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Indications for Use: The FRED X System is indicated for use in the internal carotid artery from the petrous segment to the 

terminus for the endovascular treatment of adult patients (22 years of age or older) with wide-necked (neck width 4 mm or 

dome-to-neck ratio < 2) saccular or fusiform intracranial aneurysms arising from a parent vessel with a diameter  2.0 mm 

and  5.0 mm.

Rx Only: Federal (United States) law restricts this device to sale by or on the order of a physician.

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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MR Suite

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. 

†Multicenter, multinational, double-blind randomized, intraindividual crossover study design of 177 patients with known or suspected brain tumors. Each patient received 0.1-mmol/kg doses of MultiHance and Dotarem 
in two identical MR imaging examinations. For Arm 1, the contrast agents for patients were administered by IV using manual bolus injection (n = 83) or power a power injector (n = 13). The agents were administered at 
0.1mmol/kg of body weight, corresponding to 0.2 mL/kg for MultiHance and for Dotarem. For Arm 2, Administration of agents were IV using manual bolus injection (n = 83) or power a power injector (n = 24). The agents 
were administered 0.05 mmol/kg of body weight, corresponding to 0.1 mL/kg for MultiHance and at 0.1mmol/kg of body weight, corresponding to 0.2 mL/kg for Dotarem. All injections were followed by a saline fl ush 
of up to 30 mL. The interval between the 2 MR imaging examinations was > 48 hours to avoid carryover effects but < 14 days to minimize the chance of disease progression. All images were evaluated by 3 blinded, 
independent experienced radiologists who were unaffi liated with the study centers. Each reader evaluated the patient images separately and independently. Images were evaluated qualitatively for diagnostic and quality 
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 better) through 0 (examinations equal) to 1 (examination 2 better).
Dotarem® (Gadoterate) is a registered trademark of Guebert, Aulnay-sous-Bois, France. Reference: 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.

MultiHance® demonstrated superiority in both qualitative and quantitative enhancement of brain lesions compared 
with Dotarem® at 0.1 mmol/kg dose.1†

•  The 0.1 mmol/kg dose of MultiHance demonstrated consistently better visualization for all readers for all visualization endpoints vs non-contrast MRI. 

•  3 blinded and independent readers reported superiority (P < 0.002) of 0.1-mmol/kg MultiHance for all endpoints in Arm 1. 

•  3 blinded independent readers also reported the mean percentage signal enhancement of lesions on the TISE images was signifi cantly (P < .0006) higher for 
MultiHance compared with Dotarem in patients given 0.1-mmol/kg doses of both agents. Similar results were obtained for determination of LBR. LBR fi ndings 
on TIGRE images were similar.

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 

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.

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

Please see full Prescribing Information and Patient Medication 
Guide for additional important safety information for/regarding 

MultiHance (gadobenate dimeglumine) injection, 529 mg/mL at 
https://imaging.bracco.com/sites/braccoimaging.com/fi les/technica_sheet_
pdf/us-en-2019-01-16-spc-medication-guide-multihance.pdf

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. 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. 2. 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 Jun-Jul;33(6):1050–1058. 3. 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 Aug;240(2):389–400. 4. 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 Jul;29(9):1684–1691. 

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-2100020 04/22
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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 
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infant receiving an oral dose of 0.001%-0.04% of the maternal dose.
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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.

TABLE 2: ADVERSE REACTIONS REPORTED IN ≥ O.5% OF  
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.  
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PERSPECTIVES

Title: David H. Koch Cancer Center. The David H. Koch Cancer Center is a multiple award-winning structure with many cutting-edge features. Located on the upper east side
of Manhattan overlooking the East River. It’s blocked modularization promotes visual integration with surrounding structures. Its light-toned terra cotta skin is motivated by a
desire to emit a visual positivity and hopefulness, though one could perhaps be forgiven for wondering if every person coping with cancer has these feelings on approach. The
facade also has important functional elements, including panels, fins, and windows of varying yet balanced depths and sizes. The interplay of these elements responds to the
changing sunlight throughout the day to provide balanced interior lighting without harsh glare. The center’s interior lighting system is also modulated throughout the day in
correlation with ambient daylight, to create warm and welcoming, yet varying atmospheres, and synchronize with the staffs' circadian rhythms.

Manfred Hauben, MD, MPH, Pfizer Inc and NYU Langone Health, New York City
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REVIEW ARTICLE

Application of 7T MRS to High-Grade Gliomas
L. McCarthy, G. Verma, G. Hangel, A. Neal, B.A. Moffat, J.P. Stockmann, O.C. Andronesi, P. Balchandani, and

C.G. Hadjipanayis

ABSTRACT

SUMMARY: MRS, including single-voxel spectroscopy and MR spectroscopic imaging, captures metabolites in high-grade gliomas.
Emerging evidence indicates that 7T MRS may be more sensitive to aberrant metabolic activity than lower-field strength MRS. However,
the literature on the use of 7T MRS to visualize high-grade gliomas has not been summarized. We aimed to identify metabolic informa-
tion provided by 7T MRS, optimal spectroscopic sequences, and areas for improvement in and new applications for 7T MRS. Literature
was found on PubMed using “high-grade glioma,” “malignant glioma,” “glioblastoma,” “anaplastic astrocytoma,” “7T,” “MR spectroscopy,”
and “MR spectroscopic imaging.” 7T MRS offers higher SNR, modestly improved spatial resolution, and better resolution of overlapping
resonances. 7T MRS also yields reduced Cramér-Rao lower bound values. These features help to quantify D-2-hydroxyglutarate in isoci-
trate dehydrogenase 1 and 2 gliomas and to isolate variable glutamate, increased glutamine, and increased glycine with higher sensitivity
and specificity. 7T MRS may better characterize tumor infiltration and treatment effect in high-grade gliomas, though further study is
necessary. 7T MRS will benefit from increased sample size; reductions in field inhomogeneity, specific absorption rate, and acquisition
time; and advanced editing techniques. These findings suggest that 7T MRS may advance understanding of high-grade glioma metabolism,
with reduced Cramér-Rao lower bound values and better measurement of smaller metabolite signals. Nevertheless, 7T is not widely
used clinically, and technical improvements are necessary. 7T MRS isolates metabolites that may be valuable therapeutic targets in high-
grade gliomas, potentially resulting in wider ranging neuro-oncologic applications.

