stent.9-11 The pro-
ponents of this technique suggest that
the rate of aneurysm occlusion increases,
without a risk of increased complica-
tions, due to the enhancement of the
flow diversion by the increased metallic
coverage (compaction) at the aneury-
sm neck.12,19 To date, the studies on
SBT have been limited to retrospective,
small-scale, single-arm case series that
have evaluated the safety and efficacy of
the technique.11 In addition, most publi-
cations about SBT relate to a single type
of braided stent (LVIS family of stents;
MicroVention).8,11,15,20,21 There is only
1 study7 and a case report10 about stent
compaction with the LEO Baby stent.
With no prior comparative studies

Table 3: The aneurysm occlusion status during the follow-upa

Group A (%) Group B (%) P Value
Initial RR I 24 (66.7) 23 (76.7) .69

RR II 11 (30.6) 6 (20)
RR III 1 (2.8) 1 (3.3)b

#4mo RR I 18 (72) 17 (89.5) .08
RR II 7 (28) 1 (5.3)
RR III 1 (5.3)

5–12 mo RR I 28 (84.8) 26 (92.9) .43
RR II 5 (15.2) 2 (7.1)
RR III

$12mo RR I 26 (83.9) 23 (95.8) .21
RR II 5 (16.1) 1 (4.2)
RR III

Final follow-up RR I 31 (86.1) 28 (93.3) .14
RR II 5 (13.9) 1 (3.3)
RR III 1 (3.3)

a Aneurysm occlusion is classified according to the Raymond Roy (RR) scale.
b The patient was re-treated after 3months with complete obliteration, so the patient was not included in further
angiographic analyses but was included in the final follow-up as a having a residual aneurysm case.

Table 4: Univariate analysis of the predictors for total occlusion on the final imaging follow-up

Total Occlusion (RR I) Non-Total Occlusion (RR II and RR III) P Value
Total (No.) (%) 59 (100) 7 (100)
Female sex (No.) (%) 30 (50.8) 5 (71.4) .43
Age (mean) (yr) 56.76 (SD, 12.06) 49.14 (SD, 13.42) .20
Aneurysm size (mean) (mm) 7.07 (SD, 3.02) 8.21 (SD, 2.64) .26
Neck width (mean) (mm) 4.22 (SD, 1.56) 5.28 (SD, 1.54) .08
Proximal diameter of the stented artery
(mean) (mm)

2.55 (SD, 0.37) 2.77 (SD, 0.39) .23

Distal diameter of the stented artery
(mean) (mm)

1.94 (SD, 0.46) 2.21 (SD, 0.39) .11

Follow-up duration (mean) (mo) 27.42 (SD, 18.14) 26.29 (SD, 10.79) .89
Complications (in-stent restenosis or stroke)
(No.) (%)

7 (11.9) 0 1

Incorporation of the origins of at least 1 of the
side branches to the aneurysm neck (No.) (%)

36 (61) 6 (85.7) .40

Incorporation of the origins of both side branches
to the aneurysm neck (No.) (%)

16 (27.1) 1 (14.3) .66

Stent bulging (No.) (%) 31 (52.5) 5 (71.4) .44
Bifurcation angle (mean) 92.38° (SD, 30.06°) 94.54° (SD, 29.08°) .85
Platelet inhibition (%) (mean)a 80.66 (SD, 17.66) 75.43 (SD, 9.14) .36

a As measured by the VerifyNow assay.
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between the conventional SAC and the SAC with the SBT, the
increased flow diversion and comparable complication rates have
remained hypothetic to date.

Our study showed that challenging bifurcation aneurysms, in
which the aneurysm neck incorporates both of the origins of the
side branches, may also be treatable with conventional SAC
(29.4% of such aneurysms in this cohort), yet as a technical
option, SBT may provide further benefit to the surgeon but with-
out a significant increase in the procedure-related complications.
However, we did not observe a higher aneurysm obliteration rate
when the stents were bulged/compacted. This is an unexpected
finding given the abundance of clinical and simulation studies
that have suggested that there is a possible relationship between
the aneurysm obliteration rate and a decreased porosity/increased
pore density at the aneurysm neck.12,17,22-24 One reason for the
lack of such an association in our study may be that bifurcation
aneurysms do not respond to flow diversion as well as sidewall
aneurysms. All of the aneurysms in our study were bifurcation
aneurysms. In addition, bulging invariably creates transition
zones at the edges of the aneurysm neck that reduce the flow
diversion.25,26 Another reason for the lack of association may be
the diminished effect of the flow diversion in coiled bifurcation
aneurysms—that is, the strong effect of coiling on the final angio-
graphic result may override the moderate flow diversion that is
induced by the woven stent. After all, in approximately 80% of
the aneurysms that are coiled without stents, an adequate occlu-
sion is achieved in the long term.27 Although the flow diversion
properties of braided stents have not been definitively proved
clinically, the data in the literature have suggested that the recur-
rence or persistence of aneurysms are further lowered if braided
stents are used, which diminishes the rate of an inadequate oblit-
eration (RR III) to approximately 5%–10% of the aneurysms on
follow-up.17,28-31

Very large cohorts of patients may be required to demonstrate
an additional flow diversion by compaction/bulging beyond the
diversion that is provided by the coils32 and the braided stents
themselves. In addition, the clinical implications of a significant-
yet-small difference in the residual or recurrent aneurysm filling,
if it exists, may not be profound. Given the risk of the inability to
regain access into the aneurysms once a microcatheter is kicked
out of the aneurysm, the higher risk of loss of endovascular access
to the aneurysm through the compacted stent (and secondary
“undercoiling”) needs to be weighed against the potential advan-
tages of flow diversion. We, thus, suggest that aneurysms should
be coiled as densely and yet as safely as possible when the SBT is
used, and the surgeon should not undercoil the aneurysm expect-
ing an extra flow diversion to complete the aneurysm occlusion.

Our study adds to the literature because it is the only study that
has compared the classic SAC with the SBT, and this study defined
the exact role of SBT for the first time. Additionally, among similar
studies, our study has the longest follow-up duration that has been
reported for the SBT. On the other hand, this study has limitatio-
ns. The limitations of the study are related to the retrospective
methodology, the generalizability of the results to other centers,
and the use of a single type of braided stent. Because the data
collection was retrospective, we categorized the follow-up intervals
as #4months, 5–12months, and .12months. Furthermore,

compaction was selectively used for aneurysms in which a pro-
pensity of coil encroachment onto the parent artery was sug-
gested during the deployment of the first coil—that is, a
selection bias inherently occurred by performing SBT in aneu-
rysm cases in which regular SAC was likely to be unsuccessful.

CONCLUSIONS
The final occlusion rates in bifurcation aneurysms that were
treated with classic SAC compared with those that were treated
with SAC with the SBT were similar. Because SBT was used as a
bailout technique for the classic SAC in this study, we infer that
in comparison with the classic method, SBT had a favorable effect
on the initial success of embolization but without an added influ-
ence on the long-term occlusion rate in complex bifurcation
aneurysms. The lack of a clear-cut supplementary flow-diversion
effect during the follow-up implies a need for dense coiling of
aneurysms when the SBT is used because re-entry into a recanal-
ized aneurysm for retreatment may be too cumbersome or
impossible.

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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Treatment of Proximal Posterior Inferior Cerebellar Artery
Aneurysms by Intrasaccular Flow Disruption: A Multicenter

Experience
L. Goertz, T. Liebig, E. Siebert, Y. Özpeynirci, L. Pennig, E. Celik, M. Schlamann, F. Dorn, and C. Kabbasch

ABSTRACT

BACKGROUND AND PURPOSE: Treatment of PICA aneurysms can be technically challenging by either surgical or endovascular
means. Our aim was to report our preliminary experience with intrasaccular flow disruption using the Woven EndoBridge (WEB) for
the treatment of proximal PICA aneurysms.

MATERIALS AND METHODS: Sixteen PICA aneurysms treated with the WEB at 3 institutions were retrospectively reviewed.
Baseline patient and aneurysm characteristics, procedural specifics, clinical outcomes, and angiographic results were evaluated.

RESULTS: All aneurysms were located at the proximal, anteromedullary segment of the PICA. Seven aneurysms were ruptured. The
median aneurysm size was 3.9mm (range, 2–12mm), and all aneurysms were wide-neck. WEB deployment failed in 1 case due to
WEB protrusion in a small PICA aneurysm. Additional stent implantation was required for 2 aneurysms to improve intra-aneurysmal
WEB positioning. One patient developed a partial posterior cerebral artery territory infarction with transient hemianopsia.
Intraoperative rerupture of a ruptured aneurysm could be immediately stopped by WEB deployment due to intrasaccular stasis;
however, it might have contributed to a slight disability of the patient. At last angiographic follow-up, 12/15 aneurysms (80%) were
completely occluded and 3/15 (20%) had a neck remnant.

CONCLUSIONS: The preliminary results indicate that WEB treatment of proximal PICA aneurysms is feasible with a reasonable
safety and efficacy profile. The advantages of intrasaccular flow disruption include preservation of the PICA, durable aneurysm
occlusion, and omission of antiplatelet therapy. The low-profile WEB 17 delivery system might enable navigation to distal PICA
aneurysms, which needs to be addressed further.

ABBREVIATIONS: RROC ¼ Raymond-Roy occlusion classification; SL ¼ single-layer

Aneurysms located at the PICA are rare and account for
approximately 0.5%–3.0% of intracranial aneurysms. Most

PICA aneurysms arise from the proximal (anteromedullary) PICA
segment near the PICA–vertebral artery junction.1 PICA aneur-
ysms can be treated by both surgical and endovascular means;
however, their location and geometry pose individual challenges
for either treatment option. Microsurgical clipping is hampered by
a narrow surgical corridor and the proximity to the brainstem and
cranial nerves IX–XI, allowing only minimal manipulation.2

Established endovascular treatment options for PICA aneurysms

include conventional coiling, stent-assisted coiling, balloon-assisted

coiling, flow diversion, and, last, parent artery occlusion as the final

option. Challenges of the endovascular technique include a broad-

based neck anatomy and a small PICA caliber, especially at periph-

eral aneurysm locations. Moreover, particularly in the proximal

location, parent vessel sacrifice should be prevented due to the risk

of brainstem and cerebellar infarction.
The concept of intrasaccular flow disruption has not yet been eval-

uated systematically for PICA aneurysms. The Woven EndoBridge

(WEB; Sequent Medical) represents the most studied flow disrupter

to date. It consists of a spherical mesh of nitinol wires, which is placed

within the aneurysm sac, leaving the parent artery unaffected. It causes

an immediate flow-disrupting effect at the aneurysm ostium, leading

to subsequent thrombosis of the aneurysm sac with time. The safety

and efficacy of the WEB have been demonstrated by numerous stud-

ies, predominantly for wide-neck bifurcation aneurysms located at the

anterior communicating artery, the middle cerebral artery bifurcation,

and the basilar apex.3-6 Further refinements of the WEB include a
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low-profile, 0.017-inch delivery system for navigation into small-vessel

diameters.7

The present case series reports our preliminary multicenter
experience in treating PICA aneurysms with the WEB.

MATERIALS AND METHODS
All patients treated with theWEB for a PICA aneurysm at 3 neuro-
vascular institutions between 2011 and 2021 were retrospectively
reviewed and included on an intention-to-treat basis. There were
no exclusion criteria. In accordance with the institutional guide-
lines, an ethics committee approval was waived due to the retro-
spective study design.

Procedure
Treatment options for each individual PICA aneurysm were dis-
cussed between interventional neuroradiologists and vascular
neurosurgeons. The WEB was predominantly selected for wide-
neck bifurcation aneurysms, which were inappropriate for con-
ventional coiling as an alternative endovascular treatment option
for stent-assisted procedures and parent artery occlusion.

All procedures were performed via a transfemoral approach
with the patient under general anesthesia in a biplane angiosuite
(Philips AlluraClarity FD 20/15, Philips Healthcare and Siemens
Artis Q, Siemens). The standard setup consisted of a triaxial system.
A 6F guide catheter was navigated via a 6F sheath to the vertebral
artery/PICA junction. The Sofia 5F catheter (MicroVention) was
used as an intermediate catheter. Finally, a dedicated VIA micro-
catheter (Sequent Medical) was inserted coaxially to deploy the
WEB.

As measured on 2D DSA, the WEB device was chosen to be
slightly larger than the aneurysm width and slightly smaller than
the aneurysm height (11/–1 rule) for optimal aneurysm occlusion.

Antiaggregation Therapy
Patients with unruptured aneurysms were loaded with acetylsalicylic
acid, 100mg/day, 5–7days before the procedure. After groin punc-
ture, 5000 IU of heparin was administered, followed by aliquots of
1000 IU/h until the end of the procedure. After WEB implantation,
acetylsalicylic acid, 100mg/day, was given for 4–6weeks. Patients
with ruptured aneurysms received neither antiplatelet therapy nor
IV administration of heparin. After additional stent implantation, a
dual-antiplatelet regimen of clopidogrel, 75mg/day, for 4months
and acetylsalicylic acid, 100mg/day, life-long was administered.

Data Collection
Patient charts were retrospectively reviewed to collect patient age,
sex, ruptured/unruptured aneurysm status, World Federation of
Neurosurgical Societies grade, endovascular technique, complica-
tions, and clinical outcome. Baseline angiograms were reviewed to
determine PICA location, aneurysm size, neck width, dome-to-neck
ratio, and shape. Proximal PICA location refers to the PICA–verte-
bral artery junction and the anteromedullary segment of the PICA.
Aneurysms arising beyond the anteromedullary segment were clas-
sified as distal. All complications are reported regardless of their
clinical significance. The single-layer (SL) and single-layer sphere
WEB types were used. Since September 2018, the WEB 17 was used
for aneurysmsof ,7mm. Clinical outcome was evaluated with the

mRS score. Aneurysm occlusion was evaluated immediately after
the procedure and on follow-up angiograms using the Raymond-
Roy occlusion classification (RROC): complete occlusion (RROC I),
neck remnant (RROC II), and aneurysm occlusion (RROC III).

Statistical Analysis
Descriptive statistics were used.

RESULTS
Patient and Aneurysm Characteristics
Among 105 patients with PICA aneurysms treated at the 3 institu-
tions during the study period, 16 patients underwent WEB embo-
lization (15.2%). The median patient age was 60.5 years (range,
48–78 years), and all patients were women. Seven aneurysms
(43.8%) were ruptured. The median aneurysm size was 3.9mm
(range, 2.2–12.0mm), the median neck width was 3.4mm (range,
1.7–7.4mm), and the median dome-to-neck ratio was 1.3 (range,
0.9–2.6). All aneurysms were saccular. Individual patient and an-
eurysm characteristics are given in Table 1.

Aneurysm Treatment
Procedural specifics and patient outcome are detailed in Table 2.
WEB deployment was feasible in all cases except one. In case 12,
treatment of a small PICA aneurysm (2mm) with the smallest
available WEB in stock (SL, 3.5 � 2mm) failed because the WEB
was too large and it protruded into the parent artery (Fig 1). Due
to WEB-induced vessel stenosis, additional stent implantation
seemed inappropriate. Hence, the WEB was carefully removed
before detachment, and the aneurysm was subsequently coiled in
the same procedure. In case 2, the patient with a ruptured PICA
aneurysm was treated with an additional stent in a staged proce-
dure to improve intrasaccular WEB positioning and, subse-
quently, aneurysm occlusion. This case is presented in Fig 2. In
case 11, the WEB tended to protrude into the parent artery as
well; this protrusion could be counteracted by additional implan-
tation of a low-profile stent. Complications occurred in 3 proce-
dures (18.8%). In the first patient (case 1), an apposition

Table 1: Baseline patient and aneurysm characteristics

Case Age/Sex

Unruptured/
Ruptured
(WFNS)

Size
(mm)

Neck Width
(mm)

D/N
Ratio

1 65/F UR 3.4 2.7 1.3
2 57/F R (I) 3.2 3.0 1.1
3 48/F UR 2.9 2.6 1.1
4 51/F R (IV) 2.2 2.0 1.1
5 64/F R (II) 4.4 4.4 1.1
6 78/F R (V) 5.4 3.8 1.4
7 71/F UR 8.6 4.6 1.9
8 63/F UR 3.4 3.8 0.9
9 56/F R (V) 12.0 4.8 2.6
10 51/F UR 3.0 2.4 1.3
11 70/F UR 9.2 7.4 1.2
12 58/F R (V) 2.0 1.7 1.2
13 52/F R (V) 11.0 6.0 1.8
14 53/F UR 3.4 2.3 1.5
15 63/F UR 9.0 4.6 2.0
16 64/F UR 4.6 2.7 1.7

Note:—F indicates female; UR, unruptured; R, ruptured; WFNS, World Federation
of Neurosurgical Societies grading scale; D/N, dome-to-neck ratio.
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thrombus occurred at the WEB, which could be dissolved with
tirofiban. The patient had no infarction and no neurologic defi-
cits. In the second patient (case 4), a ruptured PICA aneurysm
reruptured immediately after intrasaccular WEB deployment;
however, the bleeding stopped shortly thereafter due to intra-
saccular stasis. Although cerebral infarction was not seen on fol-
low-up imaging, the rebleeding might have contributed to the
slight-but-permanent disability of the patient after SAH (mRS
1). This case is illustrated in Fig 3. In the third case (case 5), the
patient had a partial posterior infarction, which was associated
with transient hemianopsia, probably due to a procedural
thromboembolism. Figure 4 depicts a further case of successful
WEB embolization.

Angiographic Outcome
Immediate complete aneurysm occlusion was achieved in 3
patients (18.8%), 4 had a neck remnant (25.0%), and 9 (56.3%)
had an aneurysm remnant. The coiled PICA aneurysm after failed
WEB implantation had a small neck remnant, which progressed
to complete occlusion at follow-up (Fig 1). Among 15 patients
available for angiographic follow-up in the intention-to-treat
cohort (median, 6months; range, 1–21months), 12 aneurysms
(80.0%) were completely occluded and 3 (20.0%) had a neck rem-
nant. There were no aneurysm remnants. Among 14 patients
eventually treated with the WEB, 11 showed complete occlusion
(78.6%) and 3 had neck remnants (21.4%). All followed aneur-
ysms with an initial RROC III improved to RROC I or II, respec-
tively. There was no aneurysm recurrence. At clinical follow-up,
of 16 patients, 13 (85%) had a favorable outcome (mRS#1) and 3

Table 2: Procedural specifics

Case Treatment Complications
Immediate
RROC

RROC at
FU

(months)

mRS at
FU

(months)
1 WEB SLS 4mm Apposition thrombus, tirofiban,

no neurologic deficit
I I (6) 0 (6)

2 WEB SL 4 � 2 mm 1 Acclino
stent 3.5 � 20mm (staged)

II I (3) 0 (20)

3 WEB SL 3.5 � 2 mm I I (6) 0 (6)
4 WEB SL 3 � 2 mm Aneurysm rerupture during WEB

deployment, intrasaccular stasis,
no deficit

I I (1) 1 (1)

5 WEB SL 5 � 3 mm Transient hemianopsia partial
posterior infarction, probably due
to thromboembolism

II I (7) 1 (7)

6 WEB SL 6 � 4 mm III II (1) 5 (1)
7 WEB DL 7 � 6 mm, 5 coils II I (17) 1 (17)
8 WEB SL 3 � 2 mm III I (8) 0 (8)
9 WEB SL 6 � 4 mm, 11 coils III I (10) 2 (10)
10 WEB SL 3 � 2 mm III I (5) 0 (5)
11 WEB SL 9 � 4 mm, LEO Babya

stent 4.5 � 25 mm
WEB protrusion into the parent
artery, adjunctive stent
implantation, no ischemic complications

III II (6) 0 (6)

12 WEB SL 3.5 � 2 mm, coiling WEB implantation failed due to WEB
protrusion, subsequent coil embolization

II I (21) 0 (21)

13 WEB SL 11 � 6 mm III I (1) 6 (1)
14 WEB SL 4 � 3 mm III I (1) 0 (1)
15 WEB SL 9 � 4 mm III II (1) 1 (1)
16 WEB SL 3.5 � 2 mm III 0 (6)

Note:—SLS indicates single-layer sphere; SL, single-layer; FU, follow-up; DL, dual-layer; RROC, Raymond-Roy occlusion classification.
a Balt Extrusion.

FIG 1. DSA shows a small, proximal PICA aneurysm (2mm) in a patient
with an SAH (A). Due to the broad neck of the aneurysm, the smallest avail-
able WEB in stock (SL, 3.5 � 2mm) was deployed (B). However, the lower
base of the WEB protruded markedly into the parent vessel (WEB contour
highlighted by arrows). Implantation of an additional microstent seemed
contraindicated because it might occlude the parent vessel (diameter,
1.3mm) and would require permanent antiplatelet therapy. Hence, the
WEB was removed before deployment, and the aneurysm was treated by
implantation of a single coil (C). At final angiographic follow-up (21months),
the aneurysmwas fully occluded and the PICA remained patent (D).
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patients had an mRS. 1, mainly due to
the sequelae of SAH (cases 6, 9, and 13).

DISCUSSION
In the present study, we presented our
multicenter experience in the treatment
of wide-neck proximal PICA aneurysms
with the WEB. WEB deployment was
technically successful in all cases except
one, and required additional stent im-
plantation in 2 cases. In 1 case, proce-
dural aneurysm rerupture might have
contributed to a slight permanent SAH-
related disability. At angiographic follow-
up, the complete occlusion rates were
80% in the intention-to-treat cohort and
78.6% in the per-protocol group. There
was no aneurysm recurrence, and no
aneurysms were retreated.

Endovascular embolization has bec-
ome the treatment of choice for PICA
aneurysms because surgical therapy is
associated with a high neurologic com-
plication rate due to the proximity to the
brainstem and the lower cranial nerves.
For instance, Horowitz et al8 reported an
overall complication rate of 68% after
surgical PICA repair. In the surgical
study by Al-Khayat et al,2 postoperative
temporary and permanent lower cranial
nerve palsies were observed in around
50%. Although lower cranial nerve pal-
sies can resolve with time, surgery is gen-
erally reserved for complex aneurysms
and distal locations that are difficult to
treat by endovascular means.

The largest study on endovascular
PICA aneurysm treatment to date has
been published by Chalouhi et al9 and
comprised 76 patients treated by conven-
tional coiling, stent-assisted coiling, bal-
loon-assisted coiling, and parent artery
occlusion. The technical success rate was
96%. Complications were reported in
12.7%, and permanent morbidity, in 2.8%.
In 90% of proximal PICA aneurysms, the
parent artery could be preserved.

Proximal PICA aneurysms located at
the anterior medullary, lateral medullary,
and tonsillomedullary segments pose a
particular challenge because parent ar-
tery sacrifice should be avoided due to
brainstem perforators.10 Among 6 proxi-
mal PICA aneurysms treated by parent
artery occlusion in the study by Peluso et
al,11 1 patient developed hemiparesis due

FIG 2. DSA shows a ruptured proximal PICA aneurysm (3.2 mm; neck width, 3.0 mm; dome-to-
neck ratio, 1.1 mm) (A and B). Due to the broad-based geometry and the ruptured aneurysm
status, intrasaccular flow disruption was envisaged. After probing the aneurysm with a low-
profile VIA 17 microcatheter (C), a WEB 17 SL (4 � 2 mm) was placed within the aneurysm sac,
achieving immediate contrast stasis to prevent aneurysm rerupture (D). After neurointensive
care treatment of the patient, the aneurysm showed persistent residual filling. Hence, an
Acclino microstent was placed across the aneurysm neck from the PICA into the distal verte-
bral artery to optimize WEB positioning (E). At 3-month angiographic follow-up, the aneurysm
was completely occluded. There was a moderate in-stent stenosis, which was asymptomatic
(F).

FIG 3. A 51-year-old female patient presented with a ruptured aneurysm at the proximal
PICA (A and B). The aneurysm reruptured while the aneurysm sac was probed with the
microcatheter. Extravasating contrast can be seen on the angiogram (C). However, directly
after WEB deployment, the bleeding stopped due to intrasaccular stasis (D). Cerebellar
infarction and herniation were excluded by a control CT (not shown). Although experiencing
severe vasospasm, the patient survived and was transferred to a rehabilitation center with
mild neurologic deficits (mRS 1). At 2 months, the WEB seemed to be fully thrombosed (E);
however, the origin of the PICA, in particular the V4/PICA junction, appears to be dysplastic,
warranting further angiographic control.
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to lateral medullary and cerebellar infarction and 3 had small
asymptomatic infarctions. For small-neck aneurysms, conventional
coiling is often feasible, but recurrence rates were reported to be
.20%.9 Furthermore, PICA aneurysms often present with a wide
neck, which would require stent- or balloon-assisted coiling or flow
diversion. However, navigation of conventional 0.021- and 0.027-
inch stent delivery systems into the PICA is hampered by a sharp
angle at the vertebral artery/PICA junction and the small-vessel cal-
iber.11 In this context, low-profile stents and delivery systems seem
to bring benefit for stent implantation in the PICA. In a small series
by Samaniego et al,12 treatment with the Low-profile Visualized
Intraluminal Support (LVIS Jr; MicroVention) device was success-
ful in all 7 cases, and there was no treatment-related morbidity.
However, even if stent implantation is possible, there is an
enhanced risk of acute thrombotic stent occlusion due to the small-
vessel diameter of the PICA.

Intrasaccular flow disruption with the WEB has become a
proved treatment concept for wide-neck bifurcation aneurysms. In
2019, the WEB received US FDA approval for anterior communi-
cating artery, MCA bifurcation, terminal ICA, and basilar apex
aneurysms.13 As a purely intrasaccular device, the WEB causes im-
mediate flow disruption through the aneurysm ostium, leading to
subsequent aneurysm thrombosis, and it does not require antiag-
gregant therapy urgently, making the device suitable for treatment
of ruptured aneurysms.14 Due to its spherical shape, the WEB can
be generally securely anchored in wide-neck aneurysms without a
supporting stent.

The efficiency of the WEB is well-documented. In the cumula-
tive population of the WEB Clinical Assessment of IntraSaccular

Aneurysm Therapy (WEBCAST) trial,
WEBCAST-2, and the French Observa-
tory studies, complete and adequate
occlusion was reported in 52.9% and
79% at 1 year, respectively.15 Between
the 1- and 3-year follow-ups, aneurysm
occlusion was stable or improved in
87%, and the overall retreatment rate
was 11.4%.4

Owing to these promising results,
the indication for WEB embolization
has been subsequently extended to fur-
ther aneurysm locations such as the par-
aophthalmic ICA16 and narrow-neck
aneurysms.17

In our experience, PICA aneurysms
often have a spherical, saccular shape,
which is suitable for theWEB. Moreover,
the novel WEB 17 can be delivered via a
0.017-inch low-profile microcatheter,
which might facilitate navigation into the
PICA.

Recently, Khattar et al18 reported a
case of WEB embolization of a ruptured,
dissection-related distal PICA aneurysm
(5mm) with aWEB SL 4� 3mm, which
is compatible with a low-profile 0.017-
inch microcatheter. Navigation toward

the aneurysm and WEB deployment were not problematic despite
the small-vessel caliber. The authors reported immediate intrasaccu-
lar stasis and complete aneurysm occlusion at follow-up.

In the current series, we presented 16 broad-based aneurysms
at the PICA–vertebral artery junction, which were treated with the
WEB. However, treatment with WEB implantation only was feasi-
ble in 13 cases (81%). In 1 case, WEB embolization failed due to
WEB protrusion, and in 2 further cases, additional stent implanta-
tion was necessary to improve the WEB positioning. In the 2 latter
cases, the advantages of the WEB, namely preservation of the par-
ent artery and omission of antiplatelet therapy, were counteracted.
However, additional stent implantation can serve as salvage therapy
if treatment by the WEB is technically impossible. All aneurysms
showed complete occlusion or neck remnants at angiographic fol-
low-up, comparing favorably with the 21% recurrence rate
reported by Chalouhi et al9 for coiling. The PICA remained patent
in all cases, both during the intervention and at follow-up. One
patient developed transient anopsia, which was probably caused by
a detached apposition thrombus.

In 1 case, the aneurysm reruptured during WEB deployment
caused by the microcatheter. PICA aneurysms have been
reported to be susceptible to intraoperative rupture, as demon-
strated by a 19% rupture rate in the study by Peluso et al.11 The
authors suggested that a small aneurysm size and the upward
projection of most PICA aneurysms could lead to a slack in the
microcatheter caused by the V3 loop of the vertebral artery,
which could be transferred in an upward jump of the catheter
during pushing, resulting in rupture of the aneurysm dome.11

Noteworthy, the bleeding stopped directly after subsequent WEB

FIG 4. DSA (A) and 3D reconstructions of rotational data sets (B) show an unruptured wide-neck
aneurysm at the branching of the PICA from the vertebral artery. Due to its very broad-based ge-
ometry, treatment by conventional coiling is not feasible. To avoid crossing-over stent-assisted
coiling, WEB embolization was envisaged. After we probed the aneurysm sac with a low-profile
VIA 17 microcatheter (C), a WEB SL 3.5 � 2 cm was implanted (D), which sealed the aneurysm at
its neck level and maintained full patency of the PICA. Immediate angiographic control after WEB
implantation shows contrast stasis within the WEB (E). Six-month DSA shows complete aneurysm
occlusion (RROC I) and patency of the PICA (F).
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deployment due to intra-aneurysmal stasis. Most important,
there was no treatment-related permanent morbidity in our
series.

In conclusion, the results imply that the WEB is suitable for
proximal PICA aneurysms, offering good angiographic results and
sufficient safety. Hence, the WEB may become a further treatment
option for PICA aneurysms, in particular for wide-neck aneur-
ysms that are difficult to treat by coiling only. However, further
studies will be required to establish the WEB as a primary tool for
PICA aneurysms, especially at more distant locations.

Limitations
The limitations of the current study include a moderate number
of included patients and the retrospective study design. All aneur-
ysms were located at the proximal PICA; hence, the feasibility of
the WEB for distal PICA aneurysms remains uncertain. Finally,
long-term angiographic outcome was not reported and needs to
be addressed further.

CONCLUSIONS
Due to the typically broad-based anatomy of PICA aneurysms,
bare coiling can be challenging and might require implantation of
a supporting stent. Due to the saccular, broad-based shape, WEB
implantation would often be suitable for PICA aneurysms, as was
the case in the present study. Additional stent implantation could
be avoided in most cases, there was no major treatment-related
morbidity, and retreatment was not required in any case. Further
studies are warranted to confirm our preliminary results and
establish theWEB for this specific aneurysm location.

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
EXTRACRANIAL VASCULAR

High-Resolution MRI for Evaluation of the Possibility of
Successful Recanalization in Symptomatic Chronic ICA

Occlusion: A Retrospective Study
M. Tang, X. Yan, J. Gao, L. Li, X. Zhe, Xin Zhang, F. Jiang, J. Hu, N. Ma, K. Ai, and Xiaoling Zhang

ABSTRACT

BACKGROUND AND PURPOSE: Accurate radiologic evaluation of the possibility of successful recanalization in symptomatic chronic
ICA occlusion remains challenging. This study aimed to investigate the high-resolution MR imaging characteristics of symptomatic
chronic ICA occlusion and their association with successful recanalization.

MATERIALS AND METHODS: Consecutive patients with symptomatic chronic ICA occlusion who underwent balloon dilation plus
stent implantation were identified retrospectively and divided into 2 groups: a successful recanalization group and an unsuccessful
recanalization group. Clinical and high-resolution MR imaging characteristics were compared between the groups. Univariate and
multivariate analyses were used to identify the characteristics associated with successful recanalization.

RESULTS: A total of 114 patients were included in the study. High-resolution MR imaging characteristics independently associated with
unsuccessful recanalization were longer lesion length (OR, 0.41; 95% CI, 0.36–0.55; P ¼ .009) and larger calcification volume (OR, 0.56; 95%
CI, 0.37–0.68; P ¼ .002) for proximal occlusion and reversed distal ICA flow at the level of ophthalmic segment or above (OR, 0.14; 95%
CI, 0.08–0.48; P ¼ .001). Reversed distal ICA flow at the level of the petrous segment or below (OR, 4.07; 95% CI, 1.65–8.38; P ¼ .001)
and lumen area (OR, 1.13; 95% CI, 1.04–1.61; P ¼ .002) for distal occlusion were risk factors of successful recanalization.

CONCLUSIONS: In symptomatic chronic ICA occlusion, lesion length and calcification volume (for proximal occlusion), the level of
reversed distal ICA flow, and the lumen area (for distal occlusion) appear to be predictors of successful recanalization. High-resolu-
tion MR imaging can evaluate chronic ICA occlusion and help in clinical decision-making.

ABBREVIATIONS: CE ¼ contrast-enhanced; CICAO ¼ chronic ICA occlusion; HR ¼ high-resolution; IPH ¼ intraplaque hemorrhage; NSA ¼ number of signals
averaged

ICA occlusion occurs in 6 per 100,000 persons per year and is one
of the main causes of ischemic stroke.1,2 While recurrence is

uncommon in asymptomatic patients, 10%–18% of symptomatic
patients will experience another cerebral ischemic event within 1
year. In chronic ICA occlusion (CICAO), morbidity and mortality
are 40%–69%, and 16%–55%, respectively.3,4 Studies have demon-
strated decreased psychomotor speed, executive function, and
working memory in patients with CICAO,5,6 and a possible

relationship between CICAO and cognitive impairment has been
suggested.

Recanalization of CICAO can restore blood supply to ischemic
brain tissue, reduce mortality and disability rates, and improve
neurocognitive function7-9 and quality of life. Successful recanali-
zation is achieved in 23%–93% of patients.10-13 The possibility of
success depends on factors such as the duration of the occlusion,14

the length of the occlusion, the composition of the thrombus or
plaque,15-17 the stump condition18,19 of occluded vessels, and the
adequacy of collateral circulation.20

In CICAO, the real duration of occlusion is not known, so indi-
rect estimations are made on the basis of the time of onset of symp-
toms and the imaging features. DSA, CTA, ultrasound, and MR
imaging are complementary modalities for the evaluation of
CICAO. DSA can dynamically display the stump condition, occlu-
sion length, distal reflux, and collateral circulation, but it cannot an-
alyze the course or the wall and lumen of occluded vessels.21-23 CTA
can reliably demonstrate occlusion length, collateral circulation, and
the course of occluded vessels, but it cannot accurately analyze the
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age of the thrombus, the components of plaque, or the intracranial
ICA (because of intervening skull bone).19,24 Ultrasound is a non-
invasive, economical, and highly operator-dependent tool for the
evaluation of carotid artery occlusion; it can show the plaque com-
position but is useful only for analysis of the extracranial ICA.25

High-resolution MR imaging (HR-MR imaging), which is being
increasingly used in the evaluation of intracranial and extracranial
vascular diseases, can provide direct visualization of the vessel wall
and lumen, composition of the thrombus or plaque, occlusion
length, collateral circulation, and the course of the occluded ves-
sels26-28 and can compensate for the weaknesses of other imaging
modalities.