ABBREVIATIONS: CRLB ¼ Cramér-Rao lower bound; 2D L-COSY ¼ 2D localized correlated spectroscopy; FID ¼ free induction decay; GABA ¼ gamma-ami-
nobutyric acid; GBM ¼ glioblastoma; Gln ¼ glutamine; Glu ¼ glutamate; Gly ¼ glycine; GPC ¼ glycerophosphocholine; GSH ¼ glutathione; 2HG ¼ D-2-hydrox-
yglutarate; HGG ¼ high-grade glioma; Lac ¼ lactate; LGG ¼ low-grade glioma; MRSI ¼ MR spectroscopic imaging; PC ¼ phosphocholine; PRESS ¼
point-resolved spectroscopy sequence; RF ¼ radiofrequency; SVS ¼ single-voxel spectroscopy; SAR ¼ specific absorption rate; SASSI ¼ Semi-Adiabatic Spectral-
spatial Spectroscopic Imaging; tCho ¼ total choline; WHO ¼ World Health Organization

H igh-grade gliomas (HGGs) are the most lethal and common
types of adult brain cancer, including both World Health

Organization (WHO) grade III astrocytomas and grade IV

glioblastomas (GBMs).1 With.10,000 new cases every year in the

United States, GBM accounts for 60% of primary adult brain

tumors.2 Even with surgical resection, chemotherapy, and radia-

tion, GBM is associated with a median survival time of 15months.3

In light of the deadliness and prevalence of HGGs, considerable

research has been devoted to uncovering their metabolic profiles,

detected by noninvasive MRS techniques such as single-voxel spec-

troscopy (SVS) and multiple-voxel MR spectroscopic imaging

(MRSI).4,5 Unless otherwise stated, MRS in this document always

refers to 1H-MRS. In this article, we will primarily concentrate on

MRS and MRSI but will also occasionally refer to additional imag-

ing methods that can be performed with clinical MR imaging scan-

ners or widely available MR imaging technology and can

complement spectroscopic imaging.
MRS characterizes each metabolite on the basis of its unique

set of chemical shifts and has been shown to capture up to 17
metabolites, including but not limited to Cho, Cr, glutamate
(Glu), glutamine (Gln), lactate (Lac), lipids, mIns, and NAA
(Fig 1).6 It can also detect additional metabolites more associated
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with gliomas such as glycine (Gly) and D-2-hydroxyglutarate
(2HG), an oncometabolite produced in mutant isocitrate dehy-
drogenase 1 and 2 (IDH1 and IDH2) tumors.7-9 Most studies on
these metabolites have involved MRS at 1.5T and 3T.10-12

Although 3T MRS has value, it is limited in several ways.13 One

shortcoming is its limited ability to quantify metabolites with
overlapping peaks.14 Another is its low spatial resolution, which
detracts from tumor characterization.15 These drawbacks have
prompted more focus on higher-field-strength MR imaging
systems.16

FIG 1. A, An MR spectrum generated at 7T from the occipital lobe (predominantly gray matter) of a healthy volunteer is shown (TR/TE = 2000/
30.5ms; number of averages = 32). The real part appears in blue and includes metabolite labels. The same image processed with LCModel is
shown below and contains quantified metabolite values. Instead of capturing the increased resolution attainable at higher field strengths, these
data are intended to primarily show a very clear spectrum from a normal brain. This was a 3 � 3 � 3 SVS acquisition in 1minute obtained using
an SASSI sequence. In contrast, note a single-voxel 1H-MRS spectrum (TR/TE = 3000/23ms; number of averages = 8) from a patient with a grade
III astrocytoma located in the left parietal region and having an IDH-mutant genotype showing various metabolites (B). The patient was scanned
on a 7T whole-body MR imaging scanner equipped with a single transmit/32-channel receiver array head coil. Tissue infiltrated with gliomas
such as the astrocytoma in B results in spectra with different metabolic characteristics than the normal tissue in A. Lip indicates lipids. The mate-
rial from B was obtained with permission and in collaboration with Sanjeev Chawla in the Department of Radiology at the Perelman School of
Medicine at the University of Pennsylvania.

AJNR Am J Neuroradiol 43:1378–95 Oct 2022 www.ajnr.org 1379



A potential alternative is ultra-high-field 7T MR imaging used
in conjunction with MRS.17 With substantially increased SNR and
moderately improved spatial resolution, 7T has received US FDA
and Conformité Européenne mark approval for clinical use.18

Comparisons of spectroscopy at lower field strengths such as 1.5T
and 3T versus higher field strengths such as 7T to date have indi-
cated that 7T is associated with substantial gains in SNR and more
limited increases in spatial resolution,19 better spectral separation
and therefore additional tumor-specific metabolite information,20

superior quantification of metabolites with small signals such as
Gln,21 and reduced Cramér-Rao lower bound (CRLB) values.22-25

CRLB is a measure of the precision of an estimate, similar to an
SD, which is used particularly with LCModel (http://www.
lcmodel.com/). Despite evidence that these advantages of 7T may
address the pitfalls of 3T MRS, its clinical usefulness has not yet
been sufficiently explored.26,27 We aimed to investigate its utility
by examining the literature published on 7T MRS in patients with
HGGs. Most review articles published to date on ultra-high-field
MR neuroimaging have had fairly broad scopes, highlighting tech-
niques besides spectroscopy16,17,28,29 and/or neurologic disorders
other than gliomas.15,26,30 A more targeted review of the use of 7T
MRS to detect metabolites in HGGs is important to describe the
current state of the field and provide clinical insight into new areas
of investigation. In this article, we highlight the capacity of 7T to
distinguish metabolic biomarkers. We also evaluate different pro-
tocols to determine optimal spectroscopy sequences. Finally, we
turn to questions that remain unanswered. Given that the applica-
tion of higher-field-strength MRS to glioma-related oncometabo-
lism is still in its early stages, the full potential of this technique
has yet to be realized.

Use of 7T MRSI to Aid in the Detection of Metabolic
Markers
Resolution of Overlapping Resonances. 7T MRS is more sensi-
tive to individual metabolites in HGGs.31 These include amino
acids such as aspartate and lysine, which may be more difficult to
visualize with MRS at conventional field strengths.31 At higher field
strengths, MRS benefits from increased spectral separation. This
helps to resolve overlapping resonances that occur at lower field
strengths, making metabolic peaks, particularly those of coupled
compounds, better separated and easier to quantify. By moderately
reducing spectral overlap with better signal and chemical shift dis-
persion, 7T MRS may resolve specific metabolites more effectively
than 3T on the basis of data from comparative studies on the 2
field strengths.21,23,25,32 Among these metabolites are Glu and Gln.
Several studies comparing 3T versus 7T have found that improve-
ments with 7T are particularly noticeable for Glu and Gln, which
can be harder to individually measure at 3T due to substantial
spectral overlap.22,33 The more precise quantification of these 2
metabolites has been primarily attributed to improved SNR and
chemical shift dispersion at 7T.22 Compared with 3T, 7T also
improves detection of 2HG, discriminating between 2HG and
other metabolites that overlap on conventional 1D spectra, includ-
ing Glu, Gln, and gamma-aminobutyric acid (GABA).33

A specific technique that has proved capable of detecting
coupled metabolites and resolving overlapping resonances is 2D
localized correlated spectroscopy (L-COSY) SVS, which separates
and resolves metabolite signals along 2 different frequency dimen-
sions.34 Although it is still largely in early exploratory stages, this
technique has the potential to resolve complex resonances and sep-
arate phosphocholine (PC) from glycerophosphocholine (GPC),

FIG 1. B, Continued.
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Lac from lipids, and Glu from Gln at 7T.34 2D L-COSY sequences
at 7T result in clear identification and quantification of cross-peaks
from metabolites such as GABA, Glu, Gln, glutathione (GSH), iso-
leucine, lysine, and compounds with Cho with increased separa-
tion compared with the same sequences at 1.5 or 3T.35-37 In 1
study directly comparing one such 2D L-COSY sequence at 3T
versus 7T (with the same scan times and voxel sizes at both field
strengths), spectra generated at 7T had better signal quality than
those at 3T.37 Cross-peaks to aspartate, GABA, GPC/PC, isoleu-
cine, Lac, and mIns1 Cho were readily apparent in 7T spectra but
were weak or absent from 3T spectra.37

Providing greater spectral dispersion than traditional 1D spec-
troscopy, 2D L-COSY SVS has emerged as the higher-sensitivity
technique.38 By indirectly recording T1 evolution, 2D L-COSY
incorporates a second spectral dimension, detecting the transfer
of coherence through cross-peaks between J-coupled metabolites.
Metabolites with resonances that would ordinarily manifest as
co-resonant with other metabolites become easier to separate.
Nevertheless, 2D L-COSY also involves long acquisition times
and sparse postprocessing support.38 Thus, shortening acquisi-
tion times and refining postprocessing techniques are vital. One
group addressed these issues by constructing a nonuniformly
weighted sampling scheme that reduced acquisition time by 25%
and still preserved the same SNR, detecting diverse metabolites
including GABA, Glu, Gln, GSH, Cho, and PC. These improve-
ments, involving advanced spectral editing in 2D, make 7T MRS
more clinically feasible by increasing the reliability of metabolic
quantification.37

Separating peaks is crucial because it improves differentiation of
individual metabolites, which have concentrations that are very
small (typically expressed in mmol/l�1 or mmol/g�1 of examined
tissue) and, therefore, difficult to detect.39 In spectroscopy, the
strongest element of the signal is from water and is around 10,000-
fold greater than the strongest metabolite signal from NAA.39 This
separation of peaks is also possible at 3T, albeit with higher uncer-
tainty. In addition, the resolution improvement due to this
increased chemical shift dispersion at 7T may be diminished by the
broadening of linewidths that occur at higher field strengths.39,40

However, optimized shimming and smaller voxel size can at least
partially compensate for broader linewidths and still maintain some
of the enhanced resolution associated with 7T.37,41-43 Future work
will further probe the capacity of 7T to separate metabolic peaks
and will focus on other important factors such as uncertainty esti-
mates and the amount of covariance.