We hypothesized that accurate evaluation of symptomatic
CICAO using HR-MR imaging may help in the choice of treat-
ment strategy, improve the success rate of interventional treat-
ment, and reduce perioperative complications. The purpose of this
retrospective study was to identify the HR-MR imaging character-
istics of symptomatic patients with CICAO who were successfully
recanalized. This information will be of use to clinicians during
treatment selection and help avoid complications.

MATERIALS AND METHODS
Patients
We retrospectively analyzed consecutive CICAO recanalizations
attempted at Shaanxi Provincial People’s Hospital between October
2014 and December 2021. All patients underwent HR-MR imaging
before the procedure. Patients were eligible for inclusion if they had
the following:29 1) ipsilateral transient cerebral ischemia, ischemic
stroke, or amaurosis for .1month; 2) unilateral ICA occlusion
diagnosed by CTA, ultrasound, or contrast-enhanced (CE)-MRA;
3) the diagnosis of CICAO confirmed by DSA; and 4) failure of
medical treatment. Exclusion criteria included dissection, cardio-
genic embolism, allergy to contrast medium, bleeding tendency, and
poor-quality imaging. Clinical data, which included the patient’s
age, smoking, hypertension, diabetes mellitus, hyperlipidemia, his-
tory of stroke and stroke, and imaging data, were collected from the
hospital records for analysis.

This study was approved by the Ethics Committee of Shaanxi
Provincial People’s Hospital (Xian, Shaanxi Province, China).
Informed consent form was signed by all participants.

HR-MR Imaging
HR-MR imaging was performed with the patient in a supine posi-
tion. A 16-channel head-neck coil was used with an Ingenia 3T MR
imaging scanner (Philips Healthcare). The HR-MR imaging proto-
col included TOF-MRA, 3D-T1WI, T1WI-TSE and T2WI-TSE,
CE-MRA, and CE 3D-T1WI. The axial views were perpendicular to
the arterial course. Scan parameters for the different sequences
were as follows: 3D-T1WI and CE 3D-T1WI: FOV ¼ 200� 200
mm2, TR/TE¼ 1000/16ms, acquisition matrix¼ 400� 400, image
resolution ¼ 0.5� 0.5� 0.5 mm3, number of signals averaged
(NSA) ¼ 1, acceleration factor ¼ 2; CE-MRA: FOV ¼ 320� 320
mm2, TR/TE ¼ 175/4.8ms, acquisition matrix ¼ 456� 456, image
resolution = 0.7� 0.7 mm3, dynamic scans ¼ 3, NSA= 1; T1WI-
TSE: FOV ¼ 140� 101 mm2, TR/TE ¼ 477/13ms, acquisition
matrix ¼ 312� 216, image resolution ¼ 0.45� 0.45 mm3, NSA ¼
2; T2WI-TSE: FOV ¼ 140� 101 mm2, TR/TE ¼ 3000/90ms,

acquisition matrix ¼ 312� 216, image resolution ¼ 0.45� 0.45
mm3, NSA= 2. CE T1WI was performed following intravenous
administration of gadoterate meglumine at a dose of 0.1mmol/kg.
The total acquisition time was approximately 30minutes.

Image Analysis
The image quality was divided into 4 levels:30 Poor indicated that
the outline of vessel wall and lumen was unclear accompanied by
obvious artifacts; medium, the parts of the wall and lumen were
clear with a few artifacts; good, the wall and lumen were clear with
a few artifacts; excellent, the wall and lumen were clear without
artifacts. Image quality below medium could not be analyzed. Raw
data were imported into Plaque View postprocessing software
(VPDiagnostics) to generate axial, coronal, and sagittal reconstruc-
tions of the CICAO. The senior neuroradiologists (X. Zhe and X.
Yan, each with 5 years’ experience in interpreting HR-MR imaging
of the arterial wall), who were blinded to the patients’ clinical infor-
mation, independently analyzed the images for plaque composition,
shape of the stump, and signal characteristics of the wall and lumen
in proximal and distal ICA occlusions, location of contrast agent
reflux, and the collateral circulation. Differences in interpretation
were settled by discussion. Imaging characteristics at the proximal
and distal occlusive segments (ie, collateral circulation, location of
contrast agent reflux, morphologic characteristics of the stump, and
the lumen and wall of the occluded segment) were noted.

We first used CE-MRA to assist in localization and then find
collateral circulation vessels and to evaluate collateral vessel diame-
ter on HR-MRI. Collateral circulation was divided into primary
(anterior or posterior communicating artery) and secondary (oph-
thalmic artery andmeningeal artery) collaterals.31 Primary collateral
vessels were graded as follows: 1, absent; 2, probably present; 3, defi-
nitely present or greater than the normal side. Adequate primary
collateral vessels were defined as grade 3. Secondary collateral ves-
sels were graded in the comparison of the symptomatic and normal
side as follows: 1, absent; 2, less than the normal side; 3, equal to the
normal side; 4, greater than the normal side. “Diminished” was
defined as grades 1–2, and “adequate” was defined as grades 3–4.32

“Distal reflux” was defined as the presence of contrast agent in the
ICA distal to the occlusion on CE-MRA and the lumen showing no
signal on HR-MRI during the ipsilateral injection; the location of
reflux was categorized as the petrous segment or below, cavernous
segment, clinoid segment, ophthalmic segment, or communicating
segment.18 The stump, if present, was categorized as tapered and
nontapered if there was contrast filling within the segment of the
cervical ICA after it bifurcates from the common carotid artery
proximal to the occluded segment. Hyperintensity, isointensity, and
hypointensity were defined as higher, equal, and lower intensity,
respectively, relative to the sternocleidomastoid muscle at the same
level.33

Lipid-rich necrotic core, calcification, hemorrhage, loose ma-
trix, and dense fibrous tissue were identified usingMR imaging cri-
teria.34 The proximal occlusion segment—extending from the
occlusion site to the site of disappearance of signal or the appear-
ance of significantly different signal in the lumen—was the primary
lesion. Its length and plaque composition were measured (Fig 1A–
C and Fig 2B). Distal occlusion was defined as the secondary
lesion, with no enhancement in the lumen. Three measurement
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points were selected in the distal occlusion segment (proximal,
middle, and distal; Fig 1D). Then, the average lumen and wall val-
ues of the 3 points were obtained. An independent interventionist
reviewed the procedural angiograms off-line and recorded the
morphologic characteristics of the stump and occlusion segment.

Interventional Therapy
Antiplatelet therapy (aspirin, 100mg, and clopidogrel, 75mg
daily) was started before the operation. Heparin was administered
to maintain an activated clotting time within the range of 200–
250 seconds. An 8F femoral sheath was inserted into the common
carotid artery, and a guidewire and a multifunctional angiography
catheter were inserted through it using the Seldinger technique.
Angiography was performed to define the position of the ICA occlu-
sion and observe the stump, distal ICA, reflux position, and collateral
circulation. A microwire was passed through the occluded ICA seg-
ment. When the wire had entered the distal true lumen, it was
exchanged for a 1.5-mm-diameter coronary balloon for predilation.
A distal embolic protection device (SpiderFX, 4mm; Medtronic) was
deployed if an adequate landing zone was identified. The occluded
segment of the ICA was dilated by the balloon, and a self-expandable
stent of the appropriate size was placed.

Outcome of Events
Success was defined as18 successful stent placement of the occlu-
sion segment, with a final residual stenosis of#20% and establish-
ment of grade III TICI antegrade flow, without the patient
experiencing any complications. The procedure was deemed
unsuccessful under the following circumstances: 1) The patient
experienced complications after stent placement, or 2) no retro-
grade blood flow was observed after recanalization. Complications
included ICA dissection, appearance of cerebral infarction in .1
lobe, cerebral hemorrhage, ipsilateral retinal infarction, reocclusion
in the perioperational stage, and death. Finally, the patients were di-
vided into 2 groups: a successful group, comprising patients who
underwent successful recanalization without experiencing any com-
plication, and an unsuccessful group, comprising patients who had
recanalization failure and/or experienced complications.

Statistical Analysis
The normality test of continuous variable distribution was per-
formed first. Then the variables were presented as mean (SD) or
median (interquartile range) accordingly. The Student t test or the

Mann-Whitney U test was used to compare differences in means or
interquartile ranges between groups, and the x 2 test or the Fisher
exact test was used to compare differences in proportions, respec-
tively. The intraclass correlation coefficient was used to assess inter-
observer consistency in the interpretation of HR-MR imaging. k
analysis was used to assess agreement between HR-MR imaging
and DSA and was graded as good (k $ 0.75), moderate (0.75 . k

$ 0.4), or poor (k , 0.4). Multivariable logistic regression was
applied to identify the independent predictors of recanalization fail-
ure, and a forward likelihood ratio method with a significance level
for entry of .05 was performed to select variables included in the
model. Statistical analysis was performed using SPSS 22.0 (IBM.).
P# .05 indicated a statistically significant difference.

RESULTS
Clinical Data
From among the 129 patients who met the inclusion criteria, we
excluded 15 patients; these included patients with CICAO related
to trauma (n ¼ 2), arteritis (n ¼ 4), and Moyamoya disease (n ¼
3), as well as those with poor-quality imaging (n ¼ 6). The 114
patients included in this study had a median age of 57 years (inter-
quartile range, 32–73 years). Presentations were with transient cer-
ebral ischemia, retinal ischemia, or stroke. Recanalization was
successful in 76/114 (66.7%) patients (the successful group), but it
was unsuccessful in 38/114 (33.3%) patients (the unsuccessful
group). While recanalization failed in 34/114 (29.8%) patients, 4/
114 (3.5%) patients had complications after recanalization; the
complications included ICA dissection (n ¼ 1), intracranial hem-
orrhage (n ¼ 2), and cerebral infarction progression (n ¼ 1).
Table 1 summarizes the characteristics of the patients.

HR-MR Imaging Features
A tapered stump was observed in 64/114 (56.1%) patients and in
48/76 (63.2%) patients in the successful group (Fig 2C, -D).
Secondary collateral circulation was more often seen in the unsuc-
cessful group (Fig 3C, -E) than in the successful group (P ¼ .025).
Among the 114 patients, the level of reversed distal ICA flow was
visualized at the communicating segment, ophthalmic segment, cli-
noid segment, cavernous segment, and petrous segment or below in
7%, 10.5%, 20.2%, 28.1%, and 34.2% patients, respectively. The
reversed distal ICA flow tended to be at lower levels in the successful
group than in the unsuccessful group (P, .001; Fig 2A–C; Fig 3A,

FIG 1. A–C, T2WI, T1WI, and CE-T1WI show the measurement of the proximal segment; the loose matrix (purple) shows hyperintensity on T2WI,
iso- or hypointensity on T1WI, and enhancement on CE-T1WI. Calcification (blue) appears as hypointensity on all sequences; hemorrhage (orange)
appears as hyperintensity on T1WI, iso- or hypointensity on T2WI, and no enhancement on CE-T1WI. The lipid-rich necrotic core (yellow) shows
iso- or hyperintensity on T1WI, iso- or hyperintensity on T2WI, and enhancement on CE-T1WI. D, The lumen and wall area were measured in the
distal occlusion.
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B, C, E). The mean volume of lipid-rich
necrotic core (for proximal occlusion,
Fig 2G–I; Fig 3F–H) and lumen iso- or
hypointensity and lumen area (for distal
occlusion, Figs 2 and 3A, -B) were signif-
icantly larger in the successful group
than in the unsuccessful group (167.2
[SD, 74.2] mm3 versus 139.8 [SD, 54.5]
mm3, P, .050; 59.2% versus 39.5%, P ¼
.047; 7.4 [SD, 3.4] mm2 versus 3.9 [SD,
2.3] mm2, P, .001, respectively). The
mean lesion length and calcification vol-
ume (for proximal occlusion, Fig 2A, B,
G–I; Fig 3A, B, F–H) were significantly
lower in the successful group than in the
unsuccessful group (20.7 [SD, 5.4]mm
versus 23.9 [SD, 4.8]mm, P, .005, and
41.3 [SD, 39.5] mm3 versus 141.9 [SD,
107.8] mm3, P, .001, respectively).
Lesion volume, hemorrhage, dense fi-
brous tissue, loose matrix (for proximal
occlusion); wall area (for distal occlu-
sion); and primary collateral circulation
were not significantly different between
the 2 groups (P . .05). Table 2 summa-
rizes the lesion characteristics.

Relationship between HR-MR
Imaging Features and Success of
Recanalization
In univariate analysis, the presence of a
tapered stump, reversed distal ICA flow
at the petrous segment or below, larger
volume of the lipid-rich necrotic core
(for proximal occlusion), and lumen iso-
or hypointensity and larger lumen area
(for distal occlusion) were significantly
associated with successful recanalization
(all, P, .05). Conversely, reversed distal
ICA flow at the ophthalmic segment or
above, longer lesion length, and more
calcification volume (for proximal occlu-
sion) were significantly associated with
failure of recanalization (all, P, .05). In
multivariate analysis, the following varia-
bles were protective factors of successful
recanalization: lesion length: OR, 0.41;
95% CI, 0.36–0.55; P¼ .009; larger calci-
fication volume for proximal occlusion:
OR, 0.56; 95% CI, 0.37–0.68; P ¼ .002;
and reversed distal ICA flow at the oph-
thalmic segment or above: OR, 0.14; 95%
CI, 0.08–0.48; P¼ .001; Table 3. The fol-
lowing variables were risk factors for suc-
cessful recanalization: reversed distal
ICA flow at petrous segment or below:
OR, 4.07; 95% CI, 1.65–8.38; P ¼ .001;

FIG 2. Successful recanalization cases. A, Curved planar reformation (CPR) on T1WI-volume iso-
tropic turbo spin-echo acquisition (VISTA) shows moderate hypointensity in the proximal occlu-
sion and iso- or hypointensity in the lumen of the distal occlusion. B, CPR on T1WI-VISTA-CE
shows inhomogeneous enhancement in the origin of the left ICA and hypointensity in the distal
occlusion. C and D, CE-MRA and preoperative DSA show a tapered stump (triangle) and reversal
of flow above the clinoid segment of left ICA (arrow). E and F, Postoperative DSA shows success-
ful recanalization. G–I, Plaque composition is shown in the proximal occlusion on T1WI and T2WI
and enhancement on T1WI (blue, calcification; orange, hemorrhage; yellow, lipid-rich/necrotic
core; purple, loose matrix).

Table 1: Characteristics of patients with CICAO

Successful (n = 76) Unsuccessful (n = 38) P
Age (mean) (yr) 53.9 (SD, 15.9) 58.5 (SD, 11.0) .115
Male (No.) (%) 49 (64.5) 23 (60.5) .680
Smoking (No.) (%) 44 (57.9) 26 (68.4) .276
Hypertension (No.) (%) 29 (38.1) 14 (36.8) .891
Diabetes mellitus (No.) (%) 22 (28.9) 5 (13.2) .062
Hyperlipidemia (No.) (%) 39 (51.3) 15 (39.5) .233
History of stroke (No.) (%) 12 (15.8) 8 (21.1) .500
Stroke (No.) (%) 55 (72.4) 32 (84.2) .161
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and larger lumen area for distal occlusion: OR, 1.13; 95% CI, 1.04–
1.61; P¼ .002; Table 3.

Reproducibility Assessment between DSA and MR Imaging
There was good agreement between DSA and HR-MRI for the
evaluation of stump status, the level of reversed distal ICA flow,
and major and minor collateral circulations (k ¼ 0.92, k ¼ 0.88,
k ¼ 0.89, and k ¼ 0.84, respectively). The intraclass correlation
coefficients for lesion length, lesion volume, lipid-rich necrotic
core, hemorrhage, calcification, dense fibrous tissue, loose matrix

(for proximal occlusion), and lumen
area and wall area (for distal occlusion)
were 0.94, 0.87, 0.78, 0.76, 0.81, 0.84,
0.88, 0.91, and 0.90, respectively.

DISCUSSION
HR-MR imaging has a crucial role in the
imaging evaluation of symptomatic
patients with CICAO. HR-MR imaging
can accurately evaluate the vessel lumen,
wall, and course; it can provide informa-
tion on the degree of inflammation of
the wall and the collateral circulation
and distinguish lumen blood stasis and
thrombus distal to the occlusion.35,36 In
this study, the HR-MR imaging charac-
teristics of patients with successful recan-
alization included a tapered stump, less
secondary collateral circulation, reversed
distal ICA flow at the level of petrous
segment or below, more lipid-rich ne-
crotic core, less calcification volume,
shorter lesion length (for proximal
occlusion), and lumen iso- or hypoin-
tensity and larger lumen area (for
distal occlusion). Multivariate analysis
showed that shorter lesion length and
less calcification volume (for proximal
occlusion) and reversed distal ICA flow
at the petrous segment or below and
larger lumen area (for distal occlusion)
were independent predictors of success-
ful recanalization.

Atherosclerosis is responsible for
70% of cases of CICAO. Because patie-
nts are asymptomatic in the early stages,
the real duration of occlusion cannot be
accurately defined.37 With prolongation
of the occlusion time, the stump mor-
phology changes from tapered to blunt
or no stump, the proximal plaque and
distal lumen thrombus hardens due to
fibrosis and calcification, and the occlu-
sive length gradually increases due to
the thrombotic process and a collapsed
lumen in the distal occlusion.38 These
changes increase the difficulty of recana-

lization in CICAO, as has also been observed in chronic coronary
occlusion.14

Our study showed that reversed distal ICA flow at the petrous
segment or below was a risk factor for successful recanalization in
CICAO, while reversed distal flow at the ophthalmic segment or
above was a protective factor of success. This finding is consistent
with those in previous studies.11,18 In addition, we found that suc-
cessful recanalization was also related to lesion length and calcifi-
cation volume (for proximal occlusion) and lumen area (for distal
occlusion). A previous study showed that HR-MR imaging can

FIG 3. Unsuccessful recanalization cases. A, Curved planar reformation (CPR) on T1WI-volume iso-
tropic turbo spin-echo acquisition (VISTA) shows mixed signal and wall collapse in the lumen distal
to the occlusion. B, CPR on T1WI-VISTA-CE shows inhomogeneous enhancement in the proximal
occlusion and distal segment of the right ICA (arrowhead). C–E, CE-MRA and DSA show a blunt
stump (triangle), secondary collateral circulation (arrowhead), and reversal flow above the commu-
nicating segment of right ICA (arrows). F–H, Plaque composition is shown in the proximal occlusion
(blue, calcification; orange, hemorrhage; yellow, lipid-rich/necrotic core; purple, loose matrix).
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accurately indicate the hardness of plaque by identifying its com-
position.39 Chronic atherosclerotic plaque is hard (fibrotic-calci-
fied plaque) due to the presence of relatively more calcification
and dense fibrous tissue and less lipid-necrotic core.39,40 Hard pla-
que and longer occlusion length at the proximal occlusion can
make wiring across the occlusion difficult and result in vessel
injury and arterial dissection. With prolongation of the occlusion
time, the lumen distal to the occlusion wall collapses. In this study,
we found that the lumen area for distal occlusion was a risk factor
of successful recanalization. The lumen area was higher in the

successful recanalization group than in the failed group, in which
the lumen area for distal occlusion reflected the degree of col-
lapsed vessel wall and affected the successful recanalization.
HR-MR imaging can display these features, which are important
reasons for failure of recanalization of CICAO. Archie,41 there-
fore, suggested that when the distal ICA occlusion is small or
poorly visualized, carotid endarterectomy should be performed.

In this study, tapered stump, lipid-rich necrotic core (for proxi-
mal occlusion), and lumen iso- or hypointensity (for distal occlu-
sion) were more prevalent in the successful group. However, in

Table 2: HR-MR imaging characteristics of lesions in symptomatic patients with CICAO

Total (n = 114) Successful (n = 76) Unsuccessful (n = 38) P
Right (No.) (%) 67 (58.8) 42 (55.2) 25 (65.8) .282
Tapered stump (No.) (%) 64 (56.1) 48 (63.2) 16 (42.1) .033
Level of reversed distal ICA flow ,.001
Communicating segment (No.) (%) 8 (7.0) 2 (2.6) 6 (15.8)
Ophthalmic segment (No.) (%) 12 (10.5) 2 (2.6) 10 (26.3)
Clinoid segment (No.) (%) 23 (20.2) 14 (18.4) 9 (23.7)
Cavernous segment (No.) (%) 32 (28.1) 24 (31.6) 8 (21.1)
Petrous segment or below (No.) (%) 39 (34.2) 34 (44.7) 5 (13.2)

Collateral circulation
Primary (No.) (%) 64 (56.1) 39 (51.3) 25 (65.8) .142
Secondary (No.) (%) 25 (21.9) 12 (15.7) 13 (34.2) .025

Proximal occlusion
Lesion length (mean) (mm) 21.9 (SD, 4.2) 20.7 (SD, 5.4) 23.9 (SD, 4.8) ,.005
Lesion volume (mean) (mm3) 1084.8 (SD, 472.5) 1007.3 (SD, 453.4) 1159.1 (SD, 486.1) .110
Lipid-rich necrotic core (mean) (mm3) 143.3 (SD, 76.6) 167.2 (SD, 74.2) 139.8 (SD, 54.5) ,.050
Hemorrhage (mean) (mm3 54.5 (SD, 43.1) 58.4 (SD, 46.7) 53.6 (SD, 40.4) .510
Calcification (mean) (mm3) 112.9 (SD, 96.4) 41.3 (SD, 39.5) 141.9 (SD, 107.8) ,.001
Dense fibrous tissue (mean) (mm3) 708.2 (SD, 391.1) 689.6 (SD, 372.3) 738.8 (SD, 437.6) .611
Loose matrix (mean) (mm3) 250.3 (SD, 130.5) 219.7 (SD, 103.8) 257.9 (SD, 141.6) .120

Distal occlusion
Lumen iso -to hypointensity (No.) (%) 60 (52.6) 45 (59.2) 15 (39.5) .047
Lumen area (mean) (mm2) 6.28 (SD, 3.5) 7.4 (SD, 3.4) 3.9 (SD, 2.3) ,.001
Wall area (mean) (mm2) 32.7 (SD, 6.9) 32.0 (SD, 6.8) 33.4 (SD, 8.7) .340

Table 3: Factors associated with recanalization success in univariable and multivariable analysis

Characteristic
Univariable Analysis Multivariable Analysis

OR (95% CI) P OR (95% CI) P
Right 0.64 (0.51–1.33) .282
Tapered stump 2.36 (1.02–3.11) .035 2.23 (0.87–3.36) .091
Level of reversed distal ICA flow
Communicating segment 0.14 (0.07–0.21) .001 0.13 (0.07–0.24) .010
Ophthalmic segment 0.08 (0.03–0.44) ,.001 0.14 (0.08–0.48) .001
Clinoid segment 0.73 (0.63–1.21) .214 0.62 (0.36–1.22) .160
Cavernous segment 1.73 (0.96–3.89) .07 1.66 (0.87–3.54) .550
Petrous segment or below 5.34 (1.41–11.37) ,.001 4.07 (1.65–8.38) .001

Collateral circulation
Primary 0.55 (0.35–1.59) .143
Secondary 0.36 (0.14–0.71) .027 1.32 (0.98–1.47) .210

Proximal occlusion
Lesion length 0.51 (0.13–0.74) .005 0.41 (0.36–0.55) .009
Lesion volume 2.11 (0.71–4.49) .110
Lipid-rich necrotic core 3.26 (1.45–6.36) .024 2.36 (0.94–5.33) .060
Hemorrhage 1.35 (0.65–2.38) .510
Calcification 0.71 (0.44–0.90) ,.001 0.56 (0.37–0.68) .002
Dense fibrous tissue 3.31 (0.93–10.36) .615
Loose matrix 1.66 (0.87–3.88) .120

Distal occlusion
Lumen iso- to hypointensity 2.23 (1.06–5.29) .047 1.87 (0.91–4.66) .091
Lumen area 1.32 (1.02–2.17) ,.001 1.13 (1.04–1.61) .002
Wall area 1.76 (0.71–3.38) .230
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multivariable analysis, these factors were not independently associ-
ated with successful recanalization andmay not be the main factors
related to it. For distal occlusion, the size and composition of the
thrombus may affect the success of recanalization.42 The histologic
characteristics of the thrombus might reflect the pathologic process
of CICAO.43,44 MR imaging can accurately define the duration of
thrombosis in vivo through signal changes.45 However, in some of
our patients, lumen iso- or hypointensity for the distal occlusions
was recanalized after stent implantation and no thrombi were
found in the distal embolic protection device. We speculate that,
for distal occlusion, lumen iso- or hypointensity might indicate
blood stagnation.

DSA remains the criterion standard for the diagnosis of
CICAO because it can accurately evaluate the stump, the position
of reflux, and the collateral blood supply beyond the occlusion that
flows retrograde into the distal ICA. We found good consistency
between HR-MR imaging and DSA in the evaluation of stump sta-
tus, the level of reversed distal ICA flow, and primary and second-
ary collateral circulation. The limitation of HR-MR imaging is that
it cannot evaluate direction of flow. Meanwhile, DSA cannot ana-
lyze the course or wall and lumen of the occluded segment of the
vessel;22,23 moreover, it is an expensive, invasive procedure involv-
ing exposure to radiation. Although the key predictors of success-
ful recanalization can be obtained using CTA, it cannot be used to
accurately assess the intracranial ICA for intervening skull bone,
the age of thrombus, intraplaque hemorrhage (IPH), and lipid-
rich necrotic core. Currently, the IPH and lipid-rich necrotic core
are possible to detect using CT andMR imaging, but the limitation
of CT is that the IPH cannot be distinguished from lipid-rich ne-
crotic core for overlapping density values.46,47 Some authors have
suggested that HR-MRI is the best imaging technique for the
detection of IPH.48 Otherwise, the view that HR-MRI can sensi-
tively detect IPH has been strengthened by the Vessel Wall
Imaging Study Group.49 HR-MR imaging—which is a noninva-
sive, higher soft-tissue contrast, and radiationless evaluation of the
vessel wall and lumen, plaque composition, the vessel distal to the
occlusion, and the collateral blood supply beyond the occlusion—
can, therefore, be expected to become a first-line technique for pre-
operative evaluation of CICAO.

This study has several limitations. First, this was a retrospec-
tive study, so a selection bias cannot be ruled out. Second, we did
not analyze other imaging indices such as the structure and per-
fusion of brain parenchyma; this analysis might have affected the
outcome. Third, when HR-MR imaging is used to observe collat-
eral circulation, only the thickness of collateral vessels can be
judged, not the direction of blood flow and leptomeningeal collat-
eral circulation, possibly affecting the results.

CONCLUSIONS
HR-MR imaging is a noninvasive tool that can evaluate CICAO
and guide decision-making in symptomatic patients with
CICAO. Lesion length and calcification volume (for proximal
occlusion), the level of reversed distal ICA flow, and lumen area
(for distal occlusion) appear to be associated with the success of
recanalization performed using balloon dilation and stent im-
plantation. Further studies are needed to clarify how HR-MR

imaging characteristics can be applied for selection of the treat-
ment method.

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

Deep Learning for Synthetic CT from Bone MRI in the Head
and Neck

S. Bambach and M.-L. Ho

ABSTRACT

BACKGROUND AND PURPOSE: Bone MR imaging techniques enable visualization of cortical bone without the need for ionizing
radiation. Automated conversion of bone MR imaging to synthetic CT is highly desirable for downstream image processing and
eventual clinical adoption. Given the complex anatomy and pathology of the head and neck, deep learning models are ideally
suited for learning such mapping.

MATERIALS ANDMETHODS: This was a retrospective study of 39 pediatric and adult patients with bone MR imaging and CT exami-
nations of the head and neck. For each patient, MR imaging and CT data sets were spatially coregistered using multiple-point affine
transformation. Paired MR imaging and CT slices were generated for model training, using 4-fold cross-validation. We trained 3 dif-
ferent encoder-decoder models: Light_U-Net (2million parameters) and VGG-16 U-Net (29million parameters) without and with
transfer learning. Loss functions included mean absolute error, mean squared error, and a weighted average. Performance metrics
included Pearson R, mean absolute error, mean squared error, bone precision, and bone recall. We investigated model generalizabil-
ity by training and validating across different conditions.

RESULTS: The Light_U-Net architecture quantitatively outperformed VGG-16 models. Mean absolute error loss resulted in higher
bone precision, while mean squared error yielded higher bone recall. Performance metrics decreased when using training data cap-
tured only in a different environment but increased when local training data were augmented with those from different hospitals,
vendors, or MR imaging techniques.

CONCLUSIONS: We have optimized a robust deep learning model for conversion of bone MR imaging to synthetic CT, which
shows good performance and generalizability when trained on different hospitals, vendors, and MR imaging techniques. This
approach shows promise for facilitating downstream image processing and adoption into clinical practice.

ABBREVIATIONS: DL ¼ deep learning; GRE ¼ gradient recalled-echo; MAE ¼ mean absolute error; MSE ¼ mean squared error; TE ¼ echo time

MR imaging is the workhorse of clinical neuroradiology, pro-
viding high tissue contrast for the evaluation of CNS struc-

tures. However, CT remains the first-line technique for rapid
neurologic screening and cortical bone assessment. A novel class of
MR imaging techniques uses very short TE to capture weak and

short-lived proton signals from dry tissues such as cortical bone. As
MR imaging hardware and software have advanced, “black-bone”
MR imaging techniques have progressively improved from gradient
recalled-echo (GRE) to ultrashort-TE and zero-TE approaches.1-3

TE values are on the order of 1–2ms for GRE, 50–200 ms for ultra-
short-TE, and 0–25 ms for zero-TE (Online Supplemental Data).
With shorter TEs, the detectable signal from cortical bone increases,
scan times become faster, acoustic noise from gradient switching
decreases, and resistance to motion and susceptibility artifacts
increases.4-5

BoneMR imaging offers the potential for both rapid initial screen-
ing and comprehensive “one-stop-shop” imaging, without the need
for ionizing radiation exposure. Thus, bone MR imaging is a promis-
ing alternative to CT for bone imaging. However, current barriers to
implementation involve direct comparison of bone MR imaging and
CT with regard to multiple factors, including accessibility, cost,
convenience, patient awareness, clinician understanding, diagnostic
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accuracy, and interventional utility.6-8 A key step in facilitating clini-
cal understanding and adoption is the automated conversion of
bone MR imaging to synthetic CT-like contrast, which is highly de-
sirable for image interpretation, 3D printing, and surgical planning
applications. Conventional image-processing approaches, such as
intensity thresholding, logarithmic inversion, histogram subtraction,
atlas- and voxel-based techniques, have all been investigated.9-12 In
clinical practice, these point operation–based techniques are ham-
pered by false-negatives in the setting of undermineralization
(young children or osteopenia), very thin bone (pathologic remod-
eling), and multiple bone-air interfaces (facial bones, skull base), as
well as false-positives including other short-T2 tissues (fascia, dura,
ligaments, cartilage, hardware, hemorrhage, mucoid secretions, air)
and complex tissue interfaces (tumor, trauma, inflammation).

Deep learning (DL) offers a promising approach for synthetic
CT generation, being already routinely used for tissue classification
and image-mapping purposes. DL algorithms use multiple layers
of neighborhood-based operations to derive complex information
from diverse input data sets, including MR imaging signal proper-
ties, normal anatomic structures, and pathologic changes. In neu-
roradiology, DL for synthetic CT has been explored in adult
volunteers and a few patient case series, the most frequent applica-
tion being radiation therapy planning or PET attenuation correc-
tion. Despite these early studies suggesting feasibility, synthetic CT
approaches have only been successful when applied to anatomi-
cally simpler regions such as the torso and extremities or normal
adult skull anatomy at low spatial resolution.13-17 For most cases
of head and neck clinical applications, existing synthetic CT algo-
rithms fail due to the wide variety of normal anatomic variants
and pathologic conditions. Without sufficient clinical training data
and human supervision, DL-powered bone MR imaging conver-
sion approaches show limitations similar to those of conventional
processing, yielding a variety of false-negatives and false-positives.

Robust synthetic CT algorithms still have not been developed
for head and neck applications, are not routinely used in clinical de-
cision-making, and do not carry added value over source MR
images interpreted by experienced radiologists. Therefore, at this
time, bone MR imaging is a useful alternative to CT for diagnostic
imaging but requires a radiologist’s understanding of imaging
physics, head and neck anatomy, and pathologic disease processes
to optimally analyze the source images. Improvement of automated
synthetic CT algorithms could help address existing barriers to
technology implementation by providing greater understanding for
untrained radiologists and clinicians as well as facilitating down-
stream processing such as 3D printing and surgical navigation.
Therefore, the objective of our study was to optimize a convolu-
tional neural network algorithm for bone MR imaging conversion
to synthetic CT based on our diverse data set of patients using dif-
ferent institutions, platforms, and bone MR imaging techniques. In
particular, we sought to develop a robust DL model that would
show good performance and generalizability, thus facilitating
downstream image processing and adoption into clinical practice.

MATERIALS AND METHODS
Data Acquisition
This was an institutional review board–approved retrospective study
with de-identified data sequentially collected from 2 institutions.