Enhanced Characterization of Metabolic Pathways in Mutant
IDH Gliomas. The spectral quality of 7T may shed light on mu-
tant IDH1 and IDH2 gliomas that produce the characteristic
metabolite 2HG. The 2 mutant IDH1 and IDH2 enzymes partici-
pate in a reduction of a-ketoglutarate instead of the typical oxida-
tion reaction, producing 2HG.44 Thus, a-ketoglutarate indicates
an IDH-mutant profile. At higher field strengths such as 7T,
which result in better spectral separation and more exact meta-
bolic readings, 2HG forms a conspicuous signal even after a brief
period of data acquisition.45 The improved spatial resolution,
SNR, and spectral separation account for the sensitivity of 7T to
this metabolite. 7T SVS has been shown to quantify 2HG with a

high degree of specificity, making it easier to see whether this
metabolite is present and ascertain the IDH status.27,33,34 One
study detected 2HG in all 12 patients with IDH-mutant and/or
radiography-suggested gliomas under investigation, with the
mean concentration of 2HG measured at 3.1 (SD, 1.7)mM and a
mean CRLB of 5% (SD, 2%).46 In one of these patients with an
IDH1-mutated oligoastrocytoma, the 2HG was estimated to be
6.2mM, with high precision (CRLB= 2%).46 Four patients had
tumors with lower 2HG concentrations (,2mM), which were
still acquired with acceptable precision (CRLB #7%).46 Another
recent study with 7T SVS estimated 2HG to be within the range
of 2.3–3.3mM in tumors of patients with mutant IDH gliomas.45

Thus, 2HG is an indicator of tumor profile and evolution.46 7T
SVS has also revealed associations between 2HG and mIns, glu-
cose, and taurine.47

Although not every spectroscopy sequence readily quantifies
2HG, the ease with which certain 7T MRS sequences single out
this oncometabolite might provide more insight into survival pros-
pects. Optimizing MRS measurements of 2HG at 7T is, therefore,
critical. The optimal TE of the point-resolved spectroscopy
sequence (PRESS) at 7T was shown to be 78ms (TE1 = 58ms, TE2
= 20ms) by Ganji et al,46 who used density-matrix simulations and
phantom validation to enhance signal selectivity for 2HG. Notably,
this PRESS TE was superior to short-TE MRS, allowing clearer dif-
ferentiation between 2HG and other metabolites including Glu,
Gln, and GABA.46 Quantifying 2HG is more difficult at lower field
strengths because this oncometabolite often overlaps with Glu,
Gln, GABA, and NAA.48 However, it is still possible to quantify
2HG at 3T if specific strategies are used.49,50 These include using
the optimal PRESS TE of 97ms established by Choi et al.51,52

Other potentially useful approaches at 3T involve spectral editing
and the 2D correlation method53 and hyperpolarized 13C MRS.54

Another strategy for 3D imaging of 2HG at 3T involves echo-pla-
nar spectroscopic imaging with dual-readout alternated gradients,
which 1 recent study used to generate images of 2HG with a high
level of precision (CRLB,,10%).55

Nevertheless, 2HG substantially benefits from the greater SNR
and spectral separation attainable at 7T, as supported by the results
from a study by Ganji et al46 that involved output results from
LCModel. Serving as a prior knowledge-based spectral fitting
model of complete spectra instead of singular peaks, LCModel
evaluates an in vivo spectrum as a linear combination of in vitro
spectra from individual metabolite solutions.56 LCModel, thereby,
enables the resolution of spectra that are virtually identical in 1 fre-
quency area, provided that they have distinct signals at other points
in the spectrum. In this study, although mean estimates of 2HG
and total choline (tCho) were not meaningfully different at 7T and
3T, the mean 2HG CRLB was markedly lower at 7T (5%) than at
3T (8%) due to the higher SNR and spectral resolution associated
with higher field strengths.46 In addition, the mutual dependence
of 2HG and GABA signal estimation was much smaller at 7T than
at 3T.46 At 7T, 2HG and GABA signals had substantial opposite
polarity and apparent narrowing.46 Thus, this improved signal sep-
aration may permit more facile discrimination of 2HG.46 This long
TE of 78ms, which is specific to 2HG, can be expanded to 2D
MRS at 7T with appropriate modifications. For example, 1 study
performed prescription of a VOI based on the 7T 2HG-optimized
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PRESS sequence before echo-planar spectroscopic imaging with
dual-readout alternated gradients.45 Thus, the same TE parameters
can be applied in different spectroscopic contexts at higher field
strengths.

Beyond measuring 2HG, 7T SVS has proved capable of
detecting minute differences between IDH1 and IDH2. Mutant
IDH2 gliomas have higher 2HG than IDH1 gliomas, with more
elevated 2HG:Cho and 2HG:Cr in IDH2 gliomas than in IDH1
gliomas detected in 2 recent 7T SVS studies.27,47 In 1 recent 7T
SVS study, mutant IDH2 gliomas also had higher mIns and Cho
compared with IDH1-mutant gliomas.47 Thus, 7T MRS may
strengthen visualization of metabolic differences between mutant
IDH1 and IDH2 gliomas.47 These findings may lead to precision
medicine tailored to patients’ IDH statuses.47 Distinguishing
IDH-mutant and IDH wild-type tumors is important because
mutant IDH1 and IDH2 gliomas have better prognoses.57 A pro-
spective analysis found that patients with grade II, III, and IV
IDH-mutant gliomas survived longer than those who had IDH
wild-type.51,52 Other studies have found similarly robust associa-
tions between the presence of IDH mutations and increased sur-
vival.58-60A potential explanation may be that IDH responds better
to targeted treatment.57,61 Thus, IDH mutations have prognostic
value, predicting more favorable responses to radiation and chem-
otherapy.57,61 The fact that these mutations are common in grade
II and III gliomas and in secondary GBM makes them even more
appealing.