The patient flowchart for study selection is described in the Online
Supplemental Data. Originally, 53 patients were included with bone
MR imaging and CT of the head and neck performed within a 6-
month time period for bone evaluation. Following image review by
a neuroradiologist with expertise in bone MR imaging, 14 patients
were excluded on the basis of nondiagnostic image quality (MR
imaging and/or CT) due to motion, hardware, or other artifacts.
This exclusion resulted in a final data set of 39 patients: 16 patients
from institution 1 and 23 patients from institution 2. Subjects
spanned a broad age range (neonate to 35years; median age,
4.5 years) with 23 (59%) male and 16 (41%) female patients. Clinical
indications for imaging were suspected craniosynostosis (n ¼ 10),
genetic syndrome (n¼ 5), tumor (n¼ 4), trauma (n¼ 4), preoper-
ative planning (n ¼ 10), and postoperative follow-up (n ¼ 6).
Anatomic imaging coverage included the head, face, neck, and/or
cervical spine, based on the indication. For bone MR imaging, an
additional bone sequence was added to the examination on the basis
of a clinical request and/or the indication for bone imaging. A vari-
ety of platforms, techniques, and field strengths were used, depend-
ing on the institution and scanner availability.

For MR, thirteen patients were scanned on Siemens
Healthineers (Erlangen, Germany) platforms (3 Tesla: Magnetom
Prisma, 1.5 Tesla: Magnetom Aera), and 26, on GE Healthcare
(Chicago, IL) platforms (3 Tesla: Discovery MR750, MR750w).
Bone MR imaging sequences were adapted from commercially
available options and included 3D zero-TE, ultrashort-TE, and
GRE sequences with a 20- to 30-cm FOV and 0.7- to 1-mm iso-
tropic resolution. Sample parameters are provided in the Online
Supplemental Data. Most scans were performed at 3T, with 2 scans
performed at 1.5T field strength due to device-compatibility consid-
erations. For CT, 23 examinations were performed on Siemens
Healthineers platforms (Somatom Definition Flash, Somatom
Definition Edge, Somatom Definition AS, Somatom Force,
Somatom Sensation 64); 9, on GE Healthcare platforms (Discovery
CT750 HD, Optima CT660, LightSpeed VCT); and 7 on Canon
Medical Systems (Tustin, California) platforms (Aquilion ONE)
using a standard multidetector technique (age-adjusted radiation
dose, 0.5- to 1-mm section thickness, bone reconstruction kernel).

Image Coregistration and Preprocessing
The goal of the image-processing pipeline (Online Supplemental
Data) was to generate a diverse set of spatially aligned bone MR
imaging and CT pairs for neural network training. A neuroradi-
ologist with experience in bone MR imaging coregistered all MR
imaging and CT images on the basis of key anatomic landmarks
and inspected the final matched image sets for quality assurance.
First, multiple-point affine transformation of MR imaging to CT
data was performed in OsiriX MD (http://www.osirix-viewer.
com) to yield coregistered 3D volumes. All remaining image-pre-
processing steps were implemented in Matlab (MathWorks). The
image volumes were resampled to achieve isotropic resolution in
all dimensions and then were divided into paired 2DMR imaging
and CT slices in axial, coronal, and sagittal planes. While synthe-
sizing only axial CT views may be sufficient for many applica-
tions, we were interested in deriving the largest and most diverse
training set possible. Each image pair was masked and cropped to
disregard irrelevant background artifacts during training. Masks
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were created by binarizing the CT image (using Otsu’s method to
find the ideal threshold18) and finding the largest convex area in
the binary image. The same convex mask was also applied to the
paired MR images. Images were cropped to the smallest possible
square containing and centering the masked content.

Finally, each section was resized to the resolution required for
neural network input. The resulting images were saved with an 8-
bit gray-scale depth based on the entire dynamic range for MR
imaging slices and bone window/level for CT slices. On average,
this pipeline generated 550 MR imaging/CT pairs per patient
(approximately 22,000 image slices total). Additionally, we artifi-
cially augmented our training data by randomly flipping (hori-
zontally or vertically), rotating (by,10°), or cropping (by,10%)
image pairs during training.

We note here that masking the MR image based on a regis-
tered CT image would not be possible in a real-world scenario
(because CT would not be available). However, we found this
approach to work much more robustly, which was necessary to
automate the masking pipeline, given the large amount of train-
ing slices. Our goal was to have clean training data. Inference
based on a nonmasked MR imaging is still possible.

Neural Network Architectures
We tested 3 encoder-decoder networks based on U-Net models.19

For the first model, we built a lightweight baseline model
(Light_U-Net) based on the original U-Net architecture but
decreasing the number of filters (channels) for each block, for total
of �2million trainable parameters. We further changed the filter
size of the transposed convolutions from 2� 2 to 3� 3 so that the
decoder path exactly mirrored the encoder path, avoiding the need
to crop the filter responses in the skip connections. The output
layer was reduced to a single channel with sigmoid activation func-
tion, allowing the model to produce a gray-scale image rather than
a binary segmentation mask. For the second model, we used the
well-established VGG-16 convolutional neural network architec-
ture20 for the encoder path and mirrored it for the decoder path.
The resulting model had a larger number of filters and filter blocks,
resulting in�29million total trainable parameters. This enabled us
to use transfer-learning as a third model variation, VGG-16 U-Net
transfer-learning, in which filter weights in the encoder path were
initialized with values learned from the public ImageNet (https://
image-net.org/index) data set, in which a large variety of annotated
objects were classified from.14 million conventional color photo-
graphs21 (Online Supplemental Data).

Model Implementation
All DL models were implemented in Python (Python Software
Foundation) using the TensorFlow library (www.tensorflow.org)
with the Keras interface (Massachusetts Institute of Technology).
All experiments were run on a high-performance computing cluster
using either a NVIDIA Tesla V100 or NVIDIA Tesla P100 GPU
(Nvidia, Santa Clara, California). The input to the model was a
single-channel gray-scale bone MR image with a resolution of 224
� 224 pixels to match the fixed resolution of the VGG-16 architec-
ture. Each 3 � 3 convolutional layer was followed by a batch-nor-
malization layer and a ReLU activation layer. The VGG-16 U-Net
architecture, which was originally designed for color images,

required a 3-channel image input, so the gray-scale image was
repeated across all 3 channels. Because the encoder path was an
exact copy of the original VGG-16 architecture, its 3 � 3 convolu-
tional layers were not followed by a batch-normalization layer but
only had an ReLU activation. For the decoder path, batch normal-
ization was still added after every 3 � 3 convolutional layer. For
both networks, the synthetic CT image was produced via a 1 � 1
convolutional layer with a sigmoid activation, creating a continuous
gray-scale image on the interval of 0–1 and a resolution of 224 �
224 pixels. All models were optimized with stochastic gradient
descent using the Adam method22 with default parameters and a
batch size of 128 images. Network weights were initialized ran-
domly, except for the VGG-16 U-Net transfer learning variant, in
which weights in the encoder path were pretrained on ImageNet.
No weights were frozen during optimization.

Loss Functions
We experimented with optimizing 3 different loss functions:
mean absolute error (MAE, also called L1 loss), mean squared
error (MSE, also called L2 loss), and a weighted sum of both:

L1 ¼ 1
N

XN
i¼1

jCTi � sCTij; L2 ¼ 1
N

XN
i¼1

CTi � sCTið Þ2;

Lw ¼ L1 þ aL2;

where N is the total number of image pairs in the training set and
a is a coefficient that was selected empirically as 4.4, resulting in
approximately equal contribution of L1 and L2 to the total loss.

Model Training and Validation
Because intrapatient image slices are visibly correlated with each other
compared with interpatient slices, we trained and evaluated our mod-
els on data from separate patients. For every experiment, we per-
formed a patient-level 4-fold cross-validation, with eachmodel trained
on three-quarters of the patients and then tested on the remaining
quarter. Reported results were aggregated across all 4 models.

Because neural network optimization is stochastic in nature
(random initialization and random batching), training on the
same data set multiple times may result in a different model con-
vergence. We, therefore, repeated each 4-fold cross-validation
experiment 10 times and reported average performance and 95%
confidence intervals across the 10 independent runs.

Neural network models additionally require an internal vali-
dation set to prevent overfitting. For this purpose, a random 15%
of slices from the training data were held out during training.
After each training epoch, we computed the internal validation
loss and stopped training the model once that validation loss had
not decreased for at least 5 epochs. We selected the model weights
with the smallest internal validation loss up to that point.

Performance Metrics
Global performance metrics were calculated pixel-wise across the
image data sets and includedMAE,MSE, and the Pearson correlation
coefficient R. To expressMAE andMSE in terms of Hounsfield units,
we rescaled the neural network output on the basis of a window
width of 2000 HU. In addition, we quantified the degree of bone
overlap between ground truth CT and synthetic CT by thresholding
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both into binary bone maps. Given a threshold t, we defined bone
precision, bone recall (sensitivity), and bone Dice score as

PreðtÞ ¼ R CT tð Þ \ sCT tð Þ½ �
RsCT tð Þ ;RecðtÞ ¼ R CT tð Þ \ sCT tð Þ½ �

RCT tð Þ ;

DiceðtÞ ¼ 2R CT tð Þ \ sCT tð Þ½ �
RCT tð Þ þ RsCT tð Þ :

Thresholding was done on a grid of thresholds ranging from
40% gray level to 70% gray level (Online Supplemental Data). We
report the average precision, recall (sensitivity), and Dice score
across all thresholds.

Model Generalizability
Because our full data set contained images acquired at different
hospitals, as well as using difference imaging vendors and bone
MR imaging techniques, we conducted a series of experiments to
evaluate how well model performance generalizes across all these
different dimensions. All models were based on Light_U-Net
with MAE loss. For each test set, baseline model performance
was computed using patient-based 4-fold cross-validation with a
training set from the same data subset (vendor, hospital, or MR
imaging technique). These baseline results were compared with a
model trained only on data from a separate subset, as well as a
model trained on augmented data including both the current and
separate subsets (again with 4-fold cross-validation).

RESULTS
Model Architectures and Loss Functions
Performance comparison of the various neural network models
and 3 loss functions is summarized in the Table, with visual com-
parison of model results in Fig 1 and loss functions in Fig 2.
Results are based on 10 repetitions of a patient-based 4-fold cross-
validation among the 16 patients from institution 1, which con-
tained the best quality and most curated data. Among all model
architectures, Light_U-Net achieved the lowest test MAE and
MSE when trained with MAE and MSE loss, respectively.
Light_U-Net models also achieved the highest correlation coeffi-
cients across the board. When trained on the mixture loss,
Light_U-Net also achieved a lower test MAE and MSE than both
VGG U-Net and VGG U-Net transfer learning. Adding transfer

learning to VGG U-Net tended to increase the test performance,
though differences between VGG U-Net and VGG U-Net transfer
learning were not always significant.

When we compared loss functions, models trained on MAE
loss naturally achieved a lower validation MAE than those trained
on MSE loss and vice versa, with the mixture loss falling in-
between. MAE loss achieved a significantly higher mean bone pre-
cision across all network architectures. Visually, the synthetic CT
images showed sharper edge contrast with crisper bone detail. In
addition, relatively fewer pixels were assigned bone density (white
signal) on CT, indicating higher specificity, a lower false-positive
rate, and higher false-negative rate for bone. MSE tended to
achieve a higher mean bone recall (sensitivity) with various net-
work architectures, though the differences were not statistically sig-
nificant. Visually, the synthetic CT images showed margins that
were more blurry and more homogenized bone detail. In addition,
relatively more pixels were assigned bone density (white signal) on
CT, indicating a higher sensitivity, higher false-positive rate, and
lower false-negative rate for bone. In general, MAE loss tended to
undercall bone, and MSE loss tended to overcall bone, with the
mixture loss producing intermediate image effects.

Overall, the Light_U-Net architecture models outperform or tie
other models in all metrics, with difference loss functions allowing
adjustment among higher bone precision, recall, or overlap (Dice
score). Additional examples of synthetic CT images in axial, coro-
nal, and sagittal views are provided in the Online Supplemental
Data. When reviewed by expert neuroradiologists, the computa-
tionally optimized model (Light_U-Net, MAE) yielded visibly
superior results compared with previously reported synthetic CT
algorithms (eg, conventional logarithmic inversion and vendor-
provided processing tools). For example, our algorithm enabled
delineation of bone microstructure in typically false-negative areas
of thin bone (facial bones, skull base, remodeled bone). In addition,
our algorithm better excluded false-positive areas such as the fascia
and mucoid secretions. Finally, the synthetic CT images showed
distinction of nonbone tissues, including soft tissue, fat, and air,
that was comparable with the true CT.

Model Generalizability
Results of generalizability experiments across different hospitals,
vendors, and bone MR imaging techniques are summarized in

Four-fold cross-validation results for different model and loss combinationsa

Model Loss MAE (HU) MSE (3103 HU) R Avg. Bone Precision
Avg. Bone
Recall

Avg. Bone
Dice

Light_U-Net MAE 95.6 (94.4–96.9) 54.3 (53.1–55.5) 0.872 (0.869–0.875) 0.665 (0.661–0.669) 0.519 (0.505–0.533) 0.567 (0.558–0.576)
Light_U-Net MSE 106.0 (103.5–108.4) 51.5 (50.0–53.0) 0.878 (0.875–0.881) 0.621 (0.614–0.629) 0.548 (0.526–0.570)b 0.558 (0.544–0.573)
Light_U-Net Mix 97.6 (96.6–98.7) 51.3 (50.4–52.2) 0.878 (0.876–0.880)b 0.641 (0.636–0.646) 0.538 (0.529–0.546) 0.568 (0.562–0.573)b

VGG U-Net MAE 101.5 (99.8–103.3) 60.1 (58.3–61.9) 0.859 (0.856–0.863) 0.667 (0.662–0.672) 0.454 (0.431–0.476) 0.516 (0.497–0.534)
VGG U-Net MSE 111.5 (106.2–116.7) 55.1 (52.2–58.0) 0.869 (0.864–0.875) 0.614 (0.606–0.622) 0.521 (0.498–0.543) 0.538 (0.517–0.558)
VGG U-Net Mix 103.4 (100.9–105.9) 55.7 (53.6–57.9) 0.869 (0.865–0.873) 0.643 (0.637–0.648) 0.492 (0.471–0.513) 0.532 (0.514–0.55)
VGG U-Net TL MAE 99.2 (97.8–100.6) 58.0 (56.6–59.4) 0.864 (0.861–0.867) 0.668 (0.663–0.674)b 0.470 (0.450–0.490) 0.530 (0.514–0.546)
VGG U-Net TL MSE 111.7 (108.7–114.6) 55.0 (54.0–56.1) 0.869 (0.867–0.872) 0.619 (0.611–0.627) 0.503 (0.491–0.514) 0.527 (0.517–0.536)
VGG U-Net TL Mix 103.8 (101.9–105.7) 55.9 (54.4–57.5) 0.867 (0.864–0.870) 0.630 (0.620–0.640) 0.506 (0.489–0.523) 0.540 (0.528–0.552)

Note:—TL indicates transfer learning; Avg., average.
a Ninety-five percent confidence intervals across 10 separate training iterations are shown in parentheses. Loss is computed in Hounsfield units, with lower values better
for MAE and MSE and higher values better for Pearson R, bone precision, bone recall, and bone Dice scores.
b The best score within a column.
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the Online Supplemental Data. Training on additional data from
a different hospital, vendor, or technique significantly improves
performance in terms of MAE, MSE, and the correlation coeffi-
cient for all conditions, even when the added patients are few in
number compared with the reference data set. Conversely, when
one trains models on purely separate hospitals, vendors, or MR
imaging techniques, performance significantly decreases across
the board.

DISCUSSION
Model Architectures and Loss Functions
With regard to DL architecture, there are 2 classes of models that
are suitable for image-to-image translation: encoder-decoder net-
works and conditional generative adversarial networks. Generative
adversarial networks have the distinct advantage of learning to syn-
thesize realistic-looking images when paired images from the
source and target domain (eg, coregistered MR imaging and CT
slices) are unavailable during training.23-26 In the presence of
paired CT/MR imaging training data, recent experiments suggest
that encoder-decoder networks tend to outperform generative
adversarial networks in the CT/MR imaging domain in terms of
MAE, MSE, and other metrics.27 We selected the U-Net architec-
ture in particular because its skip connections between each
encoder and decoder layer allow precise spatial information from
the MR imaging to be propagated to the synthetic CT.

While transfer learning has been traditionally considered helpful
when training large models for tasks with relatively small data sets
(as is often the case for medical imaging), our study suggests that
for MR imaging-to-CT image synthesis, smaller models with fewer
training parameters may be more suitable. This result is supported
by recent systematic studies that found that the transfer accuracy
(specifically with models pretrained on ImageNet) is very sensitive
to how exactly the pretraining was done.28-30 For example, many

common forms of regularization may increase ImageNet accuracy
but are less suited for transfer learning. An alternative transfer
learning approach for future experiments could include finding a
related image-translation task for which paired training data are
available on a large scale. In general, if more training data are avail-
able, larger models may still be able to perform better for this task.

In terms of error minimization, low loss based on pixel-level sta-
tistics does not ensure a visually convincing and spatially accurate
image rendering. We attempted to numerically quantify synthetic
CT image quality by measuring bone precision, recall, and Dice
scores on the basis of multiple gray-level thresholds. In addition,
clinical assessment of synthetic CT images was performed by a neu-
roradiologist with expertise in bone MR imaging. Both numerically
and visually, there were competing trade-offs in MAE-versus-MSE
loss, and these trends persisted across all network architectures.
This persistence can be because MAE error is computationally
more tolerant of abrupt intensity changes between neighboring pix-
els, allowing small local errors and less bulk density assignment of
bone. Therefore, MAE loss achieves higher precision, higher speci-
ficity, a lower false-positive rate, and higher a false-negative rate for
bone. Visually, this results in a high-contrast image with sharply
defined edges and a tendency to undercall bone. On the other
hand, MSE loss penalizes individual outliers more heavily and so
enforces a more universally balanced error. Therefore, MSE loss
achieves higher recall (sensitivity), a higher false-positive rate, and a
lower false-negative rate for bone. Visually, these findings result in
a smoother and more regularized image with bulk density assign-
ment to larger areas and a tendency to overcall bone. Using a
mixture loss allows a balance among these competing factors, sug-
gesting that the weighting coefficient a could be titrated depending
on the clinical use case.

As previously mentioned, prior synthetic CT articles have
used conventional or DL-based approaches in anatomically

FIG 1. Comparison of different encoder-decoder models. The first column shows real MR imaging and real CT. Subsequent columns show syn-
thetic CTs generated by Light_U-Net, VGG U-Net, and VGG U-Net transfer learning, as well as pixel-wise difference maps between synthetic
CT and real CT. Red indicates that synthetic CT is darker than real CT; blue, synthetic CT is brighter than real CT (Refer online version for colors).
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simpler regions, including the normal adult head, torso, and
extremities, for nondiagnostic applications, including radiation
therapy planning and PET attenuation and correction.13-17 More
recent work has also described conventional or DL-powered
approaches to synthetic CT using other MR imaging sequences
such as GRE, T1, and T2.31,32 The physics of these sequences is
inherently less sensitive to cortical bone so that postprocessing
approaches are destined to be less accurate. Indeed, the sample
synthetic CT output from these articles is low-resolution and
insufficient for diagnostic radiology use.

Review of the computationally optimized model (Light_U-
Net, MAE) by expert neuroradiologists showed clear potential
clinical value over existing conventional and DL algorithms. Our
synthetic CT algorithm visibly recaptured bone microstructure in
areas pushing the limits of the MR imaging technique, generated
fewer false-negative and false-positive bone assignments, and
enabled distinction among nonbone tissues. Given that the net-
work architectures and loss functions we used are similar to those
described in prior DL studies, our improved results are best
attributed to the use of real-world clinical data.

Advancement of clinical implementation will need to include
large-scale systematic human reviews of DL algorithms to quan-
tify the usefulness for diagnostic evaluation and interventional
planning. At our institution, we are conducting a noninferiority
trial of bone MR imaging versus CT, with CT representing the
criterion standard technique or ground truth. Expert radiologists
are independently evaluating CT, bone MR imaging, and syn-
thetic CT images (Light_U-Net, MAE) to provide numeric scores
(0–10) for visibility of key anatomic landmarks (calvaria, sutures,
fontanelles, orbits, nose, jaw, teeth, paranasal sinuses, skull base,
temporal bone, and cervical spine). For the patients analyzed in
this study, CT landmark mean ratings ranged from 9.4 (SD , 0.52)

for the calvaria to 9.1 (SD , 0.91) for temporal bone. For MR
imaging, the highest rated landmark was also the calvaria (mean,
9.0 [SD , 0.86]) and the lowest was the temporal bone (mean , 7.2
[SD 1.39]). For synthetic CT, the highest rated landmark was the
calvaria (mean , 8.1 [SD , 0.92]) and the lowest was the paranasal
sinus (mean, 6.8 [SD , 2.31]). These preliminary data suggest that
landmark visibility on bone MR imaging and synthetic CT are
slightly less than on real CT but sufficient to make most clinical
diagnoses.

Furthermore, we are comparing the suitability of CT, bone MR
imaging, and synthetic CT data sets for 3D anatomic modeling
and virtual surgical planning. Biomedical engineers are processing
imaging volumes via bone segmentation, mesh triangulation, and
surface generation. Conventional anatomic modeling pipelines use
CT with density thresholding to identify bone. Therefore, source
bone MR imaging with multiple dark structures is difficult and
time-consuming to manually segment. In our experience, synthetic
CT algorithms greatly facilitate 3D processing workflow, though as
noted by radiologists, anatomic accuracy is less in challenging areas
such as facial bones and skull base. For each patient, we coregister
image data to calculate a matrix of the reference CT surface and
spatial deviation D of the nearest point on the test surface (syn-
thetic CT), displayed as a color heat map. We can then calculate
statistical metrics over the entire point cloud (mean, range, SD,
interquartile range). Based on the surgical accuracy criteria, we can
also compute the percentage of data falling within the clinically ac-
ceptable tolerance interval D ¼ (–2mm,12mm). For the patients
analyzed in this study, 86% (SD, 0.18) of all MR imaging surface
data falls within62mm of coregistered CT surface data. The larg-
est areas of deviation are attributed to missing MR imaging data
around regions of hardware and difficult-to-segment anatomic
areas, which will guide further investigation.33-36

FIG 2. Comparison of different loss functions using a Light_U-Net model. The first column shows real MR imaging and real CT. Subsequent col-
umns show synthetic CTs generated when using a loss function based on MAE, MSE, and a mixed combination, as well as pixel-wise difference
maps between synthetic CT and real CT. Red indicates that synthetic CT is darker than real CT; blue, synthetic CT is brighter than real CT (Refer
online version for colors).
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Future comparative effectiveness studies will need to account
for the relative risks and benefits of clinical workflow, ionizing
radiation exposure, examination duration, anesthesia require-
ments, diagnostic quality, and treatment outcomes. For example,
bone MR imaging represents a key alternative for at-risk patients
in whom radiation exposure must be minimized or eliminated,
ie, children, pregnant women, and patients with cancer-predispo-
sition syndromes. In such patients, CT dose reduction can yield
poor image quality below a certain dose threshold. Therefore,
ultra-low-dose CT versus no-dose bone MR imaging may yield a
more realistic and equitable image comparison.7,33-36

Model Generalizability
In general, DL approaches benefit from larger and more broadly
representative training data. This study is limited by the relatively
small sample size of 39 patients, which, nevertheless, represents
the largest documented database of paired bone MR imaging and
CT examinations in clinical patients. Because referring patterns
can vary across clinicians and institutions, we chose to include all
available head and neck imaging cases to maximize the volume
and diversity of the data set. Our study cohort includes varied
patient ages, backgrounds, and disease processes with generaliz-
able real-world imaging data, including motion and artifacts. We
standardized the preprocessing and conversion of these volumet-
ric data sets into a unique image repository of approximately
22,000 2D paired MR imaging and CT image slices. It would be
advisable for multiple institutions interested in bone MR imaging
and CT to create a multicenter consortium that can establish best
practices with regard to clinical referrals, bone MR imaging tech-
niques, image preprocessing, data sharing, and model develop-
ment to further increase the available volume and scope of
training data. As enrollment numbers increase, it may be possible
to develop algorithms tailored to specific clinical indications.
This collaborative effort will help elevate collaborations and
democratize access among radiologists, clinicians, and patients
worldwide.

Our cross-validation experiments evaluated the impact of differ-
ent hospitals, vendors, and bone MR imaging techniques on model
generalizability. These generalizability experiments showed that
training on an augmented data set that includes a different hospital,
vendor, or technique significantly improves model performance.
Conversely, when one trains models only on disparate data sets,
performance significantly decreases across the board. Taken to-
gether, these results suggest that blindly applying a model trained
only on an outside data set can be dangerous due to inherent data
variations, but augmenting a local model with additional data sets
can boost overall performance. These are key considerations for
any institution looking to practically implement bone MR imaging
and synthetic CT. Future computational work will involve further
model optimization and customization of problem-specific loss
functions. We are also considering processing input data in patches,
which would permit assembly of higher-resolution output images
than our current model.37-41

Having established a robust DL pipeline with good performance
and generalizability, we hope to facilitate adoption into clinical prac-
tice. At our institution, we are already seeing early promise for diag-
nostic and interventional applications. With larger clinical training

sets, continued enhancement of synthetic CT algorithms will
improve understanding among untrained radiologists and clinicians
and streamline downstream processing for 3D printing and surgical
navigation. Further technical advancements could even augment
diagnostic value over source MR images, as suggested by the ability
to reconstruct bone microstructure approaching MR imaging
super-resolution. As synthetic CT algorithms become more robust
and accessible, they may be increasingly accepted for clinical deci-
sion-making in head and neck imaging. True clinical validation will
require comparative effectiveness research across different clinical
use cases and multiple iterations of human expert input to guide
selection and implementation of optimal algorithms.

CONCLUSIONS
We have optimized a DLmodel for conversion of boneMR imag-
ing to synthetic CT in the head and neck on the basis of a patient
data set inclusive of diverse demographics and clinical use cases.
Our unique database consists of 39 paired bone MR imaging and
CT examinations, scanned at 2 different institutions with varying
MR imaging vendors and techniques. The Light_U-Net model out-
performed more complex VGG U-Net models, even after the use
of transfer learning. Selection of loss function on the basis of MAE
resulted in better bone precision, while MSE tended to provide bet-
ter bone recall. Performance metrics for a given model decreased
when using training data captured only in a different environment
and increased when local training data were augmented with those
from different hospitals, vendors, and techniques. By establishing a
robust DL-powered synthetic CT algorithm with good perform-
ance and generalizability, we hope to elevate the applicability of
bone MR imaging with downstream image-processing and adop-
tion into clinical practice.
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BRIEF/TECHNICAL REPORT
HEAD & NECK

DTI of the Olfactory Bulb in COVID-19-Related Anosmia: A
Pilot Study

F. Sherif, A.H. Elmokadem, A. Abdel Razek, E. Kamal, E.H.E. Abdou, M.A. Salem, and M.M. Ghoneim

ABSTRACT

SUMMARY: This study aimed to assess the utility of DTI in the detection of olfactory bulb dysfunction in COVID-19-related anos-
mia. It was performed in 62 patients with COVID-19-related anosmia and 23 controls. The mean diffusivity and fractional anisotropy
were calculated by 2 readers. The difference between the fractional anisotropy and mean diffusivity values of anosmic and control
olfactory bulbs was statistically significant (P ¼ .001). The threshold of fractional anisotropy and mean diffusivity to differentiate a
diseased from normal olfactory bulb were 0.22 and 1.5, with sensitivities of 84.4% and 96.8%, respectively, and a specificity of 100%.

ABBREVIATIONS: COVID-19 ¼ coronavirus disease 2019; FA ¼ fractional anisotropy; MD ¼ mean diffusivity; OB ¼ olfactory bulb; SARS-COV-2 ¼ Severe
Acute Respiratory Syndrome coronavirus 2

In coronavirus disease 2019 (COVID-19), morbidity and mortal-
ity are primarily attributed to pulmonary causes. However, there

is a substantial body of literature reporting a broad range of neu-
rologic manifestations, including stroke, dural sinus thrombosis,
cerebral microhemorrhage, acute necrotizing encephalopathy,
and olfactory and gustatory dysfunction.1-3

Olfactory dysfunction was underestimated early in the COVID-
19 pandemic. Nevertheless, in a study including 1480 patients,
anosmia was demonstrated in 68% of patients. Anosmia persisted
in 26% of them even after testing negative for Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-COV-2).4 The repor-
ted incidence of anosmia varied internationally: as low as 30% in
South Korea, and as high as 88% in Europe. The olfactory bulb
(OB) is considered an immunologic organ that shields the CNS
from viral infection, so its involvement could risk the CNS being
subjected to infection. Consequently, the early detection of OB
involvement in case of COVID-19 infection is very important.5,6

MR imaging can provide anatomic data about the olfactory
pathway. One of the primary parameters to evaluate the olfactory
pathway is the measurement of OB volume. However, the volume
measurements are not routinely used to assess the olfactory

pathway because they are more difficult and time-consuming than
visual analysis. Moreover, it is not easy to measure these thin
structures with great variations, even among healthy individuals,
making its efficiency as a diagnostic tool limited.7-9

DTI is a noninvasive technique that is increasingly imple-
mented. The 2 main parameters extracted from DTI are mean
diffusivity (MD) and fractional anisotropy (FA). MD demon-
strates the degree of diffusion restriction of water molecules,
while FA reflects the degree of the tissue anisotropy.10 DTI of the
OB has been performed in some diseases, such as OB gliomas
and paranasal sinus diseases.11-13 However, to our knowledge, the
validity of DTI in the evaluation of OB neuropathy has been
scarcely studied in COVID-19-related anosmia. The aim of the
current study was to assess the validity of DTI in the diagnosis of
OB dysfunction in COVID-19-related anosmia.

MATERIALS AND METHODS
Subjects
This prospective case-control observational study was approved
by the institutional review board. Informed consent was acquired
from all patients and controls. The study was conducted on 62
consecutive patients with COVID-19-related anosmia and 23
age- and sex-matched healthy controls. The olfaction in both
groups was assessed by the Smell Diskettes olfaction test.14 All
patients were anosmic with a score of zero on the Smell Diskettes
olfaction test with the polymerase chain reaction test positivity
confirming COVID-19 infection. Control group consisted of
individuals who had negative polymerase chain reaction test
results for COVID-19, showed no signs of anosmia (scores of 6–9
on the Smell Diskettes olfaction test), no history or prior imaging
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studies of sinus disease, and no prior neurologic insult nor previ-
ous operations.

MR Imaging Protocol
All scans were performed using a 1.5T MR imaging unit (Ingenia;
Philips Healthcare). All patients with symptoms of anosmia were
scanned using a coronal 3D-FLAIR sequence with the following pa-
rameters: TR/TE ¼ 8000/133ms; bandwidth ¼ 120 Hz/pixel; TSE
factor ¼ 80; section thickness ¼ 2mm; interslice gap ¼ 0.5mm;
FOV ¼ 230� 230� 20 mm2 (from the nose tip anteriorly to the
posterior sphenoidal sinus wall, from the skull vault to the hard
palate); voxel size ¼ 0.95� 0.95� 2mm; matrix ¼ 240� 240;
echo-train length ¼ 220 with variable flip angles; time of acquisi-
tion ¼ 270 seconds. DTI was performed using a single-shot echo-
planar sequence with TR/TE ¼ 3200/90ms. Diffusion gradients
were obtained along 32 axes using b-values of 0 and 1000 s/mm2.
We used the following scanning parameters: FOV ¼ 184� 184
mm2; voxel dimensions ¼ 1.8� 1.8� 1.8 mm3; number of aver-
ages¼ 14; data matrix¼ 92� 88, obtaining 48 slices with no inter-
slice gap. The total examination time was 7–8minutes. We used
parallel imaging and chose not to cover the whole brain, limiting
the acquisition to the olfactory tracts to reduce the acquisition time.

Image Analysis
Image analysis was performed by 2 experienced neuroradiologists
(F.S., M.M.G.) with 17 and 14 years of experience, respectively,
who were blinded to the clinical history of the studied individu-
als. Images were transmitted to a workstation (Extended MR
WorkSpace 2.6.3.5, Philips Medical Systems) for DTI analysis fol-
lowed by precise positioning of the ROI. The FA maps were core-
gistered with the 3D-FLAIR images and positioned at the OB
(Fig 1). MD and the FA were measured on the right and the left
OBs by each reader separately. Then the mean values of the FA
andMD for readings on both sides were calculated independently.

The OB volume was assessed by the box frame method.15 First,
the number of images with clear visibility of the OB was counted.
Second, the imaging having the most visibly distinct voxels for both
OBs was chosen as the standard image, and the OBs were framed

by a box. Furthermore, annotations were
drawn between 2 extreme points of the
OB box to calculate the width (w) and
height (h). The length (l) was calculated
by multiplying the total number of
images that showed visibly distinct OBs
by the section thickness. The final OB
volume was calculated as w � h � l in
cubic millimeters.

Statistical Analysis
The data were analyzed using SPSS 22
(IBM). Using descriptive statistics, we
calculated the mean (SD) of the MD
and FA. The significant differences
between DTI metrics in anosmic and
healthy control group were analyzed. A
P value # .05 was considered signifi-
cant. We implemented k statistics to

calculate the interreader agreement for the estimated DTI param-
eters. The receiver operating characteristic curve was established,
and the area under the curve was calculated to determine the cut-
off point of DTI parameters used for diagnosing OB neuropathy.
The cutoff point with highest sensitivity and specificity of DTI
parameters was determined by the Youden index. Sensitivity,
specificity, and accuracy were also registered.

RESULTS
The COVID-19 anosmic group (n ¼ 66) consisted of 48 females
and 14 males with an age range of 16�83 years (median, 37 years),
while the control group (n ¼ 23) consisted of 17 females and 6
males with an age range of 17–61 years (median, 36 years). The se-
verity of COVID-19 ranged from mild to moderate. All patients in
the anosmic group presented with a loss of smell and taste (100%);
other presenting symptoms were headache (80.3%), low-grade fever
(65.1%), dry cough (27.3%), dyspnea (16.6%), sore throat (46.9%),
gastrointestinal symptoms (22.7%), and rhinorrhea (60.6%). The
presentation of anosmia ranged from as early as the first day (24
patients) to a slightly delayed presentation within 2–5days in the
remainder of the patients. The median duration of anosmia was 60
days (range, 15–135 days). This study analyzed 124 OBs in 62
patients in comparison with 23 control individuals with 46 OBs.
The Online Supplementary Data demonstrate the MD and FA of
diseased and control OBs. The Online Supplementary Data show
the receiver operating characteristic curve and diagnostic perform-
ance of MD and FA for diseased and control OBs.