The potential advantages of using 7T MRS to spot this
oncometabolite extend beyond survival time to treatment.
Several inhibitors of mutant IDH have already been engi-
neered.62 7T MRS may complement this therapeutic targeting
by zeroing in on IDH-mutant gliomas and further differentiat-
ing between IDH1 and IDH2 mutants.27,47 These 2 enzymes
have unique characteristics that can be independently targeted
by different drugs with distinct mechanisms. These include
their location in cells, with IDH1 typically found in the cytosol,
and IDH2, in the mitochondrial matrix.63 7T MRS could,
therefore, help gauge whether a patient has an IDH-mutant gli-
oma and, if so, whether the glioma is IDH1 or IDH2, dictating
the most appropriate therapy.27,47 Application of this tech-
nique would, in turn, direct novel molecular therapies that
impede IDH-mutant tumors and thereby prolong survival.64,65

During the past year, IDH has gained increasing recognition as
an important tumor marker in the WHO’s 2021 Classification
of Tumors, which called for grouping all IDH-mutant diffuse
astrocytic tumors into 1 category based on IDH status (astrocy-
toma, IDH-mutant) and subsequently grading them as CNS
WHO grade II, III, or IV.66 Given that IDH has therefore
become even more central in defining gliomas, using techni-
ques such as 7T MRS to better visualize this oncometabolite, a
potential personalized biomarker,47 may be worthwhile. Most
important, immunohistochemical and molecular pathologic
analyses of resected tissue acquired through surgery remain
the criterion standard for the diagnosis of IDH-mutant glio-
mas.27 However, there is growing interest in noninvasive
approaches, including imaging, as a complement to conven-
tional invasive techniques.67-69 To that end, it is worth consid-
ering whether 7T MRS might be one such noninvasive tool

that can be used to gather additional information about IDH-
mutant brain tumors, which may inform tumor diagnoses, sur-
vival predictions, and treatment strategies.47 Specifically, non-
invasive quantification of 2HG levels with MRS may be used to
track targeted therapy and guide decisions about possible
changes in therapy when necessary.34 To that end, MRS may
have added value when used in conjunction with traditional
immunohistochemistry following biopsy or surgery.34

Broadening of Possible Therapeutic Targets: Glu, Gln, and Gly.
7T MRS enhances visualization of other metabolites that may
serve as therapeutic targets. Glu has been implicated in HGG me-
tabolism and can be identified with 7T MRS, which is capable of
isolating Glu from Gln so that these 2 metabolites can be eval-
uated separately (Fig 2).70 Separating Glu from Gln is often chal-
lenging at 3T with combined Glu and Gln denoted as Glx, but it
is easier at 7T, which can differentiate the 2 metabolites, albeit
with variable spatial resolution quality.31 Distinguishing Glu
from Gln allows deeper insight into metabolic pathways in glio-
mas and is particularly clinically relevant given the growing evi-
dence for the influence of glutamatergic synapses on tumor
progression.71 Glioma cells have been shown to secrete Glu, pre-
cipitating a rise in excitotoxic, extracellular Glu and promoting
malignant growth.72 Thus, Glu plays a critical-but-complex role
in tumors that 7T MRS may help to better characterize.

In a recent study evaluating 23 HGGs with 7T MRSI, increased
Glu was found in IDH wild-type tumors, while decreased Glu was
found in IDH-mutant tumors70 Although additional studies with
larger sample sizes and low-grade gliomas (LGGs) are necessary to
validate these preliminary findings, this trend suggests that Glu
could be a potential marker for the absence of IDH mutations.70

Another 7T MRSI study found that the ratio of Glu/total Cr was
substantially decreased in grade II gliomas compared with normal-
appearing white and gray matter.31 Widespread reductions in Glu
were also observed in 9 grade II, III, and IV gliomas in a separate
study involving 7T MRSI.73 Considering its role in glioma prolifer-
ation and survival as both a metabolic intermediate and the pri-
mary excitatory neurotransmitter in the brain, Glu is ripe for
targeted interventions.74 Yet despite the essential part Glu plays in
tumorigenic processes, few other studies have used 7T MRS to
investigate the spatial profile of Glu in patients with gliomas or to
rigorously evaluate whether 7T MRS might be able to identify dif-
ferences in Glu levels in different grades of gliomas.70 Observing
how Glu varies in larger subject populations could refine the differ-
ential diagnoses of LGGs and HGGs.

Gln is likewise altered in gliomas.75 Changes in Gln are more
appreciable at higher field strengths.73 Increased Gln has been
detected in a range of gliomas.31,70,73 Serving as a substitute for
glucose in the tricarboxylic acid cycle, a regulator of oncogene
expression and a suppressor of apoptosis, Gln may be an imaging
marker for tumor cells, helping to distinguish gliomas from other
neurologic disorders.76 A recent study with 7T MRSI discovered
elevated Gln in HGGs, including oligodendrogliomas, diffuse and
anaplastic astrocytomas, and GBMs.73 In a patients with a grade
IV GBM, increased Gln overlapped with contrast-enhanced
T1WI regions, decreased NAA, and widely reduced metabolic ac-
tivity in the center of the tumor. Widespread increases in Gln
were also observed in a similar 7T MRSI study, further
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supporting the centrality of Gln in tumor metabolism and home-
ostasis.31 Other 7T studies have also yielded results suggesting
that Gln might be a potential tumor biomarker, with one report-
ing that Gln was almost 100% higher in tumor tissue.71,77

Gln is present in several different HGGs and could, therefore,
be a target for antineoplastic drugs used to treat many patients
with gliomas.78 In the first step of glutaminolysis, glutaminase
catalyzes the deamidation of Gln to Glu, which then serves as a
substrate in the tricarboxylic acid cycle or contributes to GSH
synthesis (Fig 3).79 Glutaminase inhibitors, which prevent the
conversion of Gln to Glu and thereby decrease tumorigenesis,
have the potential to treat HGGs with high Gln levels.80

Increased Gln could, therefore, be an indicator of treatment with
glutaminase inhibitors. 7T MRS could confirm the status of Gln
as a biomarker for HGGs, resulting in more targeted therapies that
attack Gln pathways.81 Suppressing these pathways might be effec-
tive because Gln supports the growth of highly proliferative cells,
especially those in HGGs. Gln contributes to anaplerotic reactions
that sustain glycolysis and give malignant tissue an advantage over
normal tissue.81 Gln also provides building blocks for nucleotide
synthesis and for the vital antioxidant GSH, both of which make
gliomas more resistant to radiation and chemotherapy.82

Glutaminase inhibitors that exploit the addiction of the cancer cells
to Gln would curtail the development of HGGs. In the past few

FIG 2. 3T/7T MR imaging data, 7T SVS data, and LCModels from a patient with diffuse glioma are presented (TR/TE for the 7T SVS data = 8500/
6ms), with tumor data on the left (blue arrow) and peritumoral data on the right (green arrow) for each patient. Inspection of the MRS meta-
bolic profiles shows that the peritumoral region has a relatively normal profile except for a highly elevated Glu concentration compared with
both Gln and Cr. This is in contrast to the tumoral region, where there is a complete reversal of this profile with Gln and Cho being elevated
compared with Glu, NAA, and Cr. These data provide further evidence of the dysregulation of the Glu-Gln shuffle, serving as a source of seiz-
ures in patients with gliomas. This material was obtained with permission and in collaboration with Andrew Neal and Bradford A. Moffatt at the
Melbourne Brain Centre Imaging Unit (MBCIU), the University of Melbourne node of the Australian National Imaging Facility.
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years, CB-839 has been the primary glutaminase inhibitor under
investigation for the treatment of multiple cancers in clinical trials,
most of which have been Phase I and II.83-85 A recent pharmaco-
metabolic analysis showed that CB-839 effectively inhibited gluta-
minase activity and curtailed the growth of glioma stemlike cells
with high target specificity.79 These glioma stemlike cells lead to
drug resistance and tumor recurrence in GBM.79 Given that it
quantifies levels of Gln so precisely, 7T MRS could reshape glioma
treatment, tipping the balance toward more personalized treat-
ments with these glutaminase inhibitors.81

Nonetheless, at present, there are very few published 7T MRS
studies investigating the significance or clinical utility of Gln
measurements in HGGs. As previously discussed, Gln has long
been an established precursor of both Glu and GSH and is known
to contribute to the cellular energy process and lipid synthesis,
suppress apoptosis, and potentially protect cancer cells from radi-
ation therapy.31,77 In view of its major role in tumor metabolism,
biosynthesis, and homeostasis, it would certainly be worth inves-
tigating whether the abundant Gln detected in HGGs via 7TMRS
may be clinically relevant, serving as a biomarker or therapeutic
target.70,73 More rigorous evaluation of Gln at 7T and even at
lower field strengths will provide further insight into how quanti-
fication of this metabolite might aid in the management of these
tumors.

Gly has long been suspected of being an imaging biomarker
for brain tumors, with increased Gly in HGGs including
GBMs.86-88 One of the major challenges to date has been separat-
ing Gly from mIns. The differentiation between mIns and Gly
has been accomplished at 3T with a long-TE in other individuals
with other disorders, including alcohol use disorder89 and nonke-
totic hyperglycemia.90 Nonetheless, studies with spectroscopy at
1.5T and 3T have not separated Gly from mIns in HGGs.
Although it is still difficult to differentiate these 2 metabolites on
the basis of their chemical shifts even at higher field strengths,

there is emerging evidence that 7T
MRSI may be better equipped to isolate
Gly70 (Fig 4). Gly may aid in tumor
proliferation by serving as an interme-
diary in nucleotide and Glu synthesis
and could, therefore, be a promising
metabolic metric.91 In a recent study on
3T MRSI, every tumor with increased
Gly had postcontrast enhancement, a
high cell proliferation rate (MIB-1), and
shorter survival.91 The correlation
between Gly and MIB-1 indicates that
HGGs may remodel Gly metabolism to
sustain rapid cell proliferation. These
findings support the clinical impor-
tance of Gly, with higher levels of Gly
correlating with poorer clinical out-
comes in patients with HGGs.

Gly could help clinicians differenti-
ate glioma grades, adapt treatment
plans accordingly, and predict survival
time on the basis of the levels of Gly
visualized with 7T MRS.91 Predicting

survival is especially important for HGGs, given that patients
with grades III and IV gliomas have worse chances of survival
than those with LGGs.92 However, while several studies have
used lower field strength MRS to probe the prognosticative power
of Gly, few have explored whether 7TMRS might further validate
Gly as an index of HGG aggressiveness. Given that it may be
more able to separate out Gly than spectroscopy at lower field
strengths, 7T MRS might be able to address questions about
whether this metabolite can indeed mark the progression from
low- to high-grade disease and from posttreatment to recurrent
disease, fully establishing Gly as a biomarker and improving
patient care.91