The mean OB volume calculated by the box frame method
was significantly higher (P, .0001) in the anosmic group (83.6
[SD, 29.6] mm3) compared with control group (30.5 [SD, 8]
mm3). The mean FA values of the 2 included groups in our study
were 0.18 (range, 0.12–0.3) for diseased OBs and 0.27 (range,
0.23–0.42) for control OBs. The FA values showed significant
variation between diseased and control OBs with P, .0005. The
area under the curve of the mean FA to differentiate both entities
was 0.949. The resulting threshold of FA to differentiate diseased
from normal OBs was 0.22, with a diagnostic accuracy of 88.4%,
sensitivity of 84.4%, and specificity of 100% (Fig 2A). The mean

FIG 1. The OB in a patient with COVID-19-related anosmia. DTI of the OB with displays on the
3D-FLAIR image. The mean MD and FA of the OB values were 1.97 mm2/s and 0.18, respectively.
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MD value of the diseased OBs was 2.3 (range, 1.3–3) and of con-
trol OBs, 1.4 (range, 1–1.5)�10�3mm2/s. A significant difference
between MD values of diseased and control OBs was demon-
strated with P, .0005. The under the curve of the mean MD to
differentiate both entities was 0.982. The resulting threshold of
MD to differentiate diseased from normal OBs was 1.51, with a
diagnostic accuracy of 97.5%, sensitivity of 96.8%, and specificity
of 100% (Fig 2B). The diagnostic performance of these cut off
values was excellent when tested on 30% of the sample which was
chosen at random.

In a secondary analysis, we compared the DTI parameter
between patients with COVID-19 and anosmia having sinus dis-
ease (26/62) with other patients negative for sinus disease (36/
62). There was no significant difference (P ¼ .6) in mean FA
between positive and negative groups (0.17 [SD, 0.02] and 0.18
[SD, 0.05], respectively). Similarly, there was no significant differ-
ence (P ¼ .6) in mean MD between both groups (2.3 [SD, 0.7]
and 2.2 [SD, 0.4] �10-3mm2/s, respectively). The results demon-
strated excellent interobserver agreement between both readers
using FA and MD in sorting the OBs of diseased and control
individuals (k ¼ 0.915 and 0.892, respectively).

DISCUSSION
In the current study, DTI with its unique parameters (MD and FA)
revealed a noteworthy significance in differentiating patients with
COVID-19 and anosmia from control individuals. Moreover, an
excellent interobserver agreement of the MD and FA readings was
obtained denoting the consistency of their significance. The impact
of the MD values of the OB in patients with anosmia must be high-
lighted because it varied greatly from values of the control group,
being much higher in subjects with anosmia. This finding is a mere
reflection of the inflammatory edema in the virally infected OBs.
This could be a long-lasting sequala, even after the subsidence of
the COVID-19 viral infection. It also concurs with studies reporting
improvement of the smell sensation after topical and systemic corti-
costeroid therapy.16 On the other hand, the FAs of the OBs were
significantly less than those in the control group. On the basis of

our results, MD was introduced as a more powerful differentiating
parameter than FA, as the difference in MD values between the 2
groups was more evident than the difference between the 2 groups
regarding the FA values. This finding could be attributed to the rela-
tive preservation of the intercellular anisotropy. Similar results were
reported by Taha et al,13 who reported a significantly lower FA in
11 patients with anosmia and 3 with hyposmia secondary to chronic
sinonasal polyposis compared with the control group. Another
study reported changes in the DTI parameters in Parkinson disease
and showed significant FA reduction (P, .05) for the hyposmic
Parkinson disease group compared with controls.12 Moreover,
Güllmar et al11 reported improvement in the results of olfaction
tests and the DTI parameters measured in the olfactory pathway,
including the OBs after functional endoscopic sinus surgery.

The persistent prolonged rise of MD after recovery from SARS-
COV-2 infection is suggestive of an extended inflammatory pro-
cess, even after the subsidence of other COVID-19 symptoms.
This inference could be supported by the results of the study of Lu
et al,17 in which MR imaging was performed 3–4months after
SARS-COV-2 infection. Their MR volumetric analyses reported
significantly increased gray and white matter volumes compared
with those of control noninfected individuals. Lee et al18 performed
MR microscopy, histopathologic evaluation, and immunohisto-
chemical analysis of postmortem brain and olfactory bulbs for
patients who died from COVID-19 and found multifocal micro-
vascular injury without evidence of viral infection. These data may
explain the changes observed on DTI parameters of the OBs in
patients with anosmia and COVID-19.

The current study had some drawbacks. The relatively limited
number of patients included in both groups is a shortcoming.
Future studies comprising a greater number of patients might
yield more applicable results. Moreover, this study was conducted
using DTI metrics solely, without correlation between the volume
calculation and signal intensity alteration. A more thorough
investigation highlighting multiparametric MR imaging parame-
ters including quantitative volumetry, signal intensity analysis,
and other clinical tests for olfaction is recommended.

FIG 2. Receiver operating characteristic curves of FA (A) and MD (B) used for differentiation of a diseased and normal OB by both readers. RT
indicates right; LT, left.
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CONCLUSIONS
DTI parameters are valuable noninvasive quantitative tools that
could help in diagnosis of the OB dysfunction in COVID-19-
related anosmia.

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

Normalized Parameters of Dynamic Contrast-Enhanced
Perfusion MRI and DWI-ADC for Differentiation between
Posttreatment Changes and Recurrence in Head and Neck

Cancer
A. Baba, R. Kurokawa, E. Rawie, M. Kurokawa, Y. Ota, and A. Srinivasan

ABSTRACT

BACKGROUND AND PURPOSE: Differentiating recurrence from benign posttreatment changes has clinical importance in the imag-
ing follow-up of head and neck cancer. This study aimed to investigate the utility of normalized dynamic contrast-enhanced MR
imaging and ADC for their differentiation.

MATERIALS AND METHODS: This study included 51 patients with a history of head and neck cancer who underwent follow-up
dynamic contrast-enhanced MR imaging with DWI-ADC, of whom 25 had recurrences and 26 had benign posttreatment changes.
Quantitative and semiquantitative dynamic contrast-enhanced MR imaging parameters and ADC of the ROI and reference region
were analyzed. Normalized dynamic contrast-enhanced MR imaging parameters and normalized DWI-ADC parameters were calcu-
lated by dividing the ROI by the reference region.

RESULTS: Normalized plasma volume, volume transfer constant between extravascular extracellular space and blood plasma per minute
(Ktrans), area under the curve, and wash-in were significantly higher in patients with recurrence than in those with benign posttreatment
change (P ¼ .003 to ,.001). The normalized mean ADC was significantly lower in patients with recurrence than in those with benign
posttreatment change (P, .001). The area under the receiver operating characteristic curve of the combination of normalized dynamic
contrast-enhanced MR imaging parameters with significance (normalized plasma volume, normalized extravascular extracellular space
volume per unit tissue volume, normalized Ktrans, normalized area under the curve, and normalized wash-in) and normalized mean ADC
was 0.97 (95% CI, 0.93–1).

CONCLUSIONS: Normalized dynamic contrast-enhanced MR imaging parameters, normalized mean ADC, and their combination
were effective in differentiating recurrence and benign posttreatment changes in head and neck cancer.

ABBREVIATIONS: AUC ¼ area under the curve; AUROCC ¼ area under the receiver operating characteristic curve; DCE ¼ dynamic contrast-enhanced; EES ¼
extravascular extracellular space; Kep ¼ rate transfer constant between EES and blood plasma per minute; Ktrans ¼ volume transfer constant between extrava-
scular extracellular space and blood plasma per minute; n- ¼ normalized; Ve ¼ extravascular extracellular space volume per unit tissue volume; Vp ¼ plasma
volume; WI ¼ wash-in; WO ¼ washout

The main aims of imaging evaluation in the follow-up of head
and neck cancer after treatment are to determine the effect of

treatment, evaluate disease control, and detect local recurrence. Local
recurrence is one of themost clinically important forms of recurrence
in head and neck cancer,1 and its early detection is important because
it leads to subsequent salvage therapy. Posttreatment changes such as

edema, inflammation, and fibrosis may cause difficulty in differenti-

ating recurrences from benign posttreatment changes during follow-

up imaging evaluation,2-4 and tissue biopsymay be required for path-

ologic confirmation in some patients. Contrast-enhanced CT and

PET/CT are the principal imaging modalities for posttreatment eval-

uation of head and neck cancer;5 however, patients may undergo

MR imaging when it is difficult to distinguish between recurrence

and posttreatment changes.
Dynamic contrast-enhanced MR imaging (DCE-MR imaging)

is a perfusion imaging technique that uses contrast media and has

many important utilities in the pre- and posttreatment evaluation

of head and neck cancer.6-15 Although several studies using DCE-

MR imaging have reported the utility of semiquantitative13,14,16,17

or quantitative parameters such as permeability surface area and
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blood volume12 for differentiating head and neck cancer recur-

rence from benign posttreatment changes, there have been no

studies that used the relatively new vascular permeability parame-

ters, such as fractional plasma volume (Vp), extravascular extracel-

lular space (EES) volume per unit tissue volume (Ve), volume

transfer constant between EES and blood plasma per minute

(Ktrans), and rate transfer constant between EES and blood plasma

per minute (Kep), or normalized DCE-MR imaging parameters

that consider intervendor and interinstitutional reproducibility.
DWI is a unique sequence of noninvasive MR imaging used to

visualize changes in the molecular motion of water and is a surro-
gate marker for cell density. DWI parameters, especially ADC,
were lower in the recurrence of head and neck cancers than in
benign changes after treatment.18-20 To date, there have been no
studies that have investigated the differentiation between head
and neck cancer recurrences and posttreatment changes using
normalized DWI-ADC that also consider intervendor and interin-
stitutional reproducibility as in the previously described normal-
ized DCE-MR imaging parameters.

This study aimed to evaluate the difference in normalized quan-
titative and semiquantitative parameters and the normalized DWI-
ADC between recurrences and benign posttreatment changes in
head and neck cancer and to investigate the combined diagnostic
performance of normalized DCE-MR imaging parameters and nor-
malized DWI-ADC.

MATERIALS AND METHODS
We obtained the institutional review board exemption of
University of Michigan for this retrospective study, and patient
consent was waived. Data were acquired in compliance with all
applicable Health Insurance Portability and Accountability
Act regulations. All procedures followed were in accordance
with Helsinki Declaration of 1975, as revised in 2008. Data
were de-identified before any analysis.

Patients
Consecutive patients with a history of head and neck cancers from
January 2014 to September 2020 who underwent follow-up DCE-
MR imaging were searched by the electronic database of our insti-
tution. Seventy-seven patients whose primary malignancies were
previously treated were included in this study. In our institution,
all postoperative MR imaging protocols for patients with a history
of head and neck malignancy include DCE-MR imaging except
for patients with limitations such as intolerance to the test, contrast
allergy, and narrow veins preventing bolus injection. One patient
in whom postoperative changes could not be identified on MR
imaging was excluded. Seven patients in whom DWI-ADC was
difficult to evaluate due to artifacts and 3 patients in whom DWI-
ADC of the neck region was not performed were excluded. Fifteen
patients for whom anMR imaging vendor was used other than the
one included in this study were excluded. Fifty-one patients
matched the selection criteria (Online Supplemental Data). All
patients were classified into 2 groups: the recurrence group and
the benign posttreatment change group. Patients were included in
the recurrence group if they had pathologic or unequivocal radio-
logic evidence, including follow-up examination or [18F] FDG-

PET/CT, of recurrent malignancy. Patients were included in the
benign posttreatment change group if they had no pathologic evi-
dence of recurrent malignancy or showed stable or improved
imaging findings for.1 year.

MR Imaging Acquisition
MR imaging examinations were performed using 1.5T (n ¼ 33)
and 3T (n ¼ 18) MR imaging systems (Ingenia, Achieva; Philips
Healthcare). DWI was performed with b-values of 0 and 1000
s/mm2 and the following parameters: TR range, 10,000–4000ms;
TE range, 98–55ms; number of excitations, 1–2; section thick-
ness/gap, 3.5–6/–1–1mm; FOV, 225–255� 225–255mm; matrix,
120–200� 120–200; and 3 diffusion directions. DCE-MR imag-
ing scans were obtained via 3D T1-weighted fast-field echo.
Parameters for 3D T1-weighted fast-field echo were as follows:
TR, 4.8ms; TE, 2ms; flip angle, 30°; section thickness/gap,
5/–2.5mm; FOV, 240� 240mm; matrix, 240� 240; number of
excitations, 1; number of slices per dynamic scan, 48; temporal
resolution, 8.8 seconds; total acquisition time, 4minutes 24 sec-
onds. An intravenous bolus of 20mL of gadobenate dimeglumine
contrast (MultiHance; Bracco Diagnostics) was administered
through a peripheral arm vein using a power injector with a flow
rate of 5.0mL/s, followed by a 20-mL saline flush.

Patients Demographics
The patient demographics, including age, sex, subsite, and histo-
logic diagnosis of primary cancer, treatment method, and the
reference method of recurrences or posttreatment changes, were
reviewed from the electronic medical records.

ADC Analysis
ADC maps were constructed by a monoexponential fitting model
using available software (Olea Sphere, Version 3.0; Olea Medical).
Two head and neck radiologists with 11 and 20 years of experience
outlined 3 separate ROIs on the ADC maps, predominantly
including the low-signal-intensity region while excluding cystic or
necrotic regions from ROIs with consensus. Another ROI was
placed as a reference in the spinal cord, which was included in the
FOV of every study.21 For each ROI, normalized (n-) mean ADC
(nADCmean) was calculated by dividing the mean ADC by the ref-
erence mean ADC of the spinal cord. The values of mean ADC
and nADCmean of 3 ROIs were averaged.

Quantitative and Semiquantitative DCE Analysis
Quantitative DCE-MR imaging analyses were performed using
Olea Sphere, Version 3.0, based on the extended Tofts model, by
which pixel-based parameter maps are calculated from time-in-
tensity curves. An arterial input function was calculated automati-
cally using cluster analysis techniques, and deconvolution of the
arterial input function was performed with a time-insensitive
block-circulant singular-value decomposition.22 The 2 head and
neck radiologists outlined 3 separate ROIs in the lesions on per-
meability maps, predominantly including the enhancing compo-
nents while excluding cystic or necrotic regions from the ROIs
with consensus. The calculated quantitative parameters were Vp,
Ve, Ktrans, and Kep. Semiquantitative analysis was also performed
using the same ROIs described above using the Olea Sphere 3.0
software. The average signal intensity within the ROIs was plotted
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against time, and time-intensity curves were constructed. The fol-
lowing parameters were calculated on a pixel-by-pixel basis from
the time-intensity curves: area under the curve (AUC; the relative
quantity of contrast agent across time), wash-in (WI; velocity of
enhancement), and washout (WO; velocity of enhancement loss).
For each ROI, normalized DCE-MR imaging parameters were cal-
culated by dividing the mean value within the ROI placed in the
lesion by the mean value within the reference ROI placed in the
muscle tissue. The values of normalized DCE-MR imaging quanti-
tative and semiquantitative parameters of the 3 ROIs were
averaged.

Statistics
Shapiro-Wilk tests were performed to confirm the normality of
distribution in each parameter. The Mann-Whitney U test was
used to compare normalized DCE-MR imaging quantitative and
semiquantitative parameters (nVp, nVe, nKtrans, nKep, nAUC,
nWI, and nWO), age, and nADCmean between the recurrences
and benign treatment changes. Sex was compared between the
recurrences and benign treatment changes using the Fisher exact
test. For parameters that showed a statistically significant differ-
ence, the optimal cutoff values in receiver operating characteristic
analysis were determined as a value to maximize the Youden
index (sensitivity 1 specificity �1). Diagnostic performances
were calculated on the basis of the cutoff values. Several parame-
ters that were significantly different in the univariate analysis
described above were combined by logistic regression analysis to
calculate the area under the receiver operating characteristic
curve (AUROCC) as a combined parameter. Family-wise error–
corrected 2-sided P values , .05 were considered statistically

significant. Family-wise error correc-
tion was performed by the Bonferroni
method. All statistical analyses were per-
formed using R, Version 3.6.1 (http://
www.r-project.org/).

RESULTS
Fifty-one patients were included in the
study, of whom 25 had recurrence and
26 had benign posttreatment changes.
The results of demographic and clinical
data are summarized in the Online
Supplemental Data. The most common
sites of primary cancer were major sali-
vary glands (14/51, 27.5%), sinonasal
cavity (11/51, 21.6%), oral cavity (10/
51, 19.6%), nasopharynx (8/51, 15.7%),
and oropharynx (6/51, 11.8%). The his-
tology of primary cancer mainly con-
sisted of squamous cell carcinoma (26/
51, 51%), adenoid cystic carcinoma
(13/51, 25.5%), and mucoepidermoid
carcinoma (7/51, 13.7%). The most
common treatment methods were sur-
gery and radiation therapy (15/51,
29.4%), followed by chemoradiotherapy
(14/51, 27.5%) and surgery (14/51,

27.5%). The reference method of recurrence was mostly per-
formed by pathology correlation (20/26, 76.9%), and the refer-
ence method of benign posttreatment changes was mainly by
imaging follow-up (21/25, 84%). No significant differences in me-
dian patient age were found between the recurrence and benign
posttreatment change groups (65 years; range, 21–89 years) ver-
sus 57.5 years (range, 22–77 years), respectively (P ¼ .25). No sig-
nificant differences in sex were found between the recurrence
and benign posttreatment groups (male/female, 14:11 versus
17:9, respectively; P¼ .57).

DCE-MR Imaging and ADC Parameters
Results of DCE-MR imaging and ADC analyses are summarized
in the Table. A pulsed input pattern was observed in the arterial
input function curves in all patients. nVp, nKtrans, nAUC, and nWI
were significantly higher in patients with recurrence than in those
with benign posttreatment change (nVp: median, 7.00 [range,
0.50–17.33] versus 2.02 [range, 0.33–14.33]; P ¼ .003; nKtrans: me-
dian, 3.87 [range, 0.66–101.00] versus 1.27 [range, 0.03–8.00];
P, .001; nAUC: median, 3.34 [range, 1.31–20.81] versus 1.39
[range, 0.01–9.96]; P, .001; nWI: median, 4.13 [range, 0.99–
20.17] versus 1.70 [range, 0.07–32.48], respectively; P, .001). The
cutoff value of nVp was 3.68 (sensitivity, 0.69; specificity, 0.76;
AUROCC, 0.74 [95% CI, 0.76–0.92]); that of nKtrans was 3.02 (sen-
sitivity, 0.85; specificity, 0.64; AUROCC, 0.79 [95% CI, 0.67–0.91]);
that of nAUC was 2.04 (sensitivity, 0.69; specificity, 0.88;
AUROCC, 0.80 [95% CI, 0.68–0.92]); and that of nWI was 2.69
(sensitivity, 0.69; specificity, 0.84; AUROCC, 0.79 [95% CI, 0.66–
0.92]) (Fig 3A, -B). No significant difference was found in nVe,
nKep, and nWO between the recurrence and benign

DCE-MR imaging and ADC parameters
Recurrence (n = 25)
(Median [Range])

Benign Posttreatment Change
(n = 26) (Median [Range]) P Value

DCE parameters
Vp 0.09 (0.02–0.22) 0.05 (0.01–0.14)
Reference Vp 0.01 (0.01–0.04) 0.02 (0.01–0.05)
nVp 7.00 (0.50–17.33) 2.02 (0.33–14.33) .003a

Ve 0.39 (0.07–0.98) 0.28 (0.01–1.08)
Reference Ve 0.14 (0.01–0.26) 0.19 (0.07–0.67)
nVe 2.55 (0.32–97.66) 1.56 (0.01–6.35) .014
Ktrans 0.25 (0.06–1.02) 0.13 (0.01–0.39)
Reference Ktrans 0.08 (0.01–0.15) 0.11 (0.04–0.33)
nKtrans 3.87 (0.66–101.00) 1.27 (0.03–8.00) ,.001a

Kep 0.61 (0.39–2.03) 0.50 (0.16–2.12)
Reference Kep 0.48 (0.02–1.36) 0.55 (0.32–1.06)
nKep 1.45 (0.47–26.17) 0.96 (0.28–2.69) .009
AUC 28,265 (3523–427,571) 11,887 (537–335,025)
Reference AUC 7119 (615–188,345) 7890 (3530–185,938)
nAUC 3.34 (1.31–20.81) 1.39 (0.01–9.96) ,.001a

WI 1.03 (0.29–2102.33) 0.70 (0.06–38.00)
Reference WI 0.38 (0.02–696.00) 0.33 (0.07–21.24)
nWI 4.13 (0.99–20.17) 1.70 (0.07–32.48) ,.001a

WO 0.68 (0.01–472.33) 0.57 (0.01–18.99)
Reference WO 0.08 (0.01–117.00) 0.43 (0.02–27.28)
nWO 3.78 (0.31–292.88) 1.35 (0–109.00) .016
ADC value 1.01 (0.55–1.30) 1.61 (1.02–2.53)
Reference ADC 0.79 (0.56–0.94) 0.78 (0.67–0.99)
nADCmean 1.31 (0.77–1.65) 2.07 (1.39–3.04) ,.001a

a Statistically significant.
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posttreatment change groups. nADCmean was significantly lower
in patients with recurrence than in those with benign posttreat-
ment change (recurrence: median, 1.31 [range, 0.77–1.65] versus
benign posttreatment change, 2.07 [range, 1.39–3.04]; P, .001).
The cutoff value of nADCmean was 1.65 (sensitivity, 0.92; specific-
ity, 1.00; AUROCC, 0.97 [95% CI, 0.93–1]). Representative MR
images of recurrence and benign posttreatment changes are dem-
onstrated in Figs 1 and 2 and the Online Supplemental Data.

Diagnostic Performance
The AUROCC of the combination of normalized quantitative and
semiquantitative DCE-MR imaging parameters with significance
(nVp, nKtrans, nAUC, and nWI) was 0.81 (95% CI, 0.69–0.93)
(Fig 3C). Furthermore, the AUROCC of the combination of nor-
malized DCE-MR imaging parameters with significance (nVp,
nVe, nKtrans, nAUC, and nWI) and nADCmean was 0.97 (95% CI,
0.93–1) (Fig 3C).

DISCUSSION
This study evaluated the characteristics
and differences of normalized parameters
of dynamic contrast-enhanced perfusion
MR imaging and DWI-ADC between
recurrence and posttreatment changes in
head and neck cancer. Normalized quan-
titative DCE-MR imaging parameters
(nVp and nKtrans), normalized semiquan-
titative DCE-MR imaging parameters
(nAUC and nWI), and nADCmean were
significantly different between the recur-
rence and benign posttreatment change
groups. The combined AUROCC was as
high as 0.97 when using these parameters
to differentiate recurrence and benign
posttreatment changes.

DCE-MR imaging is a type of perfu-
sion imaging technique that uses contrast
media, and studies using quantitative pa-
rameters in head and neck cancer play
important roles in the prediction of tu-
mor hypoxia6,7 and treatment response,8,9

determination of treatment response,10,11

and differentiation between recurrence
and posttreatment changes.12 The utility
of semiquantitative parameters on DCE-
MR imaging in differentiating head and
neck cancer recurrence from posttreat-
ment changes13,14 and that of quantitative
parameters, such as permeability surface
area and blood volume,12 are in agree-
ment with the results of this study.
Although these studies and the present
study have both used semiquantitative
and quantitative parameters, the reliability
of semiquantitative parameters cannot be
guaranteed, especially when the protocols
are different.23 To compensate for this
disadvantage, statistical processing using
normalized DCE-MR imaging parame-
ters was performed in this study, and sig-
nificant differences were confirmed for
many of the normalized DCE-MR imag-
ing parameters. If we used normalized
data, our results are expected to be repro-
ducible in many other institutions that
use DCE-MR imaging if the imaging is

FIG 1. A case of head and neck cancer recurrence. A 72-year-old man after an operation and radia-
tion therapy for squamous cell carcinoma of the floor of the mouth. The left side of the floor of
the mouth shows some high signal intensity (arrows) on T2WI (A) and mild enhancement (dotted
arrows) on postcontrast fat-suppressed T1WI (B). The ADCmap (C) shows low signal (arrowheads),
with an nADCmean of 1.38. DCE-MR imaging (D, Vp; E, Ve; F, Ktrans) shows increased parameters (thick
arrows), with an nVp of 7.33, nVe of 3.93, and nKtrans of 5.44.

FIG 2. Benign posttreatment change of head and neck cancer in a 64-year-old woman after sur-
gery and radiation therapy for mucoepidermoid carcinoma of the left parotid gland. The left pa-
rotid surgical bed shows low signal intensity (arrow) on T2WI (A) and mild enhancement (dotted
arrow) on postcontrast fat-suppressed T1WI (B). The ADC map (C) shows no prominent low signal
(arrowhead), with an nADCmean of 1.75. DCE-MR imaging (D, Vp; E, Ve; F, Ktrans) shows no increased
parameters (thick arrows) with an nVp of 0.33, nVe of 0.33, and nKtrans of 0.03.
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performed with the same protocol. In addition, this study used rela-
tively new vascular permeability parameters, such as Vp, Ve, Ktrans,
and Kep, and their usefulness in differentiating recurrence from be-
nign posttreatment changes has not been previously reported.

Previous studies have shown that ADC values in recurrent
head and neck cancer lesions are lower than those after benign
posttreatment changes,18-20 consistent with the results in the
present study. The use of normalized ADCs in the present study
and the aforementioned normalized DCE-MR imaging parame-
ters is expected to be reproducible in other institutions by mini-
mizing the effects of several factors that may affect the ADC
values such as differences in MR imaging scanners, magnetic field
strength, and patient variability.24

In the present study, the AUROCC of the combined normal-
ized DCE-MR imaging parameters was high (0.81). The normal-
ized DCE-MR imaging parameters (nVp, nKtrans, nAUC, and
nWI), which showed significant differences in the present study,
should be evaluated comprehensively rather than separately to be
more effective in differentiating head and neck cancer recurrence
from benign posttreatment changes. Furthermore, the combined
normalized DCE-MR imaging parameters and nADCmean that
showed a significant difference in the present study showed a
high AUROCC value of 0.97. Notably, [18F] FDG-PET/CT has
very high specificity and sensitivity for differentiating head and
neck cancer recurrences from posttreatment changes,25 with a
high AUROCC of 0.975,26 which is comparable with an AUROCC
of 0.97 for the combined evaluation of normalized DCE parame-
ters and nADCmean in the present study. Although this study dem-
onstrated the usefulness of normalized DCE parameters and
nADCmean, further study is needed to determine whether they can
be used as a substitute for PET/CT. PET/CT has advantages over
MR imaging such as the ability to detect systemic metastases. On
the contrary, MR imaging has advantages such as superior spatial
and tissue resolution and better medical cost.

There are several limitations in the present study. First, this
was a single-center retrospective study. Second, the pathology of
the included cases was heterogeneous, with only 51% of squamous
cell carcinoma (typical of head and neck cancer) and salivary gland

tumor cases included. Future studies with homogeneous cases of
pathology are warranted. Third, MR imaging scanners were used
with different field strengths for image acquisition. However, using
normalized DCE-MR imaging and ADC parameters, we might
minimize the risk of parameter heterogeneity. In addition, the
analyses of the diagnostic performance in this study were optimis-
tic because out-of-sample testing was not performed.

CONCLUSIONS
Normalized quantitative and semiquantitative DCE-MR imaging
parameters and ADC values effectively assessed the difference
between recurrence and benign posttreatment changes in head
and neck cancer. The diagnostic performance of the combination
of normalized DCE-MR imaging parameters and ADC values
was very high and expected to be reproducible and effective in
clinical practice.

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

Imaging Features of Craniofacial Giant Cell Granulomas: A
Large Retrospective Analysis from a Tertiary Care Center

R. Chanda, S.S. Regi, M. Kandagaddala, A. Irodi, M. Thomas, and M. John

ABSTRACT

BACKGROUND AND PURPOSE: Craniofacial giant cell granulomas are rare lesions with varied appearances on imaging. We aimed to
describe the imaging features of giant cell granulomas of the craniofacial bones.

MATERIALS AND METHODS: A retrospective analysis of the clinical features and imaging findings of 20 histopathology-proved
cases of craniofacial giant cell granulomas, dating from 2006 to 2022, was performed.

RESULTS: Of the 20 cases, 10 each were seen in men and women. The epicenter of the lesions varied in location: in the maxilla in
8 patients, in the mandible in 5, in the temporal bone in 3, in the sphenoid/clivus in 3, and in the orbit in 1 patient. On the radio-
graphs, the lesions appeared well-circumscribed, expansile, and lytic. On CT, the lesions were predominantly multiloculated, with
thin septa, a soft-tissue component, and with expansion and remodeling of the underlying bone. On MR imaging, the solid compo-
nent of the lesions was isointense on T1WI and hypointense on T2WI, with heterogeneous enhancement of the solid component
and rim enhancement of the locules. Fluid-fluid levels were present in 3 patients.

CONCLUSIONS: Giant cell granulomas commonly present as locally aggressive, expansile, multiloculated lytic lesions, with solid as
well as cystic areas. The solid component is typically hypointense on T2WI. Certain key imaging features of giant cell granulomas
can aid the radiologist in narrowing the differential diagnosis.

ABBREVIATIONS: ABC ¼ aneurysmal bone cyst; GCG ¼ giant cell granuloma; GCRG ¼ giant cell reparative granuloma; GCT ¼ giant cell tumor

The term central giant cell reparative granuloma (GCRC) was
first used by Jaffe,1 in 1953, to describe a lesion that developed

in response to intraosseous hemorrhage. There has been much
debate about the presence of the reparative component in the
pathogenesis of these granulomas;2 hence, the term giant cell
granuloma (GCG) is preferred compared with GCRG. Endosteal
GCGs are classified as central, while those arising in the soft tissue
are peripheral GCGs. The World Health Organization 2017 classi-
fication (updated version) of head and neck tumors classifies
GCGs under giant cell lesions along with cherubism, aneurysmal
bone cyst (ABC), and simple bone cyst.3,4

The craniofacial bones are the usual sites of involvement, fol-
lowed by small bones of the hands and feet.5 GCGs of the head
and neck region are known to show a female predilection, with

some lesions showing accelerated growth during pregnancy, sug-
gesting a possible hormone-dependent nature of these lesions.6

Varied imaging appearances of GCGs pose a diagnostic chal-
lenge in differentiating them from other bone lesions such as
ABCs, brown tumors, fibrous dysplasia, various odontogenic and
nonodontogenic cysts, maxillofacial malignancies, and giant cell
tumors (GCTs).

On histopathology, GCGs consist of spindled fibroblasts, col-
lagenous stroma, areas of hemorrhage, and numerous multi-
nucleated, osteoclast-type giant cells arranged in small clusters
around areas of hemorrhage, usually containing #12 nuclei.
Secondary changes with hemosiderin deposits, aggregates of
foamy macrophages, cystic changes, and reactive bone formation
may be seen in GCGs, simulating an ABC.

Solid ABCs have slender and spindle-shaped mononuclear
cells and clustering of giant cells resembling GCGs. However, wo-
ven bone trabeculae are prominent in ABCs, while hemorrhagic
foci are less conspicuous.7,8 A USP6 gene rearrangement is seen
in ABCs.9

GCGs are indistinguishable from brown tumors of hyper-
parathyroidism on imaging as well as histopathology, with
brown tumors usually containing more fibrous septa that
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subcompartmentalize these lesions into multiple lobules.3,5 On
histology, GCGs are also indistinguishable from cherubism.

The mononuclear cells in GCGs are spindle-shaped and not
oval or round as in GCT of the bones, with fewer mitotic fig-
ures.7,8 GCTs histologically have numerous large, osteoclast-type
giant cells, evenly distributed throughout the tumor with.12
nuclei. The mononuclear cells are arranged in a syncytial pattern
in GCTs. On immunohistochemistry, both GCTs and GCGs can
show an expression of p63 in mononuclear cells. Mutations in
theH3f3a gene are seen in GCTs, but not in GCGs.10-12

A summary of the key histopathologic features of GCGs,
GCTs, ABCs, and brown tumors is provided in Table 1.

It is important to differentiate GCTs and GCGs because the
former is associated with a higher recurrence rate, malignant trans-
formation, and metastatic potential compared with the latter.13

In this study, we report our experiences and observations
from a large case series to highlight the key imaging features of
GCGs that could aid in narrowing the differential diagnosis.

MATERIALS AND METHODS
In this institutional review board–approved study, all cases of cra-
niofacial GCGs diagnosed on imaging at our tertiary care center
and confirmed by histopathology during 15 years, between 2006
to 2022, were included in this study. A retrospective analysis of
their imaging findings was conducted.

The study began with a PACS search using the keywords
“GCRG,” “GCG,” and “giant” in CT and MR imaging modalities.
This yielded a list of 33 craniofacial lesions in which GCG was
provided as the radiologic/differential diagnosis. Of these cases,
24 patients underwent biopsy and 20 cases were confirmed as
GCGs, which were then included in this study. Of the remaining
9 cases, 8 patients did not undergo biopsy and 1 lesion was diag-
nosed as pyogenic granuloma on histopathology. Thus, these
cases were excluded from the study.

Of the 20 patients included in the study, local radiographs were
available for 9 patients, of which 8 were orthopantomograms and 1
was a paranasal sinus radiograph. Both CT and MR imaging were
performed in 8 patients, and only CT was performed in 12 patients.
CT scans were performed using Somatom Emotion 16-section
(Siemens) or Discovery 750 HD 128-section (GE Healthcare) scan-
ners with a section thickness of 2mm, FOV of 230 � 230, and a
bolus injection of iohexol in soft-tissue and bone algorithms.