Optimization of 7T MRS Sequences
Because 7T MRS is still novel, there is not a criterion standard
MRS pulse sequence. The fact that different sequences capture
distinct metabolites depending on the clinical context has made it
challenging to reach a consensus. A quandary still unresolved is
the ideal TE. Transitioning to longer TEs enables differentiation
of 2HG from adjacent GABA and Glu.46 Nevertheless, short-echo
3D MRSI also differentiates Glu and Gln.93 Future studies will
elucidate the optimal TE length. Nonetheless, there are still com-
mon threads among successful protocols. Balancing spatial reso-
lution and measurement time is crucial, as is optimizing the SNR.
Rapid concentric ring trajectory encoding was recently shown to
shorten TRs and enhance SNR efficiency.77 Dual-readout alter-
nate gradients used in echo-planar MRSI at 7T have also been
found to have similar effects on SNR efficiency, resulting in high-
resolution imaging of metabolites such as 2HG.45 The TE for any
given acquisition will depend on the precise variables of interest
for a particular patient, and .1 acquisition with different TEs
may be required, as is often the case for clinical spectroscopy.
Thus, these may be additional strategies to consider.

FIG 3. Major glutamine pathways in HGGs are featured. Gln undergoes a deamidation to Glu,
which subsequently promotes tumorigenic growth either as a substrate in the tricarboxylic acid
(TCA) cycle or as a precursor to GSH. The deamidation reaction is catalyzed by glutaminase. This
enzyme is the target of glutaminase inhibitors, which may be useful therapeutic agents for
patients with gliomas that involve high levels of glutamine detected by 7T MRS. PEP indicates
phosphoenolpyruvate.

1384 McCarthy Oct 2022 www.ajnr.org



Techniques to augment SNR allow improved resolution and
smaller voxel volumes, which consequently enable better spatial
localization of differences among individual gliomas.73 These
could, in turn, help define tumor margins, enhancing visualiza-
tion of metabolic abnormalities. A method to improve the SNR is
to use high-channel-count radiofrequency (RF) receive array

coils, which have been shown to provide better SNR than volume
coils, especially near the cortical surface.94 Furthermore, new coil
technology can improve spectral linewidth by incorporating B0
shim capabilities in the form of spherical harmonic shim insert
coils or local multicoil shim arrays.41,42 In 1 realization of the
local multicoil shimming approach known as the AC/DC coil,

FIG 4. Exemplary 7T concentric ring trajectory FID-MRSI spectra of a patient with GBM. This method uses FID acquisition combined with concen-
tric ring trajectories, bringing together multiple potential benefits: high resolution and acceleration while maintaining sufficient SNR, low SAR, B1
insensitivity, no selection box, and detection of J-coupled metabolites with 7T spectral separation. This measurement was acquired in 15minutes
with a nominal isotropic resolution of 3.4mm, covering the cerebrum. Well-defined metabolic peaks are observed at 3 points: a tCho and Gly hot-
spot, a tCho and Gly cold spot, and normal-appearing white matter (NAWM). It is noticeable that even in the tumor tCho cold spot, tCho concen-
trations are higher than in NAWM but about 50% lower than in the tCho hotspot. Two of the metabolites that appear in these plots (Gly and Gln)
have emerged as promising therapeutic targets and may serve as imaging biomarkers for patients with HGG. This material was obtained with per-
mission from Gilbert Hangel at the High-field MR Center at the Medical University of Vienna. T1w indicates T1WI; tCr, total Cr.
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independent DC currents are driven in RF receive loops to pro-
vide many dfs for high-spatial-order B0 shimming of the brain.
This tool was recently shown to improve metabolite linewidth
and refine quantification, allowing more brain coverage and the
detection of 2HG at higher resolution (Fig 5).43

Transceiver arrays also address the increased B1 inhomogene-
ity and RF power deposition typical of 7T MRS. These 2 issues,
along with acute chemical shift localization (CSL) errors, can
result in image artifacts and reduced spatial coverage.95 Chemical
shift localization errors are the spatial shifts in the excited volume
for metabolites that resonate at varied frequencies.95 In 1 study,
using an 8-channel transceiver array minimized these problems,
harnessing the power of 7T to visualize metabolites such as Glu.93

Another way to mitigate B1 inhomogeneity involves adiabatic
pulses, a special class of RF pulses that can be integrated into
existing MR imaging pulse sequence structures to provide more
B1-insensitive excitation and refocusing of magnetization.96

However, while these adiabatic pulses yield a more uniform B1
profile, they also result in more RF deposition, which may have
clinical implications if measures are not taken to remain below
the specific absorption rate (SAR) safety limits set by the FDA
and the International Electrotechnical Commission.95,97

Considering that SAR, a quantitative measure of RF power dep-
osition, also increases with field strength, conducting spectroscopy
at 7T poses unique problems.98 Balancing the increased RF power
associated with higher field strengths and concerns about patient
safety has limited the clinical translation of 7T MRS so far.
Nevertheless, a recent study demonstrated that using an adiabatic
Shinnar Le-Roux algorithm helps generate a fully adiabatic enve-
lope and a more homogeneous distribution of RF, bypassing some
of these obstacles.95 The pulses obtained with these adiabatic 180°
RF pulses, part of a Semi-Adiabatic Spectral-spatial Spectroscopic
Imaging (SASSI) pulse sequence, quantified major metabolites
while alleviating B1 heterogeneity, staying within the range of pre-
scribed RF limits and attaining an SNR similar to that in the lead-
ing adiabatic alternative, semi-LASER, with just a third of the
SAR.95 The increased B1 insensitivity and reduced chemical shift
localization errors suggest that SASSI might be evenmore powerful
than the aforementioned semi-LASER. Incorporating pulse
sequences such as SASSI, which has a more uniform B1 profile and
lower SAR, might, therefore, be warranted. Another approach
might be to use a free induction decay (FID) acquisition, which
bypasses high SAR pulses altogether. This acquisition strategy min-
imizes SAR by avoiding multipulse schemes, reducing T2*-decay