The MR imaging studies were performed on either 1.5T
(Avanto; Siemens) or 3T (Achieva; Philips Healthcare) scanners
with similar imaging protocols and acquisition parameters:
Achieva, 3T T1-weighted spin-echo sequence (TE/TR ¼ 20/630
ms; echo-train length ¼ 6; flip angle = 90°; section thickness ¼
5mm; section gap ¼ 0.5); T2-weighted spin-echo sequence (TE/
TR ¼ 90/3500 ms; echo-train length ¼ 13; flip angle ¼ 90°; sec-
tion thickness¼ 5mm; section gap¼ 0.5); and STIR T2-weighted
spin-echo sequence (TE/TR ¼ 60/4000 ms; echo-train length ¼
11; flip angle ¼ 160°); Avanto, 1.5T T1-weighted spin-echo
sequence (TE/TR ¼ 17/460 ms; echo-train length ¼ 3; flip
angle ¼ 90°; number of averages ¼ 2; section gap ¼ 0.5); T2-
weighted spin-echo sequence (TE/TR ¼ 80/3000 ms; echo-train
length ¼ 13; flip angle ¼ 90°; section gap ¼ 0.5); and STIR T2-
weighted spin-echo sequence (TE/TR ¼ 70/3000 ms; echo-train
length¼ 11; flip angle¼ 160°). Postcontrast T1-weighted sequen-
ces were obtained after a bolus injection of 0.1mmol/kg of gado-
teric acid. SWI and DWI (b-value ¼ 800) with ADC mapping
were available for 4 patients.

The 20 confirmed lesions were assessed for location, size, num-
ber, extension, margins, matrix, septations, and loculations on all
imaging modalities. Additionally, on CT, bony remodeling, tooth
resorption, matrix mineralization, enhancement, and extraosseous
extension were assessed. OnMR imaging, intralesional signal char-
acteristics were assessed on T1WI, T2WI, STIR, SWI, DWI, and
postcontrast sequences. Intracranial extension was also assessed on
both CT and MRI. Lesions with radiologic features, such as tooth
resorption, the presence of extraosseous soft-tissue components,
and loss of plane with surrounding structures were classified as
aggressive. On the other hand, lesions that were confined to the
bone and showed scalloping, rather than erosion of the bone, dis-
placing rather than infiltrating the surrounding structures, were
classified as nonaggressive types.

The imaging findings were reviewed by 2 radiologists (R.C.
and S.S.R.) with 5 and 6 years of experience, respectively.

RESULTS
Patient Demographics
The 20 patients comprised 10 male and 10 female cases. The
mean age of the patients was 28 years (range, 7–65 years); there
were 8 pediatric and 12 adult patients. A sex-based distribution of
the location of GCGs is provided in Table 2.

Table 1: Key histopathologic features of common differentials of GCGs

GCG GCT ABC Brown Tumor
Epithelioid stroma Spindled stroma, oval-to-

elongated nuclei
Plump epithelioid with

oval nuclei
Spindled stroma, oval-to-

elongated nuclei
Spindled stroma, oval-to-

elongated nuclei with
fibrous stroma dividing

it into lobules
Giant cells 12 Nuclei in clusters

around hemorrhagic
foci

.12 Uniformly
distributed nuclei

Smaller giant cells, in
clusters, woven bone

present, less
hemorrhage

Few giant cells

Immunohistochemistry
(p63 positivity)

Yes Yes No No

Gene mutation
H3f3a mutation No Yes No No
USP6 rearrangement No No Yes No
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Clinical Presentation
The most common presenting symptom was painless, progressive
swelling (n ¼ 13). Four patients presented with recurrent episodes of
bleeding (n¼ 2 with oral bleed, n¼ 1 with epistaxis, n¼ 1 ear bleed).

Region-specific symptoms, such as otorrhea, ear pain for tem-
poral lesions, diplopia and visual disturbance in lesions involving
the orbit, nasal obstruction, and discharge in lesions with nasal
extension were also seen. GCG was incidentally identified in 1
patient who underwent a CT of the neck for a soft-tissue lesion in
the right parapharyngeal space. Most patients (n ¼ 16) presented
within 1 year of onset of symptoms. There was no reported history
of malignancy, hyperparathyroidism, radiation therapy, or regional
trauma in any patient. Among the female patients, there was no
reported history of occurrence of a new lesion or change in the size
of an existing lesion during pregnancy.

Histopathology Features
Histopathologic diagnosis of GCG was confirmed by the presence
of an ill-circumscribed cellular lesion, composed of sheets of oval-
to spindle-shaped cells with vesicular nuclei, visible nucleoli, and
moderate amounts of eosinophilic cytoplasm, with adjacent areas of
stromal fibrosis, hemorrhage, and congested blood vessels (Fig 1).
Interspersed with this stroma were many multinucleated giant cells,
the nuclei of which resembled the stromal cells. Mitotic activity was
inconspicuous. Three lesions with multiple fluid-fluid levels on MR
imaging showed features of GCG with secondary ABC on histo-
pathological examination.

Tumor Location and Extension
All 20 lesions in this study were central GCGs, originating in the
craniofacial and/or skull base bones; we did not encounter any soft-

tissue/peripheral GCGs. The epicenter of 8 lesions was in the max-
illa, 5 involved the mandible, 3 were in the temporal bone, another
3 were in the sphenoid sinus with clival involvement, and 1 lesion
was in the orbit (Table 2). The most common location of lesions in
females was in the maxilla (n¼ 5). In males, the highest number of
lesions was in the maxilla and mandible (n ¼ 3 each). Of the 5
mandibular lesions, a multifocal mandibular involvement was seen

in 1 patient, while the remaining 4 were
solitary lesions, 2 of which were in the
midline and 2 were peripherally located.

Nine of the 20 lesions had infiltrated
into the surrounding bone and/or soft tis-
sue. The orbital lesion extended into the
fronto-ethmoid sinuses and into the nasal
cavity. Parotid gland infiltration was pres-
ent in 1 patient with GCG in the temporal
bone. Intracranial extension was seen
with 1 orbital, 2 sphenoidal, and 2 tempo-
ral bone GCGs, with extradural (n ¼ 1),
dural (n ¼ 4), and cavernous sinus (n ¼
2) infiltration; brain parenchymal infiltra-
tion was not observed in any of these.

Imaging Features
Plain Radiography. Among the 9
patients who had plain radiographs

obtained, the lesions were expansile, lytic, and well-circumscribed.
There was no matrix mineralization in 8 of these 9 lesions; 1
patient had a sclerotic lesion with a ground-glass matrix.

CT Features of GCGs. On CT, 6 lesions had predominantly soft-
tissue attenuation, 8 had fluid attenuation, 5 had mixed solid-
cystic components, and 1 was sclerotic. Expansion and bony
remodeling of the involved bone was observed in 15 lesions.
Multiple loculations with thin septa were present in 10 lesions.
Septal thickening with calcification was seen in 3 lesions. Tooth
resorption was seen in 6 lesions involving the maxilla/mandible.
There was heterogeneous enhancement of the soft-tissue compo-
nent. None of the lesions had discrete foci of calcification. There
was no encasement or hypertrophy of the adjacent blood vessels.

MR Imaging Features of GCGs. OnMR imaging, the solid compo-
nent was of intermediate-to-low signal intensity on T1WI and pre-
dominantly hypointense on T2WI, with interspersed heterogeneous
areas of intermediate-to-high signal intensity. There was heterogene-
ous postcontrast enhancement of the solid areas. On visual assess-
ment, there was an absence of diffusion restriction in the T2-
hypointense areas. The ADC values in the areas of iso- to high signal
intensity on the T2WI ranged between 8.45 and 1.06� 10�3 mm2/s.
The fluid component in the GCGs was hypointense on T1WI and
hyperintense on T2W1. Multiple fluid-fluid levels of differential sig-
nal intensity on T1WI and T2WI were present in 3 cases, indicative
of hemorrhage.

Management and Follow-up
Preoperative embolization was performed in 1 patient. Six patients
underwent complete surgical resection, and another 6 patients
underwent partial or subtotal resection. Two patients underwent

FIG 1. A, H&E, original magnification �200. Cellular lesion composed of sheets of oval- to spin-
dle-shaped cells admixed with many multinucleated giant cells (short arrow), the nuclei of which
resemble stromal cells (long arrow). Mitotic activity is inconspicuous. B, H&E original magnifica-
tion �100. Hemorrhagic foci (curved arrow) and mild lymphocytic infiltrates in the surrounding
stroma.

Table 2: Sex-wise distribution of craniofacial GCGs

Male Female Total
Orbit 1 0 1
Mandible 3 2 5
Maxilla 3 5 8
Temporal 1 2 3
Sphenoid/clivus 2 1 3
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postoperative radiation therapy. Postoperative follow-up imaging
was available in 9 patients, with the follow-up period ranging from
4months to 5 years. No intervention was performed in 7 patients
who were lost to follow-up after diagnosis.

Of the 6 patients who underwent complete surgical resection
of the lesions, postoperative follow-up imaging, which was avail-
able in 3 maxillary GCGs, showed disease recurrence in all 3 at an
average interval of 39months postsurgery. Clinicoradiologic pro-
gression occurred in 3 of the 5 patients who underwent subtotal
or near-complete resection.

No features of malignant transformation were found in any of
the lesions, either at primary imaging or in any of the follow-up
imaging.

DISCUSSION
GCGs are rare tumors of the head and neck, with a high propen-
sity for recurrence. The rarity of the lesions, along with overlap-
ping imaging features with certain benign as well as malignant
lesions, make the preoperative diagnosis of GCGs challenging.

This study presents the observations of craniofacial GCGs in
the single largest case series of imaging findings reported in the lit-
erature thus far. No age- or sex-specific predilection was observed
in any site of involvement. We did not find any association of the
lesions with trauma, pregnancy, or a previous malignancy.

On imaging, craniofacial GCGs have a variable appearance.
On radiographs, the lesions are commonly solitary, expansile,
and lytic (Fig 2). On CT, the lesions are commonly heterogene-
ous and multiloculated, with remodeling of the involved bone.
Interrupted segments of focal cortical breach occur frequently,
and this is a reliable indicator of these lesions being locally
aggressive (Fig 3B). A soft-tissue component, when present,
shows heterogeneous postcontrast enhancement (Fig 3A). Tooth
resorption is a notable feature in GCGs of the mandible.

In the study by Nackos et al5 in 7 patients, matrix mineralization
was reported in all except 1 case, whereas this was an uncommon
feature in our study.

OnMR imaging in our study, the intralesional soft-tissue com-
ponent was iso- to hypointense on T1WI sequences (Fig 4A). The
lesions were heterogeneous on T2WI, with hypointense signal
being the predominant finding (Fig 4B). This feature of hypoin-
tensity on T2WI is in keeping with the limited existing literature
available on MR imaging features of GCGs and can be attributed
to the presence of fibrous tissue and repetitive hemorrhage seen
on histopathology.5,14,15 Hemorrhage within the lesions appears
as multiple fluid-fluid levels of differential signal intensity on
T1WI and T2WI sequences (Fig 5). Layered SWI hypointensity
can also be observed in multiloculated GCGs, indicating the hem-
orrhagic nature of the content (Fig 6). Three lesions with multiple
fluid-fluid levels on MR imaging (1 in the orbit and 2 in the tem-
poral bone) were reported as GCGs with secondary ABC changes
on HPE.

The solid component of GCGs shows heterogeneous enhance-
ment postcontrast (Fig 7A). Enhancement of the walls of the
locules and septa is also a common feature (Fig 7B).

FIG 2. GCG of the mandible. Orthopantomogram shows an expan-
sile, lytic central mandibular lesion with lobulated margins (asterisk).
Note the resorption of the roots of the central incisors (arrow).

FIG 3. GCG of the sphenoid bone. A, Contrast-enhanced CT of the
skull base shows a lobulated, enhancing mass in the sphenoid sinus
(short arrow). B, On the bone window, the mass expands the sphe-
noid bone and there are multiple foci of a cortical breach (long
arrow) Note the absence of matrix mineralization in the lesion.

FIG 4. MR imaging features of GCG. A, Heterogeneous intermediate-
to-high signal intensity (short arrow) on the T1-weighted sagittal
image. B, Mixed intermediate-to-hyperintense (white asterisk) and
hypointense (long arrow) solid components on T2-weighted axial
image in the sphenoid bone and clival GCG.

FIG 5. GCG of the orbit with secondary ABC changes appearing as a
multiloculated lesion with multiple fluid-fluid levels (arrow) of differen-
tial signal intensity on T1-weighted (A) and T2-weighted (B) axial images.
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Features of GCG on DWI and ADC maps and on SWI have
not been described in literature so far. Rao et al16 found that an
ADC value of 1.3 had the highest sensitivity and specificity in dif-
ferentiating benign (high ADC) from malignant (low ADC) bone
tumors. In the study by Nouh et al,17 the mean ADC value of
#1.1 � 10�3 mm2/s had a sensitivity of 86.1% for malignant

bone lesions. DWI and ADC sequences available for 4 patients in
our study did not show any diffusion restriction in the T2WI
hypointense solid areas. Furthermore, the ADC values in the inter-
mediate-to-high signal intensity areas were .1.0 � 10�3 mm2/s
(Fig 8). However, Ashikyan et al18 found that GCTs also have a
mean ADC of 1.1� 10�3 mm2.. A larger sample size is required to
arrive at a reliable conclusion on the ADC values of GCGs.

In our study, we observed that 12 patients had a combination
of .1 aggressive feature. Additionally, 4 lesions demonstrated
focal loss of a fat plane as a solitary aggressive feature. Thus, 80%
(n¼ 16/20) were locally aggressive.

Recurrence or progression of residual tumor or both were
observed in 6 of the 8 patients in whom postoperative follow-up
imaging was available. Although the data available are scant, they
imply that these lesions are locally aggressive and have an
extremely high rate of recurrence, irrespective of the type of opera-
tion performed (total-versus-partial excision).

Differential Diagnosis of Craniofacial GCGs
Differentials for lytic, expansile lesions in the craniofacial and
skull base bones include aneurysmal bone cyst, brown tumor of
hyperparathyroidism, fibrous dysplasia, giant-cell tumors, giant-
cell granulomas, and the whole gamut of odontogenic and nono-
dontogenic jaw lesions.5,14,19-21

ABCs are expansile, lytic lesions that are uncommon in the
craniofacial bones. They are multiloculated with multiple fluid-
fluid levels. Primary ABCs do not have a soft-tissue component.
Secondary ABCs can occur with GCGs.15 Failure to obtain
adequate representative biopsy samples from different areas in a
GCG can lead to sampling error and under-reporting of second-
ary ABC changes within the lesions.

A ground-glass matrix and bony remodeling are classic fea-
tures of fibrous dysplasias; however, a hypointense soft-tissue
component on T2WI is not.

Unilocular, cystic central GCGs
could be indistinguishable from other
cystic jaw and maxillary lesions on imag-
ing, such as dentigerous cysts, odonto-
genic keratocysts, radicular cysts, and so
forth. Cortical breach, however, is not
seen in these lesions and they can also be
readily differentiated from GCGs on
histopathology.

Brown tumors of hyperparathyroid-
ism and GCGs have a similar imaging
and pathologic appearance.3-5,14 While
we conducted the present study, 1
patient with a lytic mandibular lesion on
imaging and histopathologic features
showing osteoclastic granulomas was
found to have an elevated serum para-

thyroid hormone and a functioning parathyroid adenoma. This
case was diagnosed as a brown tumor and excluded from the study.

The soft-tissue component in ameloblastoma is usually hyper-
intense on T2WI. Also in maxillary and mandibular carcinomas,
the soft tissue is T2 hyperintense, along with extensive bony
destruction and peritumoral fat stranding.

FIG 6. Multiloculated GCG of the left temporal bone with fluid-fluid
levels (short arrow, A) on axial T2-weighted and layers of hypointense
signal (long arrow, B) on a susceptibility-weighted imaging.

FIG 7. Patterns of enhancement in GCG (on postgadolinium T1WI). A,
Solid, sphenoidal GCG shows heterogeneous enhancement (short
arrow). B, Multiloculated right-orbital GCG with enhancing walls (long
arrow).

FIG 8. GCG of the right petrous bone. The lesion (arrow) is heterogeneous with peripheral, inter-
mediate-signal-intensity soft tissue and central cystic area on (A) T2-weighted. DWI (B) and ADC
map (C) of the lesion.
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The soft-tissue component in both GCGs and GCTs is of in-
termediate-to-low signal intensity on T2WI. However, GCTs in
the head and neck are extremely uncommon.5,15,22 GCTs also
have a potential to metastasize to other organs such as the lungs, a
finding we did not observe with GCGs in our study. Given the
considerable overlap in the imaging findings of GCGs and GCTs,
it is imperative for the radiologist to be aware of these 2 entities
and include both in the differential diagnosis of craniofacial
lesions with a hypointense solid component on T2WI.

Limitations
Due to the rarity of craniofacial GCGs, only a limited sample size
could be obtained for analysis. Because our study was retrospec-
tive in nature, imaging modalities, protocols, and MR imaging
sequences were not uniform across all patients.

CONCLUSIONS
GCGs are rare, slow-growing, often painless tumor mimics of osse-
ous lesions of the head and neck. As opposed to findings in the
existing literature, no sex predilection or any association with
trauma or pregnancy was noted in our study. Key imaging features
of GCGs include solitary, expansile, lytic lesions with focal areas of
cortical breach, and associated bony remodeling, often with mixed
cystic and solid components. The solid component, when present,
is hypointense on T2WI and enhances on postcontrast imaging
but does not show diffusion restriction. Multiple fluid-fluid levels,
when present, are indicative of secondary ABC changes within
GCGs. Owing to a high rate of postoperative recurrence, it is im-
perative to assess, on imaging, all GCGs for aggressive features like
tooth resorption, the presence of an extraosseous soft-tissue com-
ponent, and the loss of plane with the surrounding structures.
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MR Imaging of Pediatric Low-Grade Gliomas: Pretherapeutic
Differentiation of BRAF V600E Mutation, BRAF Fusion, and
Wild-Type Tumors in Patients without Neurofibromatosis-1
A. Trasolini, C. Erker, S. Cheng, C. Crowell, K. McFadden, R. Moineddin, M.A. Sargent, and D. Mata-Mbemba

ABSTRACT

BACKGROUND AND PURPOSE: The prognosis and treatment of pediatric low-grade gliomas is influenced by their molecular sub-
type. MR imaging remains the mainstay for initial work-up and surgical planning. We aimed to determine the relationship between
imaging patterns and molecular subtypes of pediatric low-grade gliomas.

MATERIALS ANDMETHODS: This was a retrospective bi-institutional study for patients diagnosed from 2004 to 2021 with patholog-
ically confirmed pediatric low-grade gliomas molecularly defined as BRAF fusion, BRAF V600E mutant, or wild-type (which is neither
BRAF V600E mutant nor BRAF fusion). Two neuroradiologists, blinded, independently reviewed imaging parameters from diagnostic
MRIs, and discrepancies were resolved by consensus. Bivariate analysis was used followed by pair-wise comparison of the Dwass-
Steel-Critchlow-Fligner method to compare the 3 molecular subtypes. Interreader agreement was assessed using k .

RESULTS: We included 70 patients: 30 BRAF fusion, 19 BRAF V600E mutant, and 21 wild-type. There was substantial agreement
between the readers for overall imaging variables (k ¼ 0.75). BRAF fusion tumors compared with BRAF V600E and wild-type tumors
were larger (P ¼ .0022), and had a greater mass effect (P ¼ .0053), increased frequency of hydrocephalus (P ¼ .0002), and diffuse
enhancement (p ,.0001). BRAF V600E mutant tumors were more often hemispheric (P, .0001), appeared more infiltrative (P ¼ .0002),
and, though infrequent, were the only group demonstrating diffusion restriction (qualitatively; P ¼ .0042) with a lower ADC ratio
(quantitatively) (P ¼ .003).

CONCLUSIONS: BRAF fusion and BRAF V600E mutant pediatric low-grade gliomas have unique imaging features that can be used
to differentiate them from each other and wild-type pediatric low-grade glioma using a standard radiology review with high inter-
reader agreement. In the era of targeted therapy, these features can be useful for therapeutic planning before surgery.

ABBREVIATIONS: IQR ¼ interquartile range; pLGG ¼ pediatric low-grade glioma; WHO ¼ World Health Organization

Pediatric low-grade gliomas (pLGGs) make up the largest pro-
portion, about 30%, of all pediatric CNS tumors.1 pLGGs have

a favorable 10- to 20-year overall survival of approximately 90%–
95%.2 However, pLGGs can lead to severe morbidity.3 Upfront
surgical resection can result in a cure;4 however, more than half of
the pLGGs are not completely resected, and subsequent treatment
with chemotherapy is commonly required.5,6 Five-year progres-
sion-free survival for those requiring chemotherapy is 39%–53%.7,8

Mutations that cause up-regulation of the RAS/mitogen-
activated protein kinase pathway have been implicated in most
pLGGs, the most common being KIAA1549-BRAF fusion (BRAF
fusion), followed by neurofibromatosis-1 (NF1) alterations and
the BRAF V600E mutation.9 Recently there has been a shift to
determine the prognosis of pLGGs on a molecular basis,6 and
therapeutics are moving toward targeting the specific pLGG
driver mutation.10-12

Neuroimaging with MR imaging is the mainstay for the initial
diagnostic work-up and surgical planning for a definitive patho-
logic diagnosis.13 There is an increasing desire to determine imag-
ing surrogates for molecular subtypes for various pediatric CNS
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tumors.14-16 Currently, determination of the pLGG molecular sub-
type requires tissue acquisition and subsequent molecular testing,
which might not be readily accessible in all centers. A molecular
determination using imaging surrogates would be beneficial to
guide appropriate therapy, including the aggressiveness of upfront
surgical resection, selection of chemotherapy agents, the timeframe
to initiating therapy, and to direct the sequence of multimodality
therapy application.

To date, few studies have evaluated the correlation between
MR imaging features and pLGG molecular subtypes. Ishi et al,17

in 2021, investigated this correlation in individuals with optic
pathway/hypothalamic pilocytic astrocytoma with a small sample
size. Wagner et al,18 in 2021, evaluated the same relationship using
machine learning techniques, a promising radiologic tool that still
needs full incorporation into the clinical routine. Our study aimed
to assess MR imaging features of pLGGs associated with BRAF
fusions, BRAF V600E mutations, and those negative for BRAF
V600E and BRAF fusions (wild-type) in patients without NF-1,
using an approach that simulates the routine clinical practice,
including a radiologist’s imaging review.

MATERIALS AND METHODS
This retrospective bi-institutional study was a collaboration
between the British Columbia Children’s Hospital (Vancouver,
British Columbia, Canada) and the IWK Health Center (Halifax,
Nova Scotia, Canada) tertiary care hospitals in Canada. There was
institutional review board approval and a waiver of consent from
both institutions. An interinstitutional data-transfer agreement
was obtained for data-sharing.

Patients
Data were retrieved from the 2 tertiary pediatric hospitals from
2004 to 2021. Patients who had a pathologically confirmed diagno-
sis of BRAF fusion, BRAF V600E, or wild-type, were younger than
19 years of age at diagnosis, and who had a diagnostic MR imaging
at presentation were eligible. BRAF fusion tumors in this study
refer only to KIAA1549-BRAF fusions. Patients with pLGGs in the
setting of NF-1 were excluded, because these patients generally
have distinguishing imaging features, a positive family history, and
frequently do not undergo confirmatory tissue diagnosis.

Demographics and Clinical Details
Information collected included sex, age at diagnosis, disease pro-
gression, molecular subtype, World Health Organization (WHO)
grade, tumor location, spine imaging at diagnosis, metastasis
within the spine, and metastasis within the brain. Disease progres-
sion was determined through retrospective chart review of patients’
MR imaging reports and clinical documentation.

Histopathology and Molecular Grouping
BRAF fusion status was determined using NanoString Technologies
(https://nanostring.com/) or fluorescence in situ hybridization,
while the BRAF V600E mutation was determined using immuno-
histochemistry and/or droplet digital polymerase chain reaction as
previously described.6,19 Molecular analysis was performed with
formalin-fixed paraffin-embedded tissue obtained at the time of the
operation.

MR Imaging
All patients from the IWK Health Center underwent brain MR
imaging, some with spine MR imaging, at 1.5T from a single ven-
dor (Signa HDxt; GE Healthcare). Patients from British Columbia
Children’s Hospital underwent brain MR imaging, some with
spine MR imaging, at 1.5T or 3T (Magnetom Avanto, Magnetom
Prisma; Siemens). As expected, MR imaging protocols for brain
tumors have changed with time during the 17-year study period.
However, the MR imaging protocols used in the 2 institutions
include, at minimum, the following: 2D axial and/or coronal
T2WI, 2D axial or coronal T2 FLAIR, 2D axial DWI, ADC, 2D
axial or sagittal precontrast T1WI, and 2D axial gadolinium-based
contrast agent–enhanced T1WI.

MR Imaging Review
Two neuroradiologists (D.M.-M. and M.A.S.), who were blinded to
demographic, clinical, pathologic, and molecular data, independ-
ently reviewed imaging parameters on the initial diagnostic MR
imaging. Before commencement, the 2 readers determined the defi-
nition of each imaging parameter through a consensus reading of
10 randomly selected cases that were not included in the study
cohort, to refine and standardize the definition of parameters.
These included the following: 1) tumor location, which was
grouped as cerebral hemisphere, brainstem, optic pathway/hypo-
thalamic glioma, posterior fossa (other than brainstem), or spinal
cord; 2) tumor size, which was obtained as a product of perpendic-
ular diameters of the tumor on axial T2 FLAIR; 3) the presence and
extent of peritumoral vasogenic edema judged as none, mild, mod-
erate, or massive; 4) the presence and magnitude of mass effect,
judged as none, mild, moderate, or massive; 5) diffusion restriction
subjectively judged as yes or no relative to normal brain while com-
paring the ADC with the b ¼ 1000 s/mm2 images; 6) the presence
and degree of enhancement based on the tumor solid component,
judged as none/minimal if less than one-third of the solid compo-
nent enhances; moderate if the enhancement involves one-third to
two-thirds of the solid component; or diffuse if more than two-
thirds of the tumor enhances; 7) tumor signals on T1WI, T2WI,
and FLAIR judged as hyper-, iso-, or hypointense; 8) cyst/cavitation
change judged as present or not; 9) hemorrhage/calcification
judged as present or not; 10) metastatic status judged as present or
not; 11) hydrocephalus judged as present or not; and 12) tumor
margins judged as infiltrative or well-defined. For MR spectros-
copy, the following ratios were obtained from MR imaging–gener-
ated data: Cho/Cr, Cho/NAA, and lactate/Cr, which were judged as
high, normal, or low. For any discordant readings between the 2
readers, an agreement was reached in a separate meeting through
consensus.

MR Imaging Quantitative ADC Ratio Calculation
Quantitative ADC analysis was performed using a US Food and
Drug Administration–approved commercial software package
(AW Server 3.2; GE Healthcare). Blinded to clinical, pathologic,
and molecular data, another author (C.C.) independently created
nonoverlapping oval or circular ROIs within the solid portions of
the tumor on all consecutive sections. The calcification/hemor-
rhagic foci or cystic/necrosis foci were excluded. In patients with
supratentorial tumors, the ADCs of the normal-appearing
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contralateral brain were recorded, and in patients with tumors
located in the posterior fossa, the ADC of the normal cerebellum
was recorded. The ROI placement on the normal cerebellum was
performed as remotely as possible from the tumor and with exclu-
sion of vasogenic edema, when present, and adjacent CSF signal,
if any. The mean tumor ADCs were calculated by averaging the
ADCs obtained from all the ROIs. Tumor-to-normal brain ADC
ratios (hereafter, ADC ratios) were calculated using the mean tu-
mor ADCs.

Statistics and Analysis
All statistical analyses were performed using the software SPSS,
Version 26 (IBM), and P values , .05 were considered statistically
significant. Continuous variables were summarized using descrip-
tive statistics, including number, median, interquartile range (IQR),
SD, and range, while categoric variables were summarized using
number and percentage. A k statistic was generated from the 2
readers’ data, and values ,0.20 were interpreted as poor, 0.21–0.40
as fair, 0.41–0.60 as moderate, 0.61–0.80 as substantial, and 0.81–
1.00 as excellent agreements. First, we used bivariate analyses,
including the Fisher exact test for categoric variables or ANOVA for
continuous variables, to compare the 3 molecular groups of pLGGs
(BRAF fusion, BRAF V600E, or wild-type). This procedure was fol-
lowed by pair-wise comparison of the Dwass-Steel-Critchlow-
Fligner method to compare 2 of the 3 molecular groups head-to-

head, which provided the comparison of BRAF fusion and BRAF
V600E.

RESULTS
Patients
Seventy patients (31 males and 39 females) were included in this
study. The median age at diagnosis was 6.3 years (IQR, 2.3–
11.7 years). Thirty patients (43%) had tumors with BRAF fusion,
19 (27%) with the BRAF V600E mutation, and 21 (30%) with
wild-type (negative for BRAF V600E/BRAF fusion). A summary of
patient demographic and clinical information is shown in Table 1.
There was no statistically significant difference in the age of
patients, sex, tumor location, or tumor mutation status when com-
paring the patients from the 2 different institutions (Online
Supplemental Data).

Clinical and Histopathologic Characteristics
A summary of clinical and histopathologic characteristics of
patients is shown in Table 2.

Patients with BRAF fusion were younger (median, 3.3 years)
at diagnosis compared with the 2 other groups (BRAF V600E
[9.7 years] and wild-type [10.5 years], P ¼ .0012). Compared with
the BRAF fusion and wild-type, there was a trend for BRAF
V600E to show an increased frequency of WHO grade II histol-
ogy (P ¼ .07 and P= .09 for 2-group and 3-group comparisons,
respectively). There was no statistically significant difference
among the 3 groups with respect to metastatic status at diagnosis
or tumor progression.

Interreader Agreement
Overall k agreement among the readers for radiologic variables
was substantial (k ¼ 0.75; 95% CI, 71.5–99.2).

MR Imaging Features
A summary of the imaging characteristics by molecular subtype
can be found in the Online Supplemental Data.

Tumor location was strongly associated with molecular subtype
because those with BRAF fusion tumors were more likely to be
found in the posterior fossa (excluding the brainstem), while BRAF
V600E tumors were more commonly found in a cerebral hemi-
sphere (P ¼ , .0001). BRAF fusion tumors compared with BRAF
V600E and wild-type were larger (P ¼ .0022) and demonstrated an
increased frequency of moderate-to-massive mass effect (P ¼
.0053) and hydrocephalus (P ¼ .0002); these differences remained
statistically significant when directly comparing BRAF fusion and
BRAF V600E (all, P ¼ , .05) (Fig 1). BRAF fusion tumors also
showed an increased frequency of diffuse enhancement compared
with BRAF V600E and wild-type tumors (P ¼ , .0001) and when
directly compared with BRAF V600E (P¼ .0036).

Tumors with BRAF V600E were more infiltrative compared
with BRAF fusion and wild-type tumors (P ¼ .0002) and when
directly compared with BRAF fusion (P ¼ .0001). BRAF V600E
tumors were more likely to be isointense on T1WI compared
with BRAF fusion and wild-type (P ¼ .0023) and when directly
compared with BRAF fusion (P¼ .008).

Diffusion restriction was uncommon in our cohort. However,
when it occurred, only BRAFV600E tumors demonstrated diffusion

Table 1: Cohort information
Characteristic Total, No. (%)

Sex
Male 31 (44)
Female 39 (56)

Age at diagnosis (yr)
Median (IQR) 6.3 (2.3–11.7)a

WHO grade
Grade I 58 (85)
Grade II 10 (15)

Molecular subtype
KIAA1549:BRAF fusion 30 (43)
V600E 19 (27)
Wild-type/other 21 (30)

Disease progression
Yes 30 (43)
No 40 (57)

Tumor location
Brainstem 4 (6)
Cerebral hemisphere 29 (41)
OPHG 14 (20)
Posterior fossa 21 (30)

Spinal cord 2 (3)
Brain imaging completed
Yes 100
No 0

Spine imaging completed
Yes 44 (63)
No 26 (37)

Metastasis present
Yes, only brain 0 (0)
Yes, only spine 0 (0)
Yes, brain and spine 4 (6)
No 66 (94)

Note:—OPHG indicates optic pathway/hypothalamic glioma.
aMedian/IQR.
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restriction. Qualitative assessment demonstrated diffusion restric-
tion in 4 of 19 BRAFV600E tumors (P¼ .0042) (Fig 2). On quanti-
tative assessment, BRAF V600E showed a lower ADC ratio
compared with BRAF fusion and wild-type (P ¼ .003), and this
difference was more statistically significant when compared directly
with BRAF fusion (P¼ . 0003).

Only a subset of patients underwent MR imaging spectros-
copy (n ¼ 21; 30% [11 BRAF fusion, 7 BRAF V600E, and 3 wild-
type]). While spectroscopy was not in any way discriminating
across molecular subtypes (P. .05, all), most tumors had high
Cho/Cr (n ¼ 19; 90%), high Cho/NAA (n ¼ 19; 90%), and
elevated lactate (n¼ 19; 90%) (Online Supplemental Data).

DISCUSSION
In this bi-institutional study, we evaluated the relationship
between MR imaging characteristics and pLGG molecular groups
to distinguish among BRAF fusion, BRAF V600E, and wild-type
tumors. Our results show features that enable some pretherapeu-
tic prediction of pLGG molecular subtypes. In our series, BRAF
V600E tumors were more infiltrative, were the only ones to show
diffusion restriction with a low ADC ratio, and were likely to be
located within the cerebral hemispheres, whereas BRAF fusion
tumors were more well-defined, larger with significant mass
effect including hydrocephalus, and more likely to demonstrate
diffuse enhancement.

Table 2: Univariate analysis of demographics and clinical characteristics by molecular group

Variables

KIAA1549:
BRAF Fusion BRAF V600E Wild-Type/Other P1 P2

No. (%) No. (%) No. (%) (Fusion vs V600E vs WT) (Fusion vs V600E)
Sex .3583 .4436
Male 16 (53) 8 (42) 7 (33)
Female 14 (47) 11 (58) 14 (67)

Age at time of MR
imaging (yr)

.0012 .0126

Median 3.3 (1.56–5.10)a 9.7 (5.08–14.25)a 10.5 (6.42–14.58)a

Progression of
disease

.5769 .3669

Yes 15 (50) 12 (63) 13 (62)
No 15 (50) 7 (37) 8 (38)

WHO grade .0902 .0724
Grade I 27 (90) 13 (68) 18 (95)
Grade II 3 (10) 6 (32) 1 (5)

Tumor location ,.0001 ,.0001
Brainstem 2 (7) 1 (5) 1 (5)
Cerebral
hemisphere

3 (10) 13 (68) 13 (62)

OPHG 7 (23) 4 (21) 3 (14)
Posterior fossa 17 (57) 0 (0) 4 (19)
Spinal cord 1 (3) 1 (5) 0 (0)

Metastatic status .8107 1.0000
Yes 1 (3) 1 (5) 2 (10)
No 29 (97) 18 (95) 19 (90)

Note:—WT indicates wild-type; OPHG, optic pathway/hypothalamic glioma.
aMedian and 95% confidence interval.

FIG 1. A 3-year-old girl who presented with symptoms related to increased intracranial pressure. The brain MR imaging shows a large complex
cystic/solid mass lesion arising from the vermis and anteriorly compressing the fourth ventricle, therefore causing supratentorial massive hydro-
cephalus. The solid component of the tumor shows slight hyperintense signal on T2WI (A) and diffuse enhancement (B) but not with diffusion
restriction (C and D). The tissue diagnosis was pilocytic astrocytoma with KIAA1549:BRAF fusion.
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Our study is the first to report the association of BRAF V600E
and diffusion restriction, both qualitatively and quantitatively,
findings suggestive of higher tumor cellularity and tumor aggres-
siveness.20 BRAF V600E tumors were more infiltrative compared
with BRAF fusion tumors. Ho et al,21 in 2015, had comparable
results, citing BRAF V600E tumors as having a low T2 signal and
infiltrative margins, but in their study, diffusion restriction was
not assessed. Ishi et al17 found a lower T2WI signal and larger
T2WI/contrast-enhanced FLAIR mismatch to be indicative of
BRAF V600E mutation for optic pathway gliomas. However, sig-
nal mismatches were not assessed in our series. In contrast to pre-
vious studies that have found BRAF V600E tumors showing
higher rates of tumor invasiveness and recurrence,6,21-23 our study
found a trend for BRAF V600E tumors to be classified as WHO
grade II tumors but with no statistically significant difference in
tumor progression compared with BRAF fusion tumors. This
finding could be partially due to the retrospective nature of the
study, in which tumors that progressed were more likely to have
had molecular testing, leading to a potential over-representation
of progression in these cohorts. This could also be due to the lim-
ited sample size in this study. Otherwise, our other key clinical
results showing younger age and predilection of posterior fossa
location for patients with BRAF fusion tumors corroborate the
findings in the literature.18,24

BRAF fusion tumors, in our study, were associated with larger
size and greater mass effect including hydrocephalus, yet were
well-defined. The lack of diffusion restriction in BRAF fusion
tumors supports a less aggressive biology. Our observation is sup-
ported by the findings of Hawkins et al,25 in 2011, and Reitman
et al,26 in 2019, who postulated that BRAF fusion is associated
with less aggressive tumor behavior, possibly because of the even-
tual predilection to undergo tumor senescence. Our observations
suggest that one of the main reasons patients with BRAF fusion
tumors come to medical attention is due to mass effect and the
resultant hydrocephalus as opposed to the more infiltrative pat-
tern noted in BRAF V600E tumors. The diffuse enhancement
noted in BRAF fusion tumors may be related to angiogenesis, as
opposed to higher cellularity.27 In the current era, in which machine
learning is increasing in the research setting, there has been a shift
toward the use of genomics to assess the relationship between brain
tumors and molecular subgroups, including pLGG.6

The main strength of our study is that we used a clinical model,
simulating routine clinical practice, to assess both clinical and diag-
nostic imaging characteristics of pLGGs associated with molecular
subtype using a relatively large number of patients and including all
histologic types of pLGGs. Therefore, we believe that our findings
may be used on a case-to-case basis during routine clinical practice,
potentially impacting patient care. Recently, Wagner et al,18 in
2021, used radiomic software for ROIs to determine the predictive
factors of BRAF status in pLGGs of 115 pediatric patients via
machine learning, followed by the development of a model to
predict the mutational status of the tumor. However, they did not
include wild-type tumors in their study, which constitute about
one-third of patients with pLGGs,9 and they solely used FLAIR
sequences. To that end, our study seems more robust because it
includes DWI/ADC, FLAIR, and gadolinium-based contrast agent–
enhanced T1WI, which, altogether, constitute MR imaging sequen-
ces that allow evaluating the aggressiveness of brain tumors.
Therefore, our results could be used in the routine clinical setting to
support patient management.

Our study did not show the utility of MR spectroscopy in dif-
ferentiating pLGG molecular subtypes from one another; how-
ever, only 30% of the cohort underwent spectroscopy, and larger
studies are needed. In this study, no other advanced MR images
were consistently used because some of our data were obtained
before implementation of these techniques was more common in
the clinical setting.

There are several limitations in this study. Given that it was
retrospective and combined data from 2 centers, the imaging
lacked homogeneity due to different scanners, MR field strengths,
and techniques used. We cannot comment on the metastatic
potential because of the low frequency of metastases. The sample
size was also not large enough to be considered representative of
the greater population. Further studies that incorporate clinical
assessment of imaging features and MR machine learning
approaches should be conducted.

CONCLUSIONS
This study simulates routine clinical practice in the assessment of
clinical and diagnostic imaging characteristics of pLGG subtypes,
BRAF fusion, BRAF V600E, and wild-type. We determined partic-
ular tumor features of BRAF fusion, such as younger age, posterior

FIG 2. A 9-year-old boy with seizures. The brain MR imaging shows an ill-defined mass lesion with tiny internal cystic changes on T2 FLAIR (A)
involving the mesial aspect of the left temporal lobe. The lesion shows moderate surrounding edema, mild mass effect against surrounding
structures, as well as moderate enhancement (B). On DWI (C) and ADC (D), the mass shows diffusion restriction. The final tissue diagnosis was
ganglioglioma with a BRAF V600E mutation.
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fossa location, well-defined margins, larger size with a surrounding
mass effect, and hydrocephalus. BRAF V600E tumors were found
more commonly in the cerebral hemispheres, had a lower ADC ra-
tio, and were more likely to be infiltrative. Our study offers a base-
line for radiologic determination of pLGG molecular subtypes in
the clinical setting, with high interreader agreement, which may
aid future pLGG molecular subtype identification and therapeutic
management strategies.
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MR Imaging Detection of CNS Lesions in Tuberous Sclerosis
Complex: The Usefulness of T1WI with Chemical Shift

Selective Images
H. Fujii, N. Sato, Y. Kimura, M. Mizutani, M. Kusama, N. Sumitomo, E. Chiba, Y. Shigemoto, M. Takao,

Y. Takayama, M. Iwasaki, E. Nakagawa, and H. Mori

ABSTRACT

BACKGROUND AND PURPOSE: CNS lesions of tuberous sclerosis complex are diagnosed mainly by T2WI, FLAIR, and sometimes
T1WI with magnetization transfer contrast. The usefulness of T1WI with chemical shift selective images was recently reported in
focal cortical dysplasia type IIb, which has histopathologic and imaging features similar to those of tuberous sclerosis complex. We
investigated the usefulness of the T1WI with chemical shift selective images in detecting CNS lesions of tuberous sclerosis
complex.

MATERIALS AND METHODS: We retrospectively reviewed 25 consecutive patients with tuberous sclerosis complex (mean age, 11.9
[SD, 8.9] years; 14 males) who underwent MR imaging including T1WI, T1WI with magnetization transfer contrast, T1WI with chemical
shift selective, T2WI, and FLAIR images. Two neuroradiologists assessed the number of CNS lesions in each sequence and compared
them in 2 steps: among T1WI, T1WI with magnetization transfer contrast and T1WI with chemical shift selective images, and among
T2WI, FLAIR, and T1WI with chemical shift selective images. We calculated the contrast ratio of the cortical tubers and of adjacent
normal-appearing gray matter and the contrast ratio of radial migration lines and adjacent normal-appearing white matter in each
sequence and compared them.

RESULTS: T1WI with chemical shift selective images was significantly superior to T1WI with magnetization transfer contrast for the
detection of radial migration lines and contrast ratio of radial migration lines. There was no significant difference between T1WI
with chemical shift selective images and T1WI with magnetization transfer contrast for the detection of cortical tubers and the
contrast ratio of the cortical tubers. Both T2WI and FLAIR were statistically superior to T1WI with chemical shift selective images
for the detection of cortical tubers. T1WI with chemical shift selective images was significantly superior to T2WI and FLAIR for the
detection of radial migration lines.

CONCLUSIONS: The usefulness of T1WI with chemical shift selective images in detecting radial migration lines was demonstrated.
Our findings suggest that the combination of T1WI with chemical shift selective images, T2WI, and FLAIR would be useful to evalu-
ate the CNS lesions of patients with tuberous sclerosis complex in daily clinical practice.

ABBREVIATIONS: CR ¼ contrast ratio; FCD ¼ focal cortical dysplasia; ICC ¼ intraclass correlation coefficient; NAGM ¼ normal-appearing gray matter;
NAWM ¼ normal-appearing white matter; RML ¼ radial migration line; SEN ¼ subependymal nodule; T1WI-CHESS ¼ T1WI with chemical shift selective; T1WI-
MTC ¼ T1WI with magnetization transfer contrast; TSC ¼ tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is an autosomal dominant
multisystem disorder characterized by hamartomas in multi-

ple organ systems, including the brain, skin, heart, kidneys, and
lungs. TSC is caused by mutations in the tumor-suppressor gene

TSC1 or TSC2, encoding hamartin and tuberin, respectively.1,2

The TSC1-TSC2 (hamartin-tuberin) complex is a critical regula-
tor of the mammalian target of the rapamycin signaling cascade,
which serves as a ubiquitous regulator of cell metabolism, growth,
proliferation, and survival.3-5 Brain manifestations of TSC are
characterized by cortical tubers, WM abnormalities (radialReceived March 2, 2022; accepted after revision May 24.
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migration lines [RMLs]), and periventricular subependymal nod-
ules (SENs).6-8 OnMR imaging, cortical tubers and RMLs are diag-
nosed mainly by T2WI or FLAIR images.9 The effectiveness of
T1WI with magnetization transfer contrast (T1WI-MTC) imaging
has been reported,10-13 but the usefulness of other MR images has
not been reported since then.

Today, somatic mutations in the mammalian target of rapamy-
cin pathway genes are well-known as a common cause of focal
cortical dysplasia (FCD).14 Pathologically, balloon cells that have
an enlarged cell body with eosinophilic cytoplasm are a pathogno-
monic cellular feature of FCD type IIb and TSC. On the basis of
the morphologic and genetic similarities between FCD type IIb
and cortical tubers in TSC, it has been hypothesized that FCD is a
forme fruste of TSC.15-17

Earlier research demonstrated that a T1WI high-signal area of
the WM lesions of FCD type IIb was correlated with the cellularity
of balloon cells, independent of calcifications.18 Another case
report also observed that T1WI with chemical shift selective
(T1WI-CHESS) imaging, which is the most frequently used tech-
nique for the fat-suppression pulse, could clearly visualize the
T1WI high-signal area in FCD type IIb because of its background
signal suppression due to the magnetization transfer effect and the
fat suppression of normal WM, which contains fat-rich myelin.19

Moreover, the superiority of T1WI-CHESS compared with
T1WI-MTCwas reported for neuromelanin imaging.20

With this background, we hypothesized that T1WI-CHESS
can visualize RMLs more clearly than conventional MR images,
including T1WI-MTC. We, thus, conducted the present study to
investigate the usefulness of T1WI-CHESS in CNS lesions of
patients with TSC.

MATERIALS AND METHODS
Patients
This retrospective study was approved by the institutional review
board of Japan’s National Center of Neurology and Psychiatry, and
the need for patient informed consent was waived. We retrospec-
tively analyzed the cases of 36 consecutive patients diagnosed with
TSC who underwent brain MR imaging between July 2018 and
June 2021 at the National Center of Neurology and Psychiatry. The
diagnosis of TSC was made according to the updated diagnostic cri-
teria issued by the 2012 International Tuberous Sclerosis Complex

Consensus Conference.21 Among the 36 patients, 27 underwent
brain MR imaging including T1WI, T1WI-MTC, T1WI-CHESS,
T2WI, and FLAIR, and these images were obtained for the imaging
evaluation. The patient exclusion criteria were as follows: 1) the
patient having undergone neurosurgery within the prior 12months,
2) the coexistence of other intracranial diseases, and 3) the presence
of severe motion or metal artifacts.22 As a result, 2 patients were
excluded from this study according to criteria 1 and 2, respectively
(Fig 1). The cases of the remaining 25 patients were analyzed. In
addition to the 25 patients with TSC, we examined the pathologic
correlation with T1WI-CHESS in 1 patient whose preoperative MR
imaging study did not have T1WI-MTC.

MR Imaging Procedures
All patients underwent MR imaging in a 3T MR imaging scanner
(Magnetom Verio; Siemens) with a 32-channel head coil, including
axial T1WI, T1WI-MTC, T1WI-CHESS, T2WI, and 3D-FLAIR
imaging. The T1WI, T1WI-MTC, and T1WI-CHESS images were
acquired with the following parameters: TR/TE/NEX ¼ 620ms/
9.5ms/3, matrix ¼ 184� 256, FOV ¼ 210� 167.3mm, section
thickness ¼ 3mm with 1.2-mm intersection gaps. Turbo spin-echo
T2WI was performed with the following parameters: TR/TE/NEX¼
5000ms/81ms/2, matrix¼ 348� 512, FOV¼ 220� 199.4mm, sec-
tion thickness ¼ 3mm. 3D-FLAIR images were acquired with the
following parameters: TR/TE/NEX ¼ 5000ms/413ms/1, matrix ¼
246� 256, FOV¼ 250� 250mm, section thickness¼ 1mm.

Definition of CNS Lesions
The definitions of cortical tubers, RMLs, and SENs were based on
previous studies.12,22 Cortical tubers were defined as gyral expansion
or distortion and/or signal abnormalities in the subcortical WM.
RMLs were defined as linear abnormalities oriented from the corti-
cal surface to the ventricular wall or as the presence of focal nodular
lesions in this pathway. SENs were defined as lesions that originated
from the lateral ventricle walls and penetrated the ventricles. In this
study, we did not differentiate the SENs from subependymal giant
cell tumors because doing so was outside the scope of the study.

Visual Assessment
Two neuroradiologists (H.F. and Y.K., with 11 and 15 years of expe-
rience in neuroradiology, respectively) independently evaluated all
images to assess the number of cortical tubers, RMLs, and SENs on
T1WI, T1WI-MTC, T1WI-CHESS, T2WI, and FLAIR images.
Differences in their evaluations were resolved by consensus. We
compared the detectability of the cortical tubers, RMLs, and SENs
in the following 2 steps: First, we compared it among the T1WI,
T1WI-MTC, and T1WI-CHESS images to assess the detection abil-
ity of T1WI-CHESS (hereafter referred to as step 1). Next, we com-
pared it among T2WI, FLAIR, and T1WI-CHESS images to assess
the clinical usefulness of T1WI-CHESS as a routine sequence in
daily clinical practice (hereafter referred to as step 2). We also calcu-
lated the interobserver reproducibility.

Semiquantitative Analysis
We determined the contrast ratio of the cortical tubers and adja-
cent normal-appearing gray matter (NAGM) on T1WI, T1WI-
MTC, and T1WI-CHESS and compared the ratios among them.
We measured the most evident cortical tuber in each patient as

FIG 1. Study flow chart. NCNP indicates National Center of
Neurology and Psychiatry.
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determined by the 2 evaluators. The sig-
nal intensities of the cortical tubers and
adjacent NAGM were calculated using
the ImageJ software program (National
Institutes of Health). In each of the
T1WI, T1WI-MTC, and T1WI-CHESS
images, both evaluators measured the
signal intensity of the cortical tuber using
7-mm2 round cursors.20 The signal in-
tensity of the adjacent NAGMwas meas-
ured in the same way, using 13-mm2

round cursors.20

The contrast ratios (CRs) of the corti-
cal tubers and the NAGM were calcu-
lated as CRtuber = (Stuber/SNAGM), where
Stuber and SNAGM denote the signal inten-
sities of the cortical tubers and NAGM,
respectively. In the same way, we eval-
uated the CRs of the RML and adja-
cent normal-appearing white matter
(NAWM) on T1WI, T1WI-MTC, and
T1WI-CHESS and compared the ratios
among them. The CRs of the RML and
the NAWMwere calculated as CRRML¼
(SRML/SNAWM), where SRML and SNAWM

denote the signal intensities of the RML
and NAWM, respectively. The 2 evalua-
tors’ values were averaged.We calculated
the interobserver reproducibility of each
evaluator’s value.

Clinical Information
The patients’ medical records were
reviewed, and seizure frequency and in-
tellectual disability were evaluated by a
board-certified pediatric neurologist
(N. Sumitomo). Seizure frequency was
evaluated on a 5-point scale: 1¼ seizure-
free .1 year, 2 ¼ yearly seizures, 3 ¼
monthly seizures, 4 ¼ weekly seizures,
5¼ daily seizures.23 Intellectual disability
was categorized as 0–4 scores (0 ¼ nor-
mal, 1 ¼ mild disability, 2 ¼ moderate
disability, 3 ¼ severe disability, 4 ¼ pro-
found disability).24 We examined the
correlation between seizure frequency
and the number of CNS lesions and
between the severity of intellectual dis-
ability and the number of CNS lesions.

Correlations between MR Imaging
Findings and Pathologic Findings
The correlation between MR imaging
findings and pathologic findings was
examined, focusing on the cause of
hyperintensity on T1WI-CHESS. Two
patients had undergone an operation

FIG 2. Patient 19. A 26-month-old boy. Axial T2WI (A), FLAIR (B), T1WI (C), T1WI-MTC (D), and
T1WI-CHESS (E). T2WI and FLAIR images demonstrate swelling of the cortex and subcortical
hyperintensity, plus a linear hyperintensity extending to the ventricle, representing cortical tubers
and RMLs, respectively (A and B, arrowheads and arrows, respectively). On T1WI, several RMLs
can be seen as hyperintensity (C, arrows). The RMLs are more apparent on T1WI-MTC and espe-
cially on T1WI-CHESS (D and E, arrows).

FIG 3. Patient 4. A 29-year-old woman. Axial T2WI (A), FLAIR (B), T1WI (C), T1WI-MTC (D), and
T1WI-CHESS (E). T2WI and FLAIR images demonstrate swollen cortices, some of which are accom-
panied by subcortical hyperintensities, representing cortical tubers (A and B, arrowheads). Linear
hyperintensities in the subcortical area extending to the ventricle are observed, representing the
RMLs (A and B, arrows). On T1WI, an RML is found in the right parietal lobe (C, arrow). T1WI-TMC
and T1WI-CHESS are able to detect more RMLs than T1WI, T2WI, and FLAIR (D and E, arrows). The
RMLs are more apparent on T1WI-CHESS than on T1WI-MTC (D and E, arrows). Although no
obvious cortical tuber is shown by T1WI, both T1WI-MTC and T1WI-CHESS detect a cortical tuber
as a slight hyperintensity (D and E, arrowheads).
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and MR imaging including T1WI-CHESS; 1 patient was
excluded from a detailed pathologic examination because of
the presence of massive calcifications. The resected specimen
was examined by a board-certified neuropathologist (M.M.).

Statistical Analyses
The interobserver reproducibility of the number of the CNS
lesions, CRtuber, and CRRML, in each sequence was calculated using
the intraclass correlation coefficient (ICC) and was deemed slight
(ICC# 0.2), fair (0.2, ICC# 0.4), moderate (0.4, ICC# 0.6),
substantial (0.6, ICC# 0.8), or almost perfect (0.8, ICC# 1).

We used a nonparametric test, ie, the Friedman test, to per-
form the following: 1) compare the detection of the cortical
tubers, RMLs, and SENs among T1WI, T1WI-MTC, and T1WI-
CHESS in step one; 2) compare the detection among T2WI,
FLAIR, and T1WI-CHESS in step 2; and 3) compare the CRtuber

and CRRML values among T1WI, T1WI-MTC, and T1WI-
CHESS. The significance level of the post hoc test was determined
with a Bonferroni correction. The data are expressed as the mean
(SD). A P value, .05 was considered significant.

We performed a Spearman rank correlation analysis to assess
the association between seizure frequency and the number of

cortical tubers, RMLs, and SENs in each
sequence and to assess the association
between intellectual disability and the
number of cortical tubers, RMLs, and
SENs in each sequence. The statistical
analyses were performed using SPSS
(Version 28.0; SPSS Tokyo).

RESULTS
Demographic Characteristics of
the Patients with TSC
The 25 patients’ characteristics are sum-
marized in the Online Supplemental
Data. Of the 25 patients, 14 were male,
11 were female, and the mean age was
11.9 [SD, 8.9] years. The mean seizure
frequency and intellectual disability
scores were 3.4 (SD, 1.6) and 2.1 (SD,
1.2), respectively. Representative images
are shown in Figs 2 and 3.

Visual Assessment
The numbers of cortical tubers, RMLs,
and SENs are listed in Table 1. The
interobserver reproducibility of T1WI-
MTC and T1WI-CHESS for cortical
tubers, T2WI and T1WI-CHESS for
RMLs, and FLAIR for SENs was sub-
stantial, and for the rest, it was almost
perfect (Table 2).

The results of the comparison of the
detection of the CNS lesions among
T1WI, T1WI-MTC, and T1WI-CHESS
in step 1 are provided in Table 3. Both
T1WI-MTC and T1WI-CHESS were

significantly superior to T1WI for the detection of cortical tubers,
RMLs, and SENs. T1WI-CHESS was significantly superior to
T1WI-MTC for detecting RMLs, whereas there was no significant
difference between them in the ability to detect cortical tubers or
SENs.

Table 4 presents the results of the comparison of the detection
of CNS lesions among T2WI, FLAIR, and T1WI-CHESS in step
2. Both T2WI and FLAIR were significantly superior to T1WI-
CHESS at detecting cortical tubers, and there was no significant
difference between T2WI and FLAIR. In contrast, T1WI-CHESS
was significantly superior to T2WI and FLAIR for the detection
of RMLs, and FLAIR was significantly superior to T2WI. For the
detection of SENs, FLAIR was significantly inferior to both T2WI
and T1WI-CHESS, and there was no significant difference
between T2WI and T1WI-CHESS.

Semiquantitative Analysis
The interobserver reproducibility of T1WI-MTC for CRtuber and
CRRML was almost perfect, and for the rest, it was substantial
(Table 5). Regarding CRtuber, both T1WI-MTC and T1WI-CHESS
were significantly superior to T1WI, but there was no significant
difference between T1WI-MTC and T1WI-CHESS (Fig 4).

Table 1: The number of CNS lesions in each sequencea

T2WI FLAIR T1WI T1WI-MTC T1WI-CHESS
Cortical tuber 17.1 (SD, 10.8) 17.5 (SD, 10.8) 1.1 (SD, 2.3) 10.2 (SD, 6.7) 12.2 (SD, 7.7)
RML 3.56 (SD, 2.3) 10.5 (SD, 8.1) 1.4 (SD, 3.9) 20.4 (SD, 12.1) 24.8 (SD, 15.4)
Subependymal
nodule

6.2 (SD, 4.3) 4.5 (SD, 3.0) 5.1 (SD, 3.2) 6.4 (SD, 3.7) 7.2 (SD, 3.9)

a Data are mean (SD).

Table 2: Interobserver reproducibility of the number of CNS lesions in each sequence

T2WI FLAIR T1WI T1WI-MTC T1WI-CHESS
Cortical tuber 0.959 0.903 0.984 0.786 0.768
RML 0.648 0.866 0.887 0.883 0.799
Subependymal nodule 0.826 0.618 0.822 0.947 0.899

Table 3: Comparison of the detection of CNS lesions among T1WI, T1WI-MTC, and T1WI-
CHESS

Multiple Comparison (P Value)
T1WI vs. T1WI-

MTC
T1WI vs. T1WI-

CHESS
T1WI-MTC vs. T1WI-

CHESS
Cortical tuber ,.001a ,.001a .198
RML .001a ,.001a .022a

Subependymal nodule .007a ,.001a .35
a P , .05.

Table 4: Comparison of the detection of CNS lesions among T2WI, FLAIR, and T1WI-
CHESS

Multiple Comparison (P Value)

T2WI vs FLAIR
T2WI vs T1WI-

CHESS
FLAIR v. T1WI-

CHESS
Cortical tuber 1 .014a .011a

RML .007a ,.001a .014a

Subependymal nodule .027a .085 ,.001a

a P, .05.
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Regarding CRRML, both T1WI-MTC and T1WI-CHESS were sig-
nificantly superior to T1WI, and T1WI-CHESS was significantly
superior to T1WI-MTC (Fig 5).

Correlations between the Number of CNS Lesions and the
Clinical Information
There were no significant correlations between the patients’ seizure
frequency and the number of cortical tubers, RMLs, or SENs in
each sequence or between the patients' intellectual disability scores
and the number of cortical tubers, RMLs, or SENs in each sequence.

Correlations between MR Imaging Findings and
Pathologic Findings
The surgical case was a 20-month-old boy with repeat epileptic
seizures. On MR imaging, T2WI and FLAIR showed a swollen
cortex and subcortical hyperintensity, indicating a cortical tuber
(Fig 6A, -B). On T1WI-CHESS, these showed marked hyperinten-
sity. Although T1WI, T2WI, and FLAIR could not detect other
lesions, T1WI-CHESS could detect several RMLs, which led to the
diagnosis of TSC (Fig 6C–E). The patient underwent resection of
the cortical tuber. The resected specimen included a cortical tuber
that demonstrated hyperintensity on T1WI-CHESS. Microscopically,
there were many balloon cells in both the cortex and WM, without
calcifications (Fig 7).

DISCUSSION
The results of our analyses demonstrated the superiority of
T1WI-CHESS in detecting RMLs compared with conventional
sequences, including T2WI, FLAIR, T1WI, and T1WI-MTC. Our
findings also indicated that balloon cells may contribute to the
hyperintensity on T1WI-CHESS. To the best of our knowledge,
this study is the first attempt to evaluate the detection of CNS
lesions of TSC using T1WI-CHESS. Our findings suggest that the
combination of T1WI-CHESS, T2WI, and FLAIR would be use-
ful to evaluate the CNS lesions of patients with TSC in daily clini-
cal practice.

TSC and FCD type IIb often share several histopathologic fea-
tures, including disruption of the cortical cytoarchitecture, dys-
morphic neurons, and balloon cells. Particularly, balloon cells are
a common pathognomonic cellular feature of these disorders.
Reflecting the pathologic similarity, TSC and FCD type IIb also
share radiographic characteristics: cortical thickening, blurring of
gray-white matter junctions, and WM abnormal intensity areas
oriented from the cortical surface to the ventricular wall. These
are usually shown as hyperintensity on T2WI and FLAIR images
and hypointensity on T1WI, but they sometimes show hyperin-
tensity on T1WI.

Kimura et al18 reported that T1 hyperintensity of the trans-
mantle sign of FCD type IIb is associated with the high density of
balloon cells, independent of the density of dysmorphic neurons,
the severity of gliosis, and calcifications. In a study by Kusama et
al,19 T1WI-CHESS detected the transmantle sign of FCD type IIb
as marked hyperintensity where numerous balloon cells were
located in a resected specimen. In the present study, some cortical
tubers and RMLs showed hyperintensity on T1WI, and T1WI-

Table 5: Interobserver reproducibility of CRtuber and CRRML in
each sequence

T1WI T1WI-MTC T1WI-CHESS
CRtuber 0.788 0.863 0.797
CRRML 0.713 0.884 0.792

FIG 4. Comparison of the CRtuber among T1WI, T1WI-MTC, and T1WI-CHESS.
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CHESS detected many more cortical tubers and RMLs, with
higher contrast. In the surgical case of our present series men-
tioned above, the resected specimen included a cortical tuber that
showed hyperintensity on T1WI-CHESS. The pathologic findings
showed many balloon cells without calcification. This result sug-
gests that balloon cells may contribute to the hyperintensity on
T1WI, as shown in FCD type IIb.

Magnetization transfer is a technique for improving the image
contrast in MR imaging based on the difference in magnetic field–
induced frequencies of free water protons andmacromolecule-bound
water protons.25 When an MTC pulse is applied, a radiofrequency
pulse with frequency components distant from the resonant fre-
quency of free water is excited, and the background signal intensity
in the brain parenchyma decreases. In TSC, the alteration of tissue in-
tegrity leads to a disruption of the transfer of saturation effects
between bound and free protons, causing a high signal on T1WI-
MTC.11,13 Several reports have demonstrated the usefulness of
T1WI-MTC for detecting CNS lesions of the TSC, and some lesions
were only detected on the T1WI-MTC.11-13

In the present study, we used T1WI-CHESS, which is the most
common fat-suppression sequence in daily clinical practice. Like
T1WI-MTC, T1WI-CHESS consists of a radiofrequency pulse and
is reported to have the magnetization transfer effect.26 Using the
magnetization transfer effect of CHESS, Kusama et al20 demon-
strated that T1WI-CHESS images were significantly superior to
T1WI-MTC images for neuromelanin imaging. The reason for that
result was suspected to be that in addition to background suppres-
sion due to the magnetization transfer effect, the fat-suppression
pulse decreased the background signal, which contains lipids in the
myelin content of the brain. In the present study, T1WI-CHESS
showed more RMLs with higher image contrast than T1WI-MTC,

whereas they showed no significant differences in the detection of
cortical tubers. We speculated that the difference in the amount of
myelin in GM and WM and the difference in cell density between
cortical tubers and RMLs affected this result. Although cortical
tubers contain subcortical WM, a histopathologic study indicated
that myelinated fibers are reduced in cortical tubers.27

While our present findings revealed the usefulness of T1WI-
CHESS for detecting RMLs, cortical tubers were best detected by
T2WI and FLAIR. As mentioned above, the density of myelinated
fibers and the number of normal neurons are reduced in cortical
tubers.27 A diffusion-weighted MR imaging study also showed
that cortical tubers had a higher free water content due to an
increase in extracellular space and a decrease in the density of
cellular elements, leading to hyperintensity on T2WI/FLAIR.28 In
addition, the effectiveness of signal suppression by magnetization
transfer contrast is affected by cell density.12 We suspect that
T2WI/FLAIR was able to detect more cortical tubers than T1WI-
CHESS in the present study for these reasons. Therefore, the com-
bination of T1WI-CHESS, T2WI, and FLAIR would be useful to
evaluate the CNS lesions of patients with TSC. The patient who
underwent an operation had been transferred to our hospital with
suspicion of FCD or a solitary cortical tuber. The use of T1WI-
CHESS at our hospital detected several RMLs and led to the diag-
nosis of TSC (Fig 6). This case suggested the possibility of our
misdiagnosing TSC as an FCD type IIb or a solitary cortical tuber.

The relationship between the number of cortical tubers
observed by MR imaging and the severity of cerebral dysfunction
of patients with TSC has been reported.29,30 In addition to cortical
tubers, several studies have focused on WM microstructural
changes on DTI or neurite orientation dispersion and density
imaging.22,31-33 A study using DTI reported that RMLs were

FIG 5. Comparison of the CRRML among T1WI, T1WI-MTC, and T1WI-CHESS.
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associated with abnormal DTI values (reflecting the disrupted
myelination) and were strongly associated with neurocognitive
morbidity.22 That study also used quantitative neurocognitive out-
comes such as full-scale intelligence quotients or developmental

quotients and the Social Communi-
cation Questionnaire. Our present analy-
ses showed no significant correlations
between the number of CNS lesions
and clinical information; however, we
assessed only seizure frequency and intel-
lectual disability with 5-point scale quali-
tative evaluations. The use of more
detailed clinical information with a quan-
titative evaluation may have helped clar-
ify the correlation between the number
of CNS lesions and clinical outcomes in
the present study.

There are several limitations in this
study. The number of patients was not
large (n ¼ 25); however, this number is
larger than that in most of the previous
series.10-12,32,33 This number of patients
was also sufficient to statistically deter-
mine the usefulness of T1WI-CHESS
for detecting RMLs. A second limita-
tion was a weakness of pathologic proof
(n ¼ 1). However, our present findings
were consistent with the radiology-pa-
thology correlation in FCD type IIb.18

Further radiology-pathology correla-
tion studies are also needed for TSC. A
third limitation is that the ages of the
patients varied, including patients

whose myelination is ongoing and those with completed myelina-
tion. Because there were 2 patients younger than 2 years of age
whose myelination is ongoing and 1 of them had a SEN only, it
was not possible to determine any difference in the detection abil-
ity of T1WI-CHESS between myelinated and unmyelinated
brains. Future studies comparing the detectability of T1WI-
CHESS between myelinated and unmyelinated brains are
necessary.

CONCLUSIONS
We investigated the detection of cortical tubers, RMLs, and SENs by
T1WI-CHESS. The results of our analysis demonstrated the useful-
ness of T1WI-CHESS for detecting RMLs, and they indicated that
balloon cells may contribute to the hyperintensity on T1WI-CHESS,
as shown in FCD type IIb. Our findings suggest that the combina-
tion of T1WI-CHESS, T2WI, and FLAIR would be useful to evalu-
ate the CNS lesions of patients with TSC in daily clinical practice.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Evaluation of the Prevalence of Punctate White Matter
Lesions in a Healthy Volunteer Neonatal Population

S. Kular, H. Holmes, A. Hart, P. Griffiths, and D. Connolly

ABSTRACT

SUMMARY: Hypoxic-ischemic injury is the most common cause of neonatal encephalopathy. T1-weighted punctate white matter
lesions have been described in hypoxic-ischemic injury. We have reviewed a healthy volunteer neonatal population to assess the
prevalence of punctate white matter lesions in neonates with no clinical signs of hypoxic-ischemic injury. Fifty-two subjects were
scanned on a neonatal-specific 3T MR imaging scanner. Twelve patients were excluded due to the lack of T1-weighted imaging,
leaving a total of 40 patients (35 term, 5 preterm) assessed in the study. One had a solitary T1-punctate white matter lesion. We
concluded that solitary punctate white matter lesions have a low prevalence in healthy neonates.

ABBREVIATIONS: HII ¼ hypoxic-ischemic injury; PWML ¼ punctate white matter lesion; SDH ¼ subdural hematoma

Neonatal hypoxic-ischemic injury (HII) is the most common
cause of neonatal encephalopathy, ahead of infection, meta-

bolic disorder, and trauma.1,2 HII can occur in preterm or term
infants.1 OnMR imaging, HII with brain injury can manifest as sig-
nal abnormality within the posterior putamen, ventral-posterolat-
eral thalamic injury, central sulcus cortical injury (acute profound
asphyxia), or watershed injury (chronic partial asphyxia).3 Punctate
white matter lesions (PWMLs) are hyperintense on T1-weighted
and iso- to hypointense on T2-weighted imaging. PWMLs have
been described in association with hypoxic-ischemic injury.4

PWMLs can be multifactorial, with a combination of gliotic scar-
ring, hemorrhage, and mineralization contributing to their MR
imaging appearance; however, it is often not possible to ascertain
which of these is the causative factor in each case. A histologic study
has, however, found that approximately 25% of PWMLs are sec-
ondary to hemorrhage.5

SWI may help differentiate hemorrhagic PWMLs from non-
hemorrhagic PWMLs, with the latter attributed to early scarring
or mineralization.6 Hemorrhagic PWMLs are also associated
with greater proportions of infantile intraventricular hemorrhage,
with nonhemorrhagic PWMLs being associated more with ische-
mia-related injury.7 In either etiology, the general consensus is
that PWMLs are derived from pathologic processes occurring via

hemorrhagic or ischemic pathways. Thus, these lesions, one
would assume, should not be present in a healthy neonate who
has not been subjected to any known pathologic insult.

In our study, we reviewed MR images of a healthy volunteer
neonate population obtained on a specific neonatal MR imaging
scanner to assess the prevalence of PWMLs in neonates without
clinical signs of HII.

MATERIALS AND METHODS
A 3T neonatal MR imaging scanner (GE Healthcare) was installed
in the neonatal unit of the local obstetric department.

Ethics approval was governed by the Medicines and Healthcare
products Regulatory Agency of the UK. Conditions of use granted
under the Medicines and Healthcare products Regulatory Agency
were that the scanner was not to be used for primary diagnostic pur-
pose and the manufacturer sponsored the study. Enrollment for up
to 60 neonatal subjects was granted. Two groups were scanned.
Group 1 consisted of healthy term neonates ($37weeks’ gestational
age) whose parents agreed to MR imaging before discharge. Group
2 involved premature neonates about to be discharged at term-
corrected age, with no other clinical complications.

All subjects had 2 scheduled sonography examinations through-
out pregnancy as per local guidelines, at approximately 12 and
19weeks for the first and second scans, respectively. No subjects
were found to have screening anomalies on fetal sonography.

All parents provided informed, written consent and com-
pleted anMR imaging safety form for the neonate and themselves
because 1 parent could accompany their child during scanning.

Healthy volunteer subjects were imaged as part of the Firefly
3T MR imaging project evaluation.8 The scans were performed
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within 1 hour of feeding. The 3T magnet strength was deemed
safe for neonatal scanning.9 Subjects’ vital observations encom-
passing body temperature, heart rate, and oxygen saturation were
monitored throughout scanning. Scanning time was limited to 1
hour inclusive of the time for room acclimatization, monitoring,
and subject positioning.

Initially, T2-weighted images were acquired in a trial format
and optimized for contrast, resolution, and scan time before
using them for both ultrafast single-shot FSE and T2-FSE imag-
ing. The optimized T2-sequence parameters were subsequently
used for all cases with long-TE single-voxel proton spectroscopy,
T1-volume/spin-echo, DWI, and MR arteriography added as
tolerated.

Inclusion criteria were patients with T2-weighted imaging and
either or both standard T1-weighted spin-echo and T1-volumetric

sequences. Excluded cases were those without T1-weighted imag-
ing because they were unable to be adequately assessed for
PWML.

Acquired images were reviewed by 2 consultant pediatric neu-
roradiologists. Further reviews were conducted by 2 post-board
examination Royal College of Radiologists (FRCR, UK) neurora-
diology fellows.

RESULTS
Fifty-two subjects were recruited into the study in total; however,
12 had no T1-weighted imaging; therefore, 40 cases were evaluated
for evidence of PWML (35 in group 1, five in group 2).

One subject had a pre-existing bradycardia, and while having
a normal sinus rhythm before scanning, the subject developed
bradycardia during scanning. This was, however, not deemed to
be attributed to MR imaging, and the neonate did not require
further follow-up on discharge. No other subject demonstrated
abnormal vital signs before, during, or immediately after MR
imaging.

One hundred percent of imaging studies (40/40) were
deemed evaluable, either completely or partially. Twenty-five
percent (10/40) of studies were deemed partially evaluable,
predominantly secondary to motion artifacts. The partially
evaluable studies were, however, still thought to be accurate
enough to identify notable abnormal findings on T1-weighted
imaging.

Of the 40 subjects, 1 subject in group 1 (2.5%) had evidence of
a 2-mm solitary PWML, which was hyperintense on T1-weighted
imaging (Fig 1). It was not possible to further distinguish this
PWML as hemorrhagic or nonhemorrhagic (scarring/mineraliza-
tion) due to absence of SWI. In this case, no pre- or perinatal
injury was known to have occurred, nor was there any evidence of
neonatal encephalopathy. The finding was, therefore, of unknown
etiology but highly unlikely to be from perinatal asphyxia. The
long-term follow-up of this PWML is not known.

One group 2 subject (2.5%) had a finding of a right frontal de-
velopmental venous anomaly (Fig 2) with small-volume intraven-
tricular hemorrhage; however, clinical review was unremarkable,
and the subject was developing normally on 2-month assessment.

One group 1 subject (2.5%) had a
cavum vergae, a normal anatomic variant
with no clinical consequences (Fig 3).
One group 1 subject (2.5%) also had a
maturing left subdural hematoma (SDH)
(Fig 4).

DISCUSSION
In our population, there was an
overwhelmingly large proportion of
subjects presenting with no evidence
of PWMLs (97.5%). In the single
patient presenting with a tiny, soli-
tary PWML, no discernible signs of
physiologic impairment were seen
on early medical assessment of the
infant. Recent studies performed at

FIG 1. A solitary T1-weighted PWML was demonstrated in the left co-
rona radiata of 1 study patient (white arrow).

FIG 2. One subject demonstrated a right frontal developmental venous anomaly.
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approximately 18months postpartum have demonstrated a similar,
albeit slightly higher incidence of incidental PWMLs at approxi-
mately 12%; however, this is still consistent with a substantial mi-
nority within the population.10 The slightly higher incidence in a
delayed-scan cohort could potentially be secondary to a greater
number of lesions being visible from gliosis or scarring, which may

not necessarily have been immediately visible in our postpartum
scan cohort; however, with time, these lesions may become more
apparent.

The same proportion of subjects that presented with a PWML
also presented with an incidental normal variant (cavum vergae)
and a left-sided SDH. SDH is a common finding, seen in up to
38% of births.11

A limitation of our study was that some studies were affected
by motion artifacts; therefore, not all studies were of an equiva-
lent reading standard. Nevertheless, all studies were deemed by
participating radiologists to be of sufficient quality to provide
conclusive PWML identification/exclusion. Furthermore, there
was a significant difference in subject numbers within the 2
groups (35 versus 5); and while the overall number of 40 subjects
is low, given the limitations of the population, this is the largest
cohort of healthy neonates in the literature to be scanned post-
partum for PWMLs.

Our findings conclude that PWMLs have very low prevalence in
healthy neonates, and the presence of 1 or 2 PWMLs in otherwise
healthy patients is not likely to be of clinical relevance. Furthermore,
PWMLs in these cases may not necessarily be secondary to hemor-
rhage or scarring, but from physiologic mineralization. In contrast,
when several T1 PWMLs (approximating $6) are present, this is
more likely related to perinatal asphyxia, and closer follow-up is
recommended.3

CONCLUSIONS
We recommend that in the event of neonates demonstrating 1 or 2
PWMLs with no other clinical or radiologic abnormality, no rou-
tine follow-up imaging is indicated. Further long-term follow-up
studies to investigate the chronic relevance of solitary PWMLs in
otherwise healthy neonates are required.

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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The Construction of a Predictive Composite Index for
Decision-Making of CSF Diversion Surgery in Pediatric
Patients following Prenatal Myelomeningocele Repair

F.T. Mangano, M. Altaye, C.B. Stevenson, and W. Yuan

ABSTRACT

BACKGROUND AND PURPOSE: There is a wide range of clinical and radiographic factors affecting individual surgeons’ ultimate de-
cision for CSF diversion for pediatric patients following prenatal myelomeningocele repair. Our aim was to construct a composite
index (CSF diversion surgery index) that integrates conventional clinical measures and neuroimaging biomarkers to predict CSF
diversion surgery in these pediatric patients.

MATERIALS AND METHODS: This was a secondary retrospective analysis of data from 33 patients with prenatal myelomeningocele
repair (including 14 who ultimately required CSF diversion surgery). Potential independent variables, including the Management of
Myelomeningocele Study Index (a dichotomized variable based on the shunt-placement criteria from the Management of
Myelomeningocele Study), postnatal DTI measures (fractional anisotropy and mean diffusivity in the genu of the corpus callosum
and the posterior limb of internal capsule), fronto-occipital horn ratio at the time of DTI, gestational ages, and sex, were evaluated
using stepwise logistic regression analysis to identify the most important predictors.

RESULTS: The CSF diversion surgery index model showed that the Management of Myelomeningocele Study Index and fractional anisot-
ropy in the genu of the corpus callosum were significant predictors (P, .05) of CSF diversion surgery. The predictive value of the CSF
diversion surgery index was also affected by fractional anisotropy in the posterior limb of the internal capsule and sex with marginal effect
(.05,P, .10), but not by the fronto-occipital horn ratio (P. .10). The overall CSF diversion surgery index model fit the data well with statis-
tical significance (eg, likelihood ratio: P , .001), with the performance (sensitivity ¼ 78.6%; specificity ¼ 86.5%, overall accuracy ¼ 84.8%)
superior to all individual indices in sensitivity and overall accuracy, and most of the individual indices in specificity.

CONCLUSIONS: The CSF diversion surgery index model outperformed all single predictor models and, with additional validation, may
potentially be developed and incorporated into a sensitive and robust clinical tool to assist clinicians in hydrocephalus management.

ABBREVIATIONS: CDSI ¼ CSF diversion surgery index; FA ¼ fractional anisotropy; FOHR ¼ fronto-occipital horn ratio; gCC ¼ genu of the corpus callosum;
MD ¼ mean diffusivity; MMC ¼ myelomeningocele; MOMS ¼ Management of Myelomeningocele Study; PLIC ¼ posterior limb of the internal capsule

Hydrocephalus is the most common surgical condition encoun-
tered in pediatric neurosurgical care. It is a complex, typically

life-long disease for which no cure currently exists. Given its inci-
dence of approximately 1 in 500 children, many resources have
been dedicated to studying diverse etiologies, management

strategies, and, ultimately, outcomes related to this disease. Further
complicating the management of this patient population, the diag-

nosis of progressive hydrocephalus in a child with large ventricles
can be difficult to establish and standardized diagnostic criteria are

lacking.1,2 Surgical intervention or the lack of a timely intervention
can lead to complications, highlighting the need for improved

patient selection for better long-term outcomes.
The scope of the current work is to study hydrocephalus in the

context of patients who are born with open neural tube defects,
specifically, those with myelomeningocele (MMC) who underwent
prenatal repairs. MMC is the most common form of spina bifida.
In addition to hydrocephalus, the condition is associated with
other anomalies of the CNS such as Chiari II malformation, brain-
stem deformities, low-lying venous sinuses, and a small posterior
fossa. To address the question of whether better functional results
could be obtained with earlier MMC repair, the Management of
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Myelomeningocele Study (MOMS) prospectively compared
patients undergoing prenatal repair with those who had standard
postnatal repair.3 The initial results were published in 2011, and
the primary outcome related to the need for shunt placement dem-
onstrated a statistically significant difference between the 2 groups
(40% versus 82%, P, .001) in favor of the prenatal repair group.3

Given the wide variety of clinical and radiographic factors affecting
individual surgeons’ ultimate decision for CSF diversion, the
known propensity for children undergoing prenatal MMC repair
to have large ventricles at baseline, and the overall lack of consen-
sus in diagnosing hydrocephalus in the pediatric population at
large, the decision to insert a ventriculoperitoneal shunt was based
on an independent committee of neurosurgeons who reviewed the
clinical and radiographic data for each child to ascertain the need
for CSF diversion.

That these criteria are not universally accepted or applied is
evidenced by the fact that while 64 of 91 children (70%) in the
prenatal cohort of the MOMS trial met the criteria for shunting
as recommended by the independent study committee, only 40 of
the 91 children (44%) actually received a shunt, with the remain-
der believed not to truly have progressive hydrocephalus or
require CSF diversion by their primary neurosurgical provider.

In the present study, we constructed a composite index (the
CSF diversion surgery index [CDSI]) that integrates the informa-
tion from conventional clinical measures and multiple objective
noninvasive neuroimaging biomarkers on the basis of DTI pa-
rameters that have been applied frequently in previous hydro-
cephalus-related analysis.4-16 We will identify the set of the most
important predictors for the CDSI model based on stepwise logis-
tic regression, and we hypothesized that the model will minimize
the potential for clinical bias and help improve the diagnosis of
progressive hydrocephalus, thereby providing guidance to clini-
cians in determining the need for CSF diversion in patients
undergoing prenatal myelomeningocele repair.

MATERIALS AND METHODS
Participants
All participants were selected from a retrospective study
approved and conducted under the guidelines of the Cincinnati
Children’s Hospital institutional review board. In a previous
study, we reported the predictive value of DTI measures in a
cohort of 35 pediatric patients with prenatal repair for their need
for CSF diversion surgery and for the timing of surgery in those
who did require surgical treatment. All these patients underwent
DTI with a similar MR imaging protocol. Fifteen of the 35
patients later underwent CSF diversion surgery for hydrocepha-
lus. All the prenatal MMC repairs, postnatal imaging, and CSF
diversions surgeries (all treated with shunt placement) were per-
formed in the same institution at the Cincinnati Children’s
Hospital. The details of the demographic and clinical information
for these 35 participants can be found elsewhere.4

The participants in the present study included 33 of the 35 par-
ticipants from the previous study. These 33 participants included
14 patients with prenatal MMC repair who underwent DTI and
required CSF diversion surgery and 19 patients with prenatal
repair who underwent DTI but did not require surgical treatment.

The decisions for shunt placement for all the participants in
the present study were made by a single neurosurgeon on the ba-
sis of the criteria set forth by the MOMS trial, first using the origi-
nal protocol3 and then adopting the revised criteria by Tulipan et
al.17 According to the initial MOMS protocol, a patient with a
prenatal MMC repair requires shunt insertion if the patient meets
any of the 4 criteria.3 The first criterion (criterion 1) is that the
patient meets at least 2 of the 4 following components: a) increas-
ing occipital frontal cranial circumference, crossing percentiles;
b) bulging fontanelle or split sutures; c) increasing ventriculome-
galy based on consecutive imaging; and d) head circumference
greater that the 95th percentile at gestational age. Criteria 2, 3,
and 4 from the MOMS trial for shunt placement are the presence
of marked syringomyelia with ventriculomegaly, ventriculome-
galy with symptomatic Chiari malformation, and CSF leakage,
respectively.3 In 2015, on the basis of the outcome of the MOMS
trial, Tulipan et al suggested revising the original MOMS crite-
rion 1 to require 1b and at least 1 of the other 3 components of
criterion 1 (1a, 1c, and 1d), a change reflecting neurosurgeons’ in-
clination to use overt clinical signs of increased intracranial pres-
sure to justify shunt placement.17

The description of the clinical variable related to the MOMS
criteria for shunt placement was extracted from the notes from
patients’ visits to the neurosurgery clinic. All these patients had
close clinical follow-up after initial visits to the neurosurgery office.
The assessment based on the MOMS criteria for shunt insertion
was performed multiple times during these visits. For those
patients who needed shunt placement, we used the information
during the last visit when the patient met the criteria of MOMS
protocol before the operation. For those patients in the no-shunt
group, we reviewed the notes for all the visits to the neurosurgery
office within 1 year after the DTI scan. This timeframe of 12
months as the follow-up time was decided to make sure these non-
shunted children included in the present study were not shunted
soon after the DTI scan. Two participants from the original study
were excluded from the analysis in the present study because we
were not able to identify the Neurosurgery Clinic Visit record for
theMOMS criteria related to clinical variables for shunt placement.
All 33 remaining patients had Chiari II malformation based on
prenatal imaging. Three patients in the no-shunt group had grade
II or grade II-III Chiari II malformation. The other 30 patients had
grade III Chiari II malformation (Online Supplemental Data). Six
of the 33 patients underwent both pre- and postrepair MR imag-
ing: Five demonstrated reversal of hind brain herniation (from
grade III to grade I), and one remained unchanged (grade II).4 The
detailed demographic and clinical information for these 33 partici-
pants are included in the Online Supplemental Data.

Potential Predictive Model for the CSF Diversion Surgery
In the present study, we aimed to construct a predictive model, the
CDSI, for the need for CSF diversion surgery. This composite
index model would include both clinically related variables and
neuroimaging (DTI) based variables. In this study, a clinical mea-
sure related to the MOMS criteria for shunt placement, the
“MOMS Index,” was defined as a dichotomous variable in which 1
represents a patient who met$2 of the 4 components in criterion
1 of the MOMS protocol for shunt placement and zero means that
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a patient met #1 of the 4 components. Patients meeting criterion
2, 3, or 4 from the MOMS protocol was rare in our study cohort:
Six of 33 patients had syringomyelia (all small, between 2.5 and
4mm); no patient had symptomatic Chiari malformation; and 1/
33 had CSF leakage. Therefore, these 3 criteria were not included
in the model.

DTI data were acquired with a 15-direction spin-echo EPI
sequence on a 1.5T Optima MR430s scanner (GE Healthcare)
customized for infant scanning.18-20 Additional sequence specifica-
tions included the following: TR/TE¼ 10,000/93–98.1 ms; FOV¼
200� 200mm; acquisition matrix¼ 128� 28; in-plane resolution
(resampled) ¼ 0.78 � 0.78mm; section thickness ¼ 3mm; 30 or
32 slices; b-value¼ all 800 with 1 exception of 1000 s/mm2; 1 B0; 1
average. All DTI data underwent preprocessing and analysis using
the DTIStudio software (Johns Hopkins University). Additional
details of the infant MR imaging scanner and the imaging sequence
specifications have been reported elsewhere.4,18-20 The neuroimag-
ing variables derived from DTI measures included fractional ani-
sotropy (FA) and mean diffusivity (MD) in 2 WM regions (Fig 1):
the genu of the corpus callosum (gCC) and the posterior limb of
the internal capsule (PLIC). On the basis of our previous data as
well as reports in the literature, DTI values in these 2 ROIs were of-
ten found to be abnormal in pediatric patients with hydrocephalus
or myelomeningocele.5,13,21-25 The fronto-occipital horn ratio
(FOHR),26 based onMR imaging acquired at the time of DTI scan,
was also included in the model to account for the potential effect
of the severity of ventriculomegaly. Sex was tested for its signifi-
cance in affecting the predictive value of the composite index. Two
timing variables, including the gestational age at which the

postnatal DTI data were acquired and the gestational age at which
the MOMS criteria for shunt placement were assessed, were
included as potential confounders in the model.

ROI placement was performed manually by a single operator.
The FOHR measurement was performed by 2 operators. To eval-
uate the consistency of the manual performance, we assessed
intrarater repeatability on the basis of the intraclass correlation
coefficient,27 using DTI values from 2 repeat trials of the same
data sets. Interrater compatibility (interrater reliability) for the
FOHR was assessed on the basis of the intraclass correlation coef-
ficient using the results from the same data sets generated by the
2 operators. By means of the standard of Koo and Li28 (poor:
,0.5; moderate: 0.5–0.75; good: 0.75–0.9; excellent: .0.9), our
evaluation showed that the study presented good-to-excellent
repeatability and reliability with all intraclass correlation coeffi-
cient values between 0.85 and 0.95.

Statistical Analysis
All statistical analyses were performed using the Statistical Package
for Social Sciences (SPSS; IBM). A logistic regression analysis was
performed to assess the effects of the MOMS Index, DTI measures,
the FOHR, and sex in predicting the likelihood that patients with
prenatal MMC repair required shunting surgery. These independent
variables, which included the MOMS Index, gCC_FA, gCC_MD,
PLIC_FA, PLIC_MD, gestational age at postnatal DTI, gestational
age at MOMS criteria assessment for shunt placement, sex, and the
FOHR, were first assessed individually for their association with
CSF diversion surgery. The continuous variables, including the
4 DTI measures, 2 age variables, and the FOHR, were z score–
normalized before being used in the analysis, and subsequently, all
these variables were evaluated in a stepwise logistic regression analy-
sis to identify the set of most important predictors.

In the present study, the entry and remove probability was set
at 0.2 and 0.25, respectively, in the stepwise logistic regression
analysis. These liberal thresholds were selected to be more inclu-
sive and allow quantitative evaluation of variables that were at a
marginal level of statistical significance in the log(P) model. The
variable selection was performed through the backward stepwise
logistic regression implemented in SPSS. The selection process
started with the full model, which included all the p predictors,
and at each step, the potential covariate that contributed the least
was excluded until all of the covariates satisfied the entry and exit
criteria. No additional regularization was used in the process. To
assess the risk of overfitting of the logistic regression model, we
also performed leave-one-out cross-validation: The stepwise
logistic regression model was derived from 32 patients and tested
against the single hold-out patient and was subsequently repeated
until the entire data set had been tested. The top-performing
covariates from these 33 repetitions were identified to ensure
model stability and generalizability.

RESULTS
Single-Predictor Logistic Regression Analysis
The results of the single-predictor logistic regression analysis
with potential predictors tested individually (all with the intercept
included) are summarized in Table 1. Among the 7 potential pre-
dictors tested, a significant relation between predictor and the

FIG 1. Illustration of ROI delineation in WM in children with prenatal
MMC repair on a color-coded FA map. Arrows denote areas of the
gCC, L PLIC, and R PLIC. L PLIC indicates left posterior limb of the in-
ternal capsule; R PLIC, right posterior limb of the internal capsule.
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need for surgery was found for the MOMS Index (Wald x 2 ¼
7.236, P ¼ .007), the gCC_FA (Wald x 2 ¼ 7.193, P¼ .007), the
gCC_MD (Wald x 2 ¼ 4.773, P ¼ .029), and the PLIC_FA (Wald
x 2 ¼ 3.905, P ¼ .048) based on the Wald x 2 test. No significant
association was found for the PLIC_MD, sex, and the FOHR
(Table 1). The assessment of the predicted probability based on
single-predictor logistic regression, including sensitivity, specific-
ity, and overall accuracy, is also reported in Table 1.

CDSI Based on Stepwise Logistic Regression Analysis
The results from the stepwise logistic regression analysis showed
the following model:

CDSI ¼ logit ðprobability of CSF diversion surgeryÞ
¼ 4:33�MOMS Indexþ ð�1:98Þ � gCC FA

þ ð�1:28Þ � PLIC FAþ ð3:22Þ � Sexþ ð�1:34Þ
� FOHR� 0:31

According to the model, the CDSI, which is the log of the
odds of a patient with prenatal MMC repair undergoing CSF
diversion surgery later, was positively associated with the MOMS
Index with statistical significance based on the Wald x 2 test
(Table 2, P ¼ .042). As expected, the model shows that given the
values in other predictors holding constant, children who met the
MOMS criteria for shunt placement were more likely (.76
times) to require CSF diversion surgery than those who did not
meet these MOMS criteria (Table 2).

Among the 4 DTI measures that were entered in the stepwise
logistic regression analysis, the CDSI was found to be negatively
impacted by gCC_FA with statistical significance (Table 2, P ¼
.036) and by the PLIC_FA with marginal significance in the

association (Table 2, P ¼ .086). This finding suggests that as the
FA in the gCC becomes lower in value, the more likely it is that a
child would require CSF diversion surgery. The gCC_MD and
PLIC_MD were not significantly related to the CDSI and were
excluded during the stepwise procedure in the construction of
CDSI (see the Online Supplemental Data for variables not
included in the equation).

The model also showed that CDSI was negatively related to
the patient’s sex. While the significance of the impact was mar-
ginal (P¼ .063), the data showed that the odds of a female patient
who later underwent CSF diversion surgery were 24 time greater
than that of a male patient (Table 2, Exp(b sex)¼ 0.04).

Evaluation of the CDSI as Determined by the Stepwise
Logistic Regression Analysis
On the basis of the likelihood ratio test, the overall model pro-
vided a better fit to the data as it improved significantly over the
null model (Table 3, P , .001). As presented in the previous sec-
tion, the statistical test of predictors included in the regression
analysis showed that the regression coefficients were statistically
significant for the MOMS Index and the gCC_FA and were mar-
ginally significant in the PLIC_FA and in sex based on Wald x 2

test (Table 2). The Hosmer-Lemeshow test yielded a x 2(8) of
7.412 and was insignificant (P ¼ .493, Table 3), suggesting that
the CDSI fit the data well when the null hypothesis defines a
good fit between the model and the data. The variance based on
the Cox-Snell test and Nagelkelke test was 54.3% and 73.0%,
respectively (Table 3).

The assessment of the predicted probability based on the
CDSI is summarized in Table 4. In the 33 patients assessed, the
CDSI correctly predicted 11 of 14 for the CSF diversion surgery
(78.6%) and 17 of 19 who did not require surgery (89.5%). The
sensitivity, specificity, and false-positive and false-negative values
of the CDSI are all included in Table 4.

Table 1: Single-predictor logistic regression analysis for predicting patients who required CSF diversion surgerya

Predictor b SE Wald v2 df P Exp(b) OR Sensitivity Specificity Overall Accuracy
MOMS Index 2.262 0.841 7.236 1 .007 9.600 0.643 0.842 0.757
gCC_FA –1.358 0.506 7.193 1 .007 0.257 0.572 0.842 0.727
gCC_MD 0.970 0.444 4.773 1 .029 2.638 0.571 0.737 0.667
PLIC_FA –0.953 0.482 3.905 1 .048 0.386 0.500 0.842 0.697
PLIC_MD 0.794 0.506 2.464 1 .117 2.212 0.214 0.947 0.636
Sex –0.773 0.728 1.129 1 .288 0.462 0.500 0.684 0.606
FOHR 0.173 0.362 0.230 1 .631 1.189 0.070 1.000 0.606

Note:—Sensitivity indicates the percentage of patients who were correctly predicted among patients who required surgery; Specificity, the percentage of patients who
were correctly predicted among patients who did not require surgery; SE, standard error.
a All the predictors were tested individually with the intercept term included (not shown).

Table 2: Stepwise logistic regression analysis for predicting patients who required CSF diversion surgery

Predictor b

95% CI for Exp (b)
SE Wald v2 df P Exp (b) Lower Upper

MOMS Index 4.331 2.125 4.154 1 .042 76.026 1.181 4.895E1 3
gCC_FA –1.976 0.943 4.390 1 .036 0.139 0.022 0.880
PLIC_FA –1.283 0.747 2.953 1 .086 0.277 0.064 1.198
Sex 3.216 1.727 3.467 1 .063 0.040 0.001 1.184
FOHR –1.335 1.078 1.508 1 .219 0.263 0.031 2.216
Constant –0.308 0.816 3.855 1 .706 0.735 NA NA

Note:—NA indicates not applicable.
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The leave-one-out cross-validation analysis correctly pre-
dicted the CSF diversion surgery for 28 of 33 patients. The 5 vari-
ables in the model derived from all 33 patients remained
consistent in the model from the 33 repetitions of the leave-one-
out cross-validation (32/33 for the MOMS Index, gCC_FA, and
sex; 31/33 for the PLIC_FA and FOHR). Among these 5 variables,
the MOMS Index and gCC_FA remained the top performing
covariates for all the repetitions.

The Composite Index CDSI Benchmarked with Individual
Indices
When we compared the CDSI on the basis of stepwise logistic
regression and individual indices based on single-predictor logistic
regression, the performance of the CDSI (Table 4: sensitivity ¼
78.6%; specificity ¼ 89.5%, overall accuracy ¼ 84.8%) was better
than the performance of all of the individual indices in sensitivity
and overall accuracy and better than most of the individual indices
in specificity (Table 1). The only exceptions were the PLIC_MD
and FOHR, which yielded higher specificity (94.7%, 100%, respec-
tively) compared with CDSI. However, these 2 indices both had
poorer sensitivity (21.4%, 7%, respectively) and lower overall accu-
racy (63.6%, 60.6%, respectively) compared with the performance
of the composite index (Tables 1 and 4).

As shown in Fig 2A, the CDSI based on stepwise logistic
regression is plotted in the order of the level of predicted proba-
bility for individual patients (solid circle). Among these, 3
patients who needed shunting and 2 patients who did not need
shunting were misclassified (in the red solid circle and the blue
solid circles, respectively) on the basis of the predictive model
(cutoff ¼ 0.5). By contrast, the predictive probability based on
single-predictor logistic regression using the MOMS criteria for
shunt placement (empty circle) yielded more cases of misclassifi-
cation: 5 false-negatives and 3 false-positives (in red and blue
empty circle, respectively). Figure 2B shows the receiver operat-
ing characteristic curve for the CDSI model performance with an
area under the curve of 0.96.

DISCUSSION
In the present study, our objective was to create a composite
index that could be used as a predictive model to objectively
improve the capability to manage patients with ventriculomegaly
and progressive hydrocephalus. Specifically, we chose a popula-
tion of patients who had undergone prenatal myelomeningocele
repair because these children very frequently have large ventricles
at baseline, often in the absence of any detectable symptoms of
increased intracranial pressure. This population is suitable for
such a study in that it is homogeneous in its etiology of hydro-
cephalus. Additionally, surgical decision-making is not typically
urgent because these patients seldom require CSF diversion

shortly after birth, in contradistinction to infants undergoing
standard postnatal MMC repair. Thus, the study of the fetal sur-
gery group allows longer clinical and imaging observation for
potential signs and symptoms of progressive hydrocephalus as
well as radiographic markers of the condition.29-31

The present study was a secondary retrospective analysis
using data from 33 patients with a history of prenatal MMC
repair. In our previous work that used a 35-patient cohort
(including the 33 patients in the present study), DTI measures
were found to help differentiate patients who required shunt
placement from those who did not require the surgery. More im-
portant, it was found that using DTI measures yielded higher per-
formance in predicting future shunt placement compared with
using ventricle size (FOHR), a common variable in the hydro-
cephalus diagnosis. In the present study, while still aiming to gen-
erate a predictive tool for shunt placement instead of testing a
certain predetermined combination of 1 or 2 potential variables,
we used stepwise logistic regression, a data-driven approach, to
select the optimal combination of variables from 9 potential
variables. In its current form, the CDSI comprises the initial
MOMS trial and the subsequent MOMS Tulipan revised criteria
for shunt surgery, with additional conventional clinical measures
and objectives, noninvasive neuroimaging biomarkers based on
well-established DTI parameters.3,4,17 Specifically, we evaluated
increasing occipital-frontal cranial circumference, bulging fonta-
nelle or split sutures, progressively increasing ventriculomegaly
based on consecutive imaging studies, head circumference greater
than the 95th percentile at gestational age, and postnatal DTI
measures of the FA and MD of the WM regions of the gCC and
PLIC. Finally, we also included the FOHR and tested sex and age
for significance.

The stepwise logistic regression analysis demonstrated the sig-
nificance of the MOMS trial–related index and the DTI values in
the gCC (and the marginal significance in FA in the PLIC) in the
assessment of the need for hydrocephalus surgery. These findings
corroborate our hypothesis and expectations on the basis of find-
ings from other reports in the literature.4,5,8,10,13,32,33 The potential
influence of sex on the predicted probability (P ¼ .06, Table 2)
remains to be further examined for its generalizability. Currently,
there is no support in the literature for the sex difference in the
need for shunt placement in this patient population. It is unclear
why the ventricle size variable (FOHR) was not a significant cova-
riate in the final model from the stepwise logistic regression analy-
sis. It may be attributed to the FOHR being an index of static
measurement of ventricle size, while by contrast, the MOMS
Index derived from the 4 components of the first criterion of the
MOMS criteria for shunt insertion focused mainly on the trend of

Table 3: Overall model evaluation and goodness-of-fit for the
stepwise logistic regression model

v2 df P
Overall model evaluation (likelihood ratio) 25.834 5 , .001
Goodness-of-fit test (Hosmer-Lemeshow) 7.412 8 .493
Cox-Snell test (R2) 0.543
Nagelkelke test (R2) 0.730

Table 4: The frequency of CSF diversion surgery and the pre-
dicted frequency by stepwise logistic regressiona

Observed
Predicted

% CorrectYes No
Yes 11 3 78.6
No 2 17 89.5
Overall % correct 84.8

a Cutoff ¼ 0.5; sensitivity ¼ 11/(111 3) ¼ 78.6%; specificity ¼ 17/(21 17) ¼ 89.5%;
false-positive ¼ 2/(21 17) ¼ 10.5%; false-negative ¼ 3/(111 3) = 21.4%.

1218 Mangano Aug 2022 www.ajnr.org



change of the ventricle size, which can be a more accurate reflec-
tion of the progression of the underlying disease. Potential con-
founding factors for the analyses in our study may involve the
wide range of timing for different events, including MMC repair,
imaging, and MOMS assessment (eg, the FOHR used in the
model was assessed using data acquired at the time of postnatal
DTI, before the assessment of the MOMS criteria for shunt place-
ment) as well as a series of other factors such as gestational age at
birth and socioeconomic status. However, these potential varia-
bles would be difficult to test in the scope of the present study due
to the insufficient sample size.

As shown in Fig 2, in the 33 cases (14 needing shunt place-
ment, 19 not needing shunt placement), there were 3 false-nega-
tive and 2 false-positive cases based on the CDSI model
approach. While there is no conclusive evidence with statistical
significance, there are some commonalities in the 3 false-negative
cases that could help to explain the misclassification. Due to the
retrospective nature, the DTI scans were all acquired before
patient assessment using the MOMS criteria (and shunt place-
ment for those who needed it). In all of these 3 false-negative
cases, there were large increases in ventricle size from the time
when DTI was acquired (and the FOHR calculated) to the time
when these patients were assessed for their need for shunt inser-
tion. Of note, one patient’s ventricle size increased very rapidly
and almost doubled in volume within 3 months after DTI scan.
One patient, in whom the ventricle size increase was not as severe
as in the other 2, presented with a pseudomeningocele (but no
true CSF leakage), which would not resolve at the lumbar repair
site. These 2 factors together were evidence of progressive hydro-
cephalus. In the 2 false-positive cases, 1 patient had colpocephaly
with small frontal horns. Both patients presented with ventricular
size increases and required continued close imaging and clinical
follow-up, but the progressions were mild and did not warrant
surgical intervention.

Overall, on the basis of our data analysis, the CDSI demon-
strated a sensitivity of 78.6% and a specificity of 89.5%, with an
overall accuracy of 84.8%, in predicting the need for CSF diversion.

This result is better than the performance of all the individual indi-
ces based on sensitivity and overall accuracy and also better than
most of the individual indices based on the specificity alone
(Tables 1 and 4). The objective integration of noninvasive DTI
measures with conventional clinical indices provides an evidence-
based index that can generate highly accurate data for stratifying
patients prospectively into surgical and nonsurgical treatment
groups. The overall findings from this study may allow the group-
based statistical analysis to be transitioned to individualized deci-
sion-making for treatment of this patient population presenting
with ventriculomegaly and/or clinical hydrocephalus. As illustrated
in Fig 2, the composite index of CDSI helps to integrate informa-
tion from various aspects, demographic, clinical, and neuroimag-
ing, and provides a quantitative measure of the overall evaluation,
which becomes a highly convenient and clinically relevant tool for
clinicians to test and apply in decision-making related to treatment
in this group following prenatal myelomeningocele repair.

In a similar fashion, the model could be used to study long-
term neuropsychological and functional outcomes for infants who
have undergone prenatal myelomeningocele repair in comparison
with those with postnatal myelomeningocele repair. Outcome
studies from the MOMS trial and other post-MOMS trial investi-
gations have reported many data with largely corroborative find-
ings in ambulation, motor functions, and urologic functions at
school age or older in these 2 patient populations.34-39 Identifying
significant predictors with the modeling approach for these
patients in different subcategories would be highly relevant for the
planning of therapeutic intervention and other aspects of the clini-
cal management. In addition, the comprehensive modeling tool
could also transform current subjective clinical guidelines for
hydrocephalus treatment in other etiologies (eg, congenital hydro-
cephalus) as well as in patients presenting with hydrocephalus at
older ages.

Given the retrospective nature of the current work, certain limi-
tations of the study must be discussed. First, the study should be
regarded as exploratory, given its sample-size limitation. We used
liberal entry and removed probability thresholds in the stepwise

FIG 2. A, Comparison of the predicted probability using the CDSI model based on stepwise logistic regression (solid circles) and using a logistic
regression model with a single predictor (the MOMS Index, in empty circles). The data are plotted in ascending order of the predicted probabil-
ity using the CDSI model, which had 3 false-negative (red solid circles) and 2 false-positive cases (blue solid circles). The single-predictor logistic
regression model using the MOMS Index yielded 5 false-negative (red empty circles) and 3 false-positive cases (blue empty circles). B, The re-
ceiver operating characteristic (ROC) curve demonstrating sensitivity and specificity based on the CDSI approach for predicting the need for
CSF diversion surgery. AUC indicates area under the curve; ID, identification.
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logistic regression analysis to allow assessing the potential contribu-
tion of the factors included in the model. However, the data in the
present study need to be replicated with more stringent thresholds
with larger-scale data to improve the generalizability of the find-
ings. Second, multicollinearity among the predictors (eg, potential
significant correlation between DTI values in the gCC and PLIC or
between the MOMS Index and FOHR) may affect the precision of
the estimated coefficients and could have led to biased estimates
and inflated standard errors. Third, as stated in prior discussion,
the timing difference between DTI and clinical evaluation may
have contributed to misclassification. Including DTI as part of rou-
tine clinical MR imaging protocol and synchronizing it with clini-
cal assessment may help to improve the predictive value of the
composite index in future model development and validation stud-
ies. Fourth, we selected 2 ROIs, including the gCC and PLIC in the
present study. These 2 ROIs are the WM structures that have often
been reported to have DTI abnormalities. We also explored other
WM regions, eg, the body and splenium of the corpus callosum,
the anterior limb of internal capsule, the external capsule, and addi-
tional periventricular WM regions. However, due to the presence
of ventriculomegaly, small brain size, and other factors, it is not fea-
sible to delineate ROIs for these additional structures in a consist-
ent manner and generate reliable data for all (or at least most)
subjects.

In future prospective studies with larger group sizes, addi-
tional ROIs as well as biometric measures such as the size of the
subarachnoid spaces may be included in the model in which the
missing data points may be addressed analytically using imputa-
tion or other statistical approaches. Finally, also due to the insuf-
ficient power in the present study, not all clinical or radiographic
variables were included in the statistical analysis, such as the pres-
ence of headache, vomiting, syringomyelia, symptomatic Chiari
II malformation, or evidence of CSF leak from the myelomenin-
gocele repair site, to name a few. Some of these factors were not
included due to the low frequency of occurrence in our cohort.
However, we believe that the data generated in this retrospective
review have helped to close a critical knowledge gap and gener-
ated important data to support the design of a future clinical trial
based on the CDSI with the long-term goal of improving the cur-
rent standard of care for this patient population.

CONCLUSIONS
In the present study, we constructed a novel composite index that
includes clinical, demographic, and neuroimaging measures, with
the aim of assisting in the identification of hydrocephalus in
patients following prenatal MMC repair. The performance of the
CDSI model based on stepwise logistic regression outperformed
all single-predictor models, including the models using indices
derived from the MOMS trial criteria as well as a series of other
variables that were tested separately. By integrating analysis of
microstructural WM alterations into a comprehensive model pre-
dicting the need for surgical treatment, the CDSI may eventually
serve as a robust tool to aid clinicians in their decision-making in
hydrocephalus management.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Percutaneous Sacroplasty with or without Radiofrequency
Ablation for Treatment of Painful Sacral Metastases

Q.-H. Tian, K.-Han, T. Wang, D.-L. Min, and C.-G. Wu

ABSTRACT

BACKGROUND AND PURPOSE: Percutaneous sacroplasty is a variation of percutaneous vertebroplasty that has gained attention as
a therapeutic option for patients with painful sacral insufficiency fractures due to osteoporosis or metastases. Additionally, percu-
taneous sacroplasty can also be used to treat painful sacral metastases without a pathologic fracture. The purpose of this retro-
spective study was to compare the efficacy and safety of fluoroscopy-guided percutaneous sacroplasty alone versus percutaneous
sacroplasty plus radiofrequency ablation for the treatment of painful sacral metastases.

MATERIALS AND METHODS: For this retrospective study, 126 patients (with a total of 162 painful sacral metastases) were enrolled
from October 2012 to February 2021 and assigned to receive either percutaneous sacroplasty plus radiofrequency ablation (n ¼ 51,
group A) or percutaneous sacroplasty alone (n ¼ 75, group B). Four different approaches were used for percutaneous sacroplasty:
transiliac, interpedicular, anterior-oblique, and posterior. The Visual Analog Scale, Oswestry Disability Index, and Karnofsky
Performance Scale were used to evaluate outcomes.

RESULTS: The Visual Analog Scale, Oswestry Disability Index, and Karnofsky Performance Scale scores showed significant improve-
ment in both groups after treatment (P, .05). The overall pain relief rate was significantly better in group A than in group B (90%
versus 76%, P ¼ .032). There were no significant differences in the incidence of polymethylmethacrylate leakage between the 2
groups or among the 4 different approaches (P. .05).

CONCLUSIONS: Both percutaneous sacroplasty alone and the combination of percutaneous sacroplasty and radiofrequency abla-
tion are safe and effective for treatment of painful sacral metastases. The combination of percutaneous sacroplasty and radiofre-
quency ablation appears to be more effective than percutaneous sacroplasty alone.

ABBREVIATIONS: KPS ¼ Karnofsky Performance Scale; ODI ¼ Oswestry Disability Index; PMMA ¼ polymethylmethacrylate; PSP ¼ percutaneous sacro-
plasty; RFA ¼ radiofrequency ablation; VAS ¼ Visual Analog Scale

Bone metastasis is common in advanced cancers and is often the
cause of severe pain. It is estimated that �45% of patients with

bone metastases do not receive adequate and appropriate treatment

and therefore have avoidable pain.1 Metastasis in the sacrum can
cause intractable pain and dysfunction, confine the patient to bed,
and seriously impair his or her quality of life. The current standard
of treatment for sacral metastases includes systemic and local thera-
pies. Conservative treatment with bed rest, analgesics, chemother-
apy, and bisphosphonates2 and radiation therapy—which are often

used as first-line treatments—do not provide mechanical support

or complete pain relief.3 Meanwhile, surgical treatment is limited

by the prolonged recovery time and the high risk of complications

and mortality.4

Percutaneous sacroplasty (PSP), developed from percutaneous
vertebroplasty, is a promising option for the treatment of osteo-
porotic sacral insufficiency fractures and sacral metastases.5-8

However, the few studies to date on the use of PSP for the treat-
ment of painful sacral metastases have had small sample sizes
and/or did not examine the use of PSP in combination with other
therapies.9-12
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The aim of this retrospective study was to assess the safety
and efficacy of PSP under fluoroscopy for the treatment of pain-
ful sacral metastases unresponsive to conservative treatments and
to compare long-term outcomes after treatment with PSP alone
versus PSP plus radiofrequency ablation (RFA).

MATERIALS AND METHODS
All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki dec-
laration and its later amendments or comparable ethical standards.

Patients
The institutional ethics committee of our hospital approved this
study. Informed consent was obtained from all individual partici-
pants included in the study. Consecutive patients presenting with
sacral metastases and severe pain at our clinic between October
2012 and February 2021 were approached for enrollment in this
study. Those who expressed a willingness to participate were
assigned to receive either PSP plus RFA or PSP alone. The inclu-
sion criteria were the following: 1) older than 18 years of age; 2)
sacral metastases with severe pain and an inability to walk or sit;
3) metastasis of#3 cm in diameter; 4) no relief with conventional
treatments (opioids, radiation therapy, and chemotherapy); 5)
unwilling to undergo or unfit for surgical treatment due to poor
performance status; 6) life expectancy $3months; and 7) willing-
ness to provide a signed consent. The exclusion criteria were the
following: 1) erosion of the neuroforamina or epidural tumor; 2)
systemic infection; 3) uncorrectable coagulation disorder (interna-
tional normalized ratio . 1.50, platelet count , 90� 109/L); 4)
allergy to polymethylmethacrylate (PMMA); or 5) concurrent
severe cardiopulmonary disease. Before 2017, only PSP was per-
formed in these patients. Since 2018, with the introduction of
radiofrequency equipment, we have adopted a combination of
PSP and RFA to treat these patients. Of the 126 patients who met
the eligibility criteria, 51 were assigned to receive PSP plus RFA
(group A), and 75, to receive PSP alone (group B). The ethics
committee of our hospital approved this study. Informed consent
was obtained from all participants.

Lesions
Although sacral metastases in the present study were not associ-
ated with pathologic fractures, these lesion zones were classified

according to the Denis fractured zones.13 Among the 126 patients,
there were 95 zone 1 metastases (ie, metastasis of the sacral ala lat-
eral to the neural foramina); 30 zone 2 metastases (ie, metastasis in
foramina area); and 37 zone 3 metastases (ie, metastasis involving
the sacral body and spinal canal). The primary cancers included
lung (n ¼ 44), liver (n ¼ 22), thyroid (n ¼ 21), breast (n ¼ 16),
prostate (n ¼ 10), kidney (n ¼ 8), epithelioid hemangiosarcoma
(n ¼ 2), gallbladder (n ¼ 1), colon (n ¼ 1), and parotid (n ¼ 1).
Among the 126 patients with sacral metastases, 76 also received
treatment for lesions at other locations, ie, the spine (56 patients)
and the pelvis (20 patients). The PSP/RFA procedures were per-
formed after radiation therapy in 17 group A patients and 29
group B patients. Radiation therapy was not indicated in 34 group
A patients and 46 group B patients before the PSP/RFA proce-
dures. All patients routinely received systemic medical therapy
(including bisphosphonate). The Table shows the patients’ base-
line characteristics and a summary of the results.

Procedure
Three doctors, all with .15 years of extensive experience in mus-
culoskeletal intervention, performed PSP/RFA. The patient was
placed on the operating table in the prone position. All procedures
were performed with the patient under local anesthesia (2%
lidocaine) and conscious sedation. Strict aseptic techniques were
followed. The approach chosen (posterior, anterior-oblique, inter-
pedicular, and transiliac) depended on the location of the lesion,
with the aim being to reach the targeted lesion via the shortest dis-
tance without causing vessel or nerve damage (Figs 1 and 2).
Generally, the anterior-oblique, transiliac, or posterior approaches
were selected for lesions in the sacral ala, while the posterior
approach was selected for lesions in other parts of the sacrum; the
interpedicular approach was used for metastases in the sacral
bodies.

The bone puncture needle—either a 13.8-cm 15-ga C1616A
Bard TruGuide Disposable Coaxial Biopsy Needle (Bard Peripheral
Vascular) or a 10-cm 13-ga beveled Murphy I bone puncture needle
(Cook)—was inserted into the lesion under fluoroscopic guidance.
Lateral and anterior-posterior fluoroscopic guidance was used to
ensure a safe distance between the needle tip and critical structures
such as sacral foramina and anterior surface of the sacrum. When
necessary, the needle tip was rotated so that the beveled side faced
the structure to be protected. In some cases, .1 needle was used.
After the needle tip had entered the target lesion, PMMA (Palacos

Baseline characteristics and clinical outcomes in patients with sacral metastatic tumors between the 2 groups
Characteristic PSP + RFA (Group A; n = 51) PSP (Group B; n = 75) P

Age (mean) (yr) 57.22 (SD, 11.41) 62.11 (SD, 13.37) .132
Male/female 27:24 42:33 .085
Lung cancer/other cancer (No./No) 17/34 27/48 .758
Postoperative radiation/no radiation (No./No.) 17/34 29/46 .542
Zone I/other zones (No./No.) 32/26 63/41 .503
Lesion volume (mean) (mL) 7.22 (SD, 1.74) 6.69 (SD, 1.96) .124
Posterior approach/other approaches (No./No.) 19/37 41/50 .183
Technical success (No.) (%) 51 (100) 75 (100) .999
Operation time (mean) (min) 47.56 (SD, 5.31) 38.67 (SD, 5.19) .002
Cement leakage (No.) (%) 10 (17.24) 20 (19.23) .361
Cement filling volume (mean) (range) (mL) 6.42 (SD, 1.73) (3–8) 5.31 (SD, 1.52) (2–8) .001
Degree of cement filling (%) 84.82% (SD, 0.37%) 76.16% (SD, 0.77%) .001
Clinical follow-up (mean) (mo) 10.08 (SD, 6.28) 10.18 (SD, 5.59) .823
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V; Heraeus Medical) was injected under continuous bilateral fluoro-
scopic monitoring. The injection was stopped when the bone
cement reached the posterior wall of the sacrum, the edge of a sacral
foramina, or the margin of the sacroiliac joint.

For patients receiving PSP plus RFA,
the RFA was performed first. After in-
stallation of the bone needle, an RFA
electrode with a 1- to 3-cm active tip
(UniBlate 17-ga; AngioDynamics) was
inserted coaxially into the needle, and
ablation was applied with a power set-
ting of 30 W. The ablation range was
determined by lesion size, which was
assessed by enhancement MR imaging
and CT beforehand. The temperature at
the tip of the needle ranged from 70°C
to 90°C. Complete ablation was defined
either by reaching a mean target tem-
perature of 85°C maintained for at least
10minutes or by reaching an obvious
increase of impedance (so-called “roll-
off”) twice, corresponding to a complete
coagulation necrosis. In addition, neural
reflex including acute severe sacral pain
and paresthesia and/or dyspraxia in the
levator ani or urethral sphincter of any
patient was closely observed, and RFA
was immediately stopped if the patient
developed neurologic symptoms. After
RFA, PMMA cement was carefully inje-
cted into the lesion. CT was performed
immediately after the procedure to evalu-
ate the cement distribution and identify
leakage.

Outcome Evaluation
Two of the authors performed thorough
clinical examinations of all patients
before treatment, at 1 day after treat-
ment, and then at 1, 3, 6, and 12months
after treatment. Outcome measures were
technical success, complications, and
improvement of pain and mobility.
Technical success was defined as success-
ful performance of puncture, RFA, and
cement injection without major compli-
cations. The volume of each lesion was
measured on the CT scans.14 The degree
of cement filling was calculated by the
maximum diameter of the cement de-
posit compared with the maximum di-
ameter of the lesion.11 Clinical efficacy
was assessed by measuring improvement
in pain and function. Pain relief was
measured by the changes in analgesic
use, analgesic scale, Visual Analog Scale
(VAS) score, and the overall rate of pain

relief.5,15,16 Functional outcome was assessed using the Oswestry
Disability Index (ODI) and Karnofsky Performance Scale (KPS).17,18

Major and minor complications were defined according to the
reporting standards of the Society of Interventional Radiology.19

FIG 1. Drawings show the puncture needles in place for the 4 different approaches: the transiliac
approach (A), short-axis technique of posterior approach (B), long-axis technique of posterior
approach (C), anterior-oblique approach (D), and interpedicular approach (E).

FIG 2. PSP procedure. A–C, Metastatic lesions in the sacral ala and bodies can be seen on
enhanced sagittal and axial T1-weighted MR imaging and sagittal reconstruction CT images. D
and E, Radiographs obtained during percutaneous cement injection with the patient in the
supine position. F and G, After PSP, there is homogeneous and sufficient distribution of bone
cement in the lesions.
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Major complications were those resulting in persistent morbidity or
requiring an operative intervention, and minor complications were
those that were transient, requiring only a temporary medical
intervention.

Statistical Analysis
SPSS Statistics 22 (IBM) was used for statistical analysis. Normally
distributed continuous variables were summarized as mean (SD)
and compared between groups using the independent samples t
test. Categoric variables were summarized as percentages and com-
pared using the x 2 test. Statistical significance was at P, .05.

RESULTS
The 126 patients (69 men and 57 women) in this study had a
mean age of 58.35 (SD, 13.62 ) years (age range, 18–89 years). A
total of 162 lesions were treated in these 126 patients: 58 lesions
in the 51 group A patients and 104 lesions in the 75 group B
patients. The mean volumes of lesions were 7.22 (SD, 1.74)mL
and 6.69 (SD, 1.96)mL in groups A and B, respectively (P ..05).
Some adjacent lesions were treated through a single bone punc-
ture needle. The procedures were well-tolerated by all patients,
and the technical success rate was 100%. In the present study, 147
approaches were used for 162 lesions in total. The posterior
approach was used in 60 patients; the transiliac approach, in 16
patients; the anterior-oblique approach, in 32 patients; and the
interpedicular approach, in 39 patients. The mean procedural
time was 45.5 (SD, 4.3) minutes (range, 37–49minutes). The
number of needles used per lesion ranged from 1 to 3 (mean,
1.38 [SD, 0.78]). The mean amount of cement injected per lesion
was 6.42 (SD, 1.73)mL; range, 3–8mL in group A versus 5.31
(SD, 1.52)mL; range, 3–8mL in group B (P, .001). The mean
degree of cement filling was 84.82% (SD, 0.37%) in group A,
while it was 76.16% (SD, 0.77%) in group B (P , .05). In group
A, the mean number of overlapping RFAs and complete ablation
cycles was 1.89 (SD, 0.75) and 2.03 (SD, 1.54), respectively. The
mean time taken for RFA was 7.54 (SD, 2.62)minutes.

No major complications occurred in group A; and only 1
major complication of extravasated cement requiring surgical
intervention, in group B. Cement leakage occurred in 10/58 (17%)
of the treated lesions in group A and 20/104 (19%) of treated
lesions in group B. No group A patient had symptoms. However,
3 group B patients had symptoms: One had radicular pain, and 2
had of focal stabbing pain, which was due to soft-tissue cement
extravasation; one of these patients needed surgical resection of
the extravasated cement for relief of pain.

The mean hospital stay was 4.51 (SD, 1.69) days (range, 2–
7 days), and mean postprocedural follow-up was 10.13 (SD,
6.78)months (range, 3–12months). In group A, the mean VAS
score decreased from 7.43 (SD, 1.56) before the procedure to 2.25
(SD, 1.35) on day 1 after the procedure (P, .001). On day 1 after
the procedure, 46 patients reported pain relief, but 5 patients had
no improvement. In group B, the mean VAS score decreased
from 7.45 (SD, 1.61) before the procedure to 3.02 (SD, 1.55) on
day 1 after the procedure (P, .001) (Online Supplemental Data).
While 57 had pain relief, 19 had no improvement. The overall
pain relief rate was significantly better in group A than in group
B (90% versus 76%, P¼ .032).

On day 1 after the procedure, 46/51 (90.19%) patients in group
A discontinued or reduced the dosage of narcotic analgesics.
Postprocedural pain was controlled with weak opioid analgesics (4
patients) or nonsteroidal anti-inflammatory drugs (7 patients); the
remaining 35 patients did not require any analgesic therapy after
the procedure. The mean analgesic scale decreased from 3.28 (SD,
1.42) before the procedure to 0.93 (SD, 1.38) postprocedure
(P, .001). In group B, 57/75 (76%) patients discontinued or
reduced analgesic drug dosages on day 1 after the procedure.
Postprocedural pain was controlled with weak opioid analgesics (9
patients) or nonsteroidal anti-inflammatory drugs (18 patients); no
analgesic therapy was necessary for the remaining 30 patients. The
mean analgesic scale decreased from 3.47 (SD, 1.31) before the pro-
cedure to 1.83 (SD, 2.04) postprocedure (P, .001). Furthermore,
in both groups, the mean VAS, ODI, and KPS scores at each fol-
low-up were significantly different from baseline scores (P, .05;
Online Supplemental Data). Meanwhile, the changes in KPS, VAS,
and ODI scores were not significantly different between patients
with lesions in the 3 different zones and those treated via the 4 dif-
ferent approaches (P. .05).

DISCUSSION
The spine is the most common site of skeletal metastases, with
1%–7% of all skeletal metastases being in the sacrum.20 Sacral
metastases reduce mechanical support and result in intractable
radiating pain, often associated with immobility and a severely
impaired quality of life. Currently, there is no consensus on the
best treatment for sacral metastases. Traditional treatments,
which include chemotherapy, surgery, targeted drugs, and radia-
tion therapy, can kill tumor cells and reduce pain severity, but
they act slowly and do not compensate for bone loss.21-24

Moreover, .80% of patients with sacral metastases have an
advanced tumor stage and poor physical condition, making them
ineligible for surgical treatment.25

PSP is a minimally invasive procedure that has been proved to
effectively repair bone defects, inactivate metastatic cells, and
relieve pain in patients with osteoporotic insufficiency or patho-
logic fractures in the sacrum.1,5-7 The present study—comprising
126 patients with 162 metastatic lesions—is one of the largest stud-
ies to date on the use of PSP to treat sacral metastases; the previ-
ously published largest study was on a cohort of 42 patients.2

Consistent with previous reports, we found that PSP with or with-
out RFA could provide immediate and lasting pain relief and allow
functional recovery in patients with lesions in any part of the sac-
rum; significant improvement was noted in the VAS, ODI, and
KPS scores after treatment with both PSP alone and PSP plus RFA.

With advances in technology, PSP continues to evolve.
Modified PSP can be applied with balloon dilation, ablation, screw
fixation, and high-viscosity cement augmentation.26-30 Balloon
dilation immediately after needle placement creates an easily acces-
sible cavity that will allow more cement filling.26 Radiofrequency
sacroplasty brings a low rate of leakage with highly viscous cement
insertion and good results with regard to pain reduction.27 Lee et
al28 reported that PSP combined with cryoablation could effectively
treat sacral tumoral pain refractory to medical therapy. Andresen
et al29 compared balloon sacroplasty with radiofrequency sacro-
plasty and concluded that both can enable reliable cement
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augmentation and achieve equally good clinical outcomes in the
medium term. Contrary to the results of the present study, a previ-
ous meta-analysis indicated that these technical modifications were
not associated with increased or decreased VAS study effect size
compared with standard PSP.30

In theory, RFA before PSP can decrease tumor cell spread and
the risk of cement extravasation by destroying viable tumor cells
and embolizing venous channels; this result can be especially
important in patients with a long life expectancy. Therefore, the
combination of ablation and PSP is often recommended. In the
present study, we found significantly better improvement in over-
all pain and mobility in patients treated with PSP plus RFA than
in patients treated with PSP alone, indicating that PSP and RFA
may act synergistically to provide pain relief. RFA can efficiently
destroy tumor cells, decrease needle tract implantation metasta-
ses, and help avoid bone cement extravasation.11 The analgesic
effect of RFA is due to destruction of pain-carrying nerves and
tumor cells that produce pain-intensifying cytokines and growth
factors. Meanwhile, PSP can provide immediate bone consolida-
tion and anesthesia. This synergistic action is especially important
for patients with a relatively long life expectancy. We believe that
PSP plus RFA should be the preferred treatment for painful sacral
metastases, regardless of the medical expense.

Because of the complex anatomy of the sacrum, the technique
of PSP continues to evolve. Currently, the safest guidance system
for interventional treatment is angiography with integrated CT,
which enables precise puncture and real-time monitoring of the
cement injection. In this study, we chose fluoroscopic guidance
mainly because it allows real-time imaging during both PSP and
RFA; it is especially useful during the cement-filling process.
Except for 1 case of cement leakage that required surgery, none
of the remaining patients experienced major complications, con-
firming the safety and reliability of fluoroscopic guidance.

Currently, there are 4 different approaches for PSP: transiliac,
interpedicular, anterior-oblique, and posterior (which include the
long-axis technique and the short-axis technique).31-34 In the
present study, the efficacy and safety of the different approaches
were similar. Because it is the practice in our institution for
examinations and interventional procedures to be scheduled dur-
ing 1 hospitalization, a prolonged hospital stay was observed, and
the mean hospital stay was 4.51 (SD, 1.69) days in this study.

The main limitations of the present study are its single-center
nature, lack of comparison with conservative or surgical treat-
ments, and the heterogeneity of the metastatic tumor site and
size. In addition, providers who clinically assessed patients were
not blinded to PSP with or without RFA. This feature may also be
a confounding factor in drawing more objective conclusions.

CONCLUSIONS
PSP, used alone or in combination with RFA, is safe and effective
for the treatment of sacral metastases not responding to conserv-
ative treatments. The combination of PSP and RFA may provide
better pain relief and mobility improvement. Large multicenter
prospective studies are required to confirm these results.

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

2018–2022 Radiology Residency and Neuroradiology
Fellowship Match Data: Preferences and Success Rates of

Applicants

The demand for radiology residency positions varies from year
to year. Such demand may be affected by several factors such as

job market forces, advancements in technology (artificial intelli-
gence, new modalities, and noninvasive treatments),1 and the grow-
ing use of remote telemedicine solutions. The coronavirus disease
2019 (COVID) pandemic has disproportionately affected those spe-
cialties with direct face-to-face patient care (eg, internal medicine,
emergency medicine, family medicine, pediatrics) over such special-
ties as radiology, whose practitioners may be able to conduct nearly
all of their work via remote practice. We analyzed the data of the
2021 and 2022 National Resident Matching Program (NRMP)
(COVID years), comparing diagnostic radiology versus other spe-
cialties, and those years from 2018 to 2020. We also studied the
Neuroradiology Fellowship match statistics from 2018 to 2022. We
hypothesized the following: 1) Radiology remains a highly sought-af-
ter specialty, 2) its competitiveness for positions is in the top tier of
residency specialty programs, and 3) the changes in match results
during the pandemic years of 2021 and 2022 would be minimal.

We used the online “Advanced-Data Tables for 2022 Match” and
the “Results and Data of the 1998–2021 Main Residency Match”

from the NRMP archives of the 2018–2022 residency match2 to com-
pare radiology applicant numbers and match rates with other special-
ties. We included all fields of medicine that had.1000 applicants to
the specialty. The definition of the match success in this study was a
match to the preferred specialty that was the applicant’s first-ranked
program. Matching to another specialty or failure to match at any
slots was considered a lack of success in the match according to the
analysis algorithm of the NRMP. Success rates were determined by
dividing the number that matched according to their specialty prefer-
ences by the number of applicants applying.2,3

For all applicants in 2022, radiology was the ninth most popular
specialty after internal medicine, family medicine, pediatrics,
emergency medicine, general surgery, psychiatry, anesthesiology,
and obstetrics-gynecology (Table).2 This finding remained true
each year from 2018 to 2022, for both US Medical Doctor seniors
(USMDs) and US Doctor of Osteopathy seniors (USDOs).
Radiology had the highest rate of increased applications (20%) of all
specialties between 2020 and 2022.2,3 For USMD and USDO stu-
dents, radiology was the most competitive specialty in 2022 with
the lowest successful match rates (64.5% and 45.1%, respectively).

Popularity ranking (by number of applicants) of specialties with >1000 applicantsa

Specialty
2022

(Total Applicants) 2021 2020 2019 2018
Percentage Change

2020–2022
Internal medicine 1 (13,844) 1 (13,787) 1 (13,118) 1 (12,527) 1 (11,917) 15.2%
Family medicine 2 (7425) 2 (7496) 2 (7175) 2 (6652) 2 (6421) 13.4%
Pediatrics 3 (3824) 3 (3976) 3 (3728) 3 (3638) 3 (3647) 12.5%
Emergency medicine 4 (3081) 4 (3734) 4 (3323) 4 (3048) 4 (2901) �7.9%
General surgery 5 (3071) 6 (2908) 6 (2713) 6 (2563) 6 (2391) 111.7%
Psychiatry 6 (2908) 5 (2948) 5 (2798) 5 (2767) 5 (2739) 13.8%
Anesthesiology 7 (2691) 7 (2706) 7 (2418) 7 (2226) 7 (2011) 110.1%
OBGYN 8 (2161) 8 (2030) 8 (2014) 8 (2026) 8 (1879) 16.8%
Diagnostic radiology 9 (1850) 9 (1657) 9 (1480) 9 (1520) 9 (1603) 120%
Orthopedic surgery 10 (1470) 11 (1289) 11 (1192) 11 (1037) 11 (1017) 119.9%
Neurology 11 (1463) 10 (1441) 10 (1226) 10 (1152) 10 (1143) 116.2%

Note:—OBGYN indicates Obstetrics-Gynecology.
a Radiology has remained the ninth most popular specialty throughout the 5-year period as far as the number of applicants with internal medicine, family medicine,
pediatrics, and emergency medicine having the most applicants year after year.
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From 2018 to 2021, radiology ranked between the second and
fourth most competitive specialty.2 International medical graduates
(IMGs) accounted for 9.1% (91/996) of successful matches in radi-
ology in 2022, down from 13.0% in 2021.

From 2018 to 2021, the number of positions offered in neuro-
radiology increased from 241 to 285, with successful matches
increasing from 163 (67.6%) to 226 (79.3%), respectively.4 While
the percentage of USMDs filling neuroradiology slots decreased
from 78.5% to 61.9% during that time, the percentage rebounded
in 2022 to 69.7% (168/241 filled).4 The percentage of 2022 neuro-
radiology-matched positions filled by IMGs was 20.3% (49/241).
These IMG rates are much higher than those seen in diagnostic ra-
diology year to year. Neuroradiology remained the most sought-af-
ter specialty in the radiology fellowship match from 2018 to 2022.
We conclude that radiology remains in the upper echelon of pre-
ferred fields of medicine and was the most competitive field to
enter in 2022. During the COVID years, applications to radiology
have surged. This has resulted in more USMD acceptances in radi-
ology residencies. Overall, neuroradiology remains the most popu-
lar radiology subspecialty and has seen a higher rate of IMGs
entering the field across time, peaking in 2021.

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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LETTERS

The Nosologic Term “Conversive” Disorder Should Be
Abandoned

We found the article by Prodi et al1 on the usefulness of a
multimodal CT protocol in the diagnosis of stroke mimics

very interesting. Among the pathologies evaluated is the so-called
“conversive disorder,” a disorder in which diagnostic imaging
was not useful.

The nosologic term “conversive disorder” should be aban-
doned, and instead the term “functional neurologic disorder”
(FND) should be used. Recent research has made it clear that
FND is not a rule-out diagnosis but a rule-in diagnosis based
on positive physical examination findings.2 The term conver-
sive disorder implies a psychiatric disease and leads the treating
physician to think that there is no structural brain alteration;
therefore, there should be no alteration in the diagnostic images.
In recent years, it has been established that these patients do have
subtle alterations on MR imaging,3-5 such as smaller volume of
the thalamus,5 an increased cortical thickening in the premotor
cortex,3 and an inverse association between somatoform dissocia-
tion and left caudal anterior cingulate cortical thickness.4

The emergence of FND as a brain disease with an organic sub-
strate and probable structural alterations should lead us to change
the paradigm of the mental-versus-organic dichotomy.

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

We thank Drs Lizarazo and Guarnizo for their comment on
our article “Stroke Mimics in the Acute Setting: Role of

Multimodal CT Protocol.”1

We acknowledge the comment about the denomination of
“functional neurological disorder” (FND) instead of “conversion dis-
order.” Indeed, in Diagnostic and Statistical Manual of Mental
Disorders, 5th ed, 2022 text revision, terminology has been updated.2

FND, previously regarded as a diagnosis of exclusion, is now a
rule-in diagnosis that relies on tests with positive findings such
as the Hoover test for functional leg weakness and others.
Nevertheless, the differential diagnosis versus an acute stroke may
be uncertain in the acute setting, leading the clinician to perform
an imaging evaluation to rule out stroke.3

FND is now considered a multinetwork brain disorder with
impairment within and across the limbic system/salience network,
self agency, multimodal integration, attention and sensorimotor
circuits. Although FND is a clinical diagnosis, neuroimaging has
provided evidence of functional and subtle structural brain
changes in patients with this disorder, arguing against a strict
functional-structural dichotomy in this condition.4 Nevertheless,
these subtle abnormalities (ie, smaller volume of the thalamus,
increased cortical thickening in the premotor cortex) cannot be
evaluated with a multimodal CT protocol such as in our study.
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