FIG 5. 7T MRSI with standard second order shimming and higher order shimming with an AC/DC shim array was used to visualize Cho and 2HG
in an IDH1 astrocytoma. A metabolic hallmark of IDH1 and IDH2 gliomas, 2HG generates a particularly strong signal at 7T, which may make it eas-
ier to diagnose patients with IDH-mutant profiles. The SNR of 2HG is lower in this example because this patient was treated with an operation
and radiochemotherapy, which decrease 2HG levels. The primary clinical objective in this study was to determine whether there were residual
mutant IDH tumor cells posttreatment. The white arrows indicate the frontal area where there are missing voxels in the Cho metabolic map
and falsely increased values in the 2HG map due to a larger spectral linewidth obtained with second order shimming. The tumor has a higher
contrast-to-noise ratio in the 2HG and Cho maps obtained with the AC/DC shim array. Examples of spectra are shown from tumor and healthy
brain in the frontal region (corresponding to the white arrows). The position of the 2HG peak at 2.25 ppm is indicated in all spectra. For the adia-
batic spin-echo excitation with TE = 78ms, a negative peak should be obtained for 2HG, which is clearly visible in the tumor spectrum with AC/
DC shim but not apparent in the tumor spectrum with standard second order shimming (2SH) shim. In particular, the frontal spectrum obtained
with the 2SH shim is completely destroyed by the B0 inhomogeneity, while metabolite peaks are clearly visible with the AC/DC shim. 2HG is
falsely fit in the frontal healthy spectrum with the 2SH shim due to negative spectral artifacts that appear at the 2.25-ppm 2HG peak position.
The dashed vertical line indicates the location of the main 2HG peak at 2.25 ppm, which should be negative at 7T and TE = 78ms. All the voxels
in the MRSI were fit to create a metabolic map. A spectrum from the frontal voxel was chosen to show a false-positive fit of 2HG in healthy
brain when the spectral quality is not adequate. Frontal brain regions are difficult to shim with standard methods, and the AC/DC coil can
improve B0 homogeneity due to additional B0 shimming. Frontal loops in AC/DC are very close to frontal brain areas and create complex B0
field patterns to shim out the susceptibility induced by air tissue around the frontal sinus. The second order shimming was obtained with the
manufacture’s software. This material was obtained with permission from and in collaboration with Jason P. Stockmann and Ovidiu C. Andronesi
at the A. A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital and Harvard Medical School. LW indicates linewidth.
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even below short-TE approaches, and limiting the signal evolution
of J-coupled metabolites such as Gln, Glu, mIns, and taurine.70

Both susceptibility artifacts and B0 inhomogeneity, directly
proportionate to field strength, also detract from 7T MRS and
skew the geometry and intensity of images. The variations
between voxels appear as spectral shifts for metabolite peaks,
making frequency-selective pulses that depend on specific spec-
tral bands less accurate and methods for suppressing water and
lipid signals more complicated.99,100 As a result, metabolic peaks
widen, peak overlap increases, and SNR decreases. The best way to
avoid these obstacles is to use strong referencing schemes, sophisti-
cated B0 shimming approaches such as dynamic multicoil shim-
ming, and reduced voxel volumes, all of which help to increase
SNR and spectral separation.30,101

The incorporation of techniques such as compressed sensing
might also benefit 7T MRS. Dependent on nonuniform k-space
undersampling and the assumption of spatial and/or spectral
sparsity, compressed sensing MR imaging was first combined
with 1H-MRSI in 2009 in vitro102 and in 2012 in vivo.102,103

Compressed sensing 1H-MRSI has been used for brain imaging
in conjunction with PRESS,103 semi-LASER prelocalization,104

and section-selective 1H-FID-MRSI.105 There are several chal-
lenges associated with combining compressed sensing with 1H-
MRSI. Large water and lipid nuisance signals can prevent recon-
struction algorithms from sensing lower-intensity metabolite
peaks due to misadjusted thresholding.106 The fact that 1H spec-
tra, including MRS with a short-TE, are not sparse can also com-
plicate acceleration along the spectral dimension.106 However, if
these obstacles can be overcome, the application of compressed
sensing to MRS has the potential to improve spatial resolution
with only minimal increases in acquisition time. Most work to
date has involved compressed sensing in spectroscopy at lower
field strengths such as 3T, and very few studies have used com-
pressed sensing at higher field strengths such as 7T in investiga-
tions of the human brain. However, a very recent study used an
effective acquisition-reconstruction scheme involving a 1H-FID-
MRSI sequence, a short-TR acquisition, compressed sensing
acceleration, and low-rank modeling with total generalized varia-
tion constraint for metabolic imaging in 2 and 3 dimensions at
7T in 5 healthy subjects, ultimately generating images with distri-
butions that were highly specific to individual metabolites.107

Given the high sensitivity and short acquisition time achieved by
this group, expanding the use of compressed sensing in 7T MRS
would be worthwhile, taking advantage of the additional SNR
and other potentials of this higher field strength.

Expanding Horizons: Improved Detection of Infiltrated
Tissue and Treatment Effect
Infiltrated Tissue. As a result of its sensitivity to metabolites rang-
ing from Glu to 2HG, MRS offers another way to localize diffuse
glioma infiltration that can complement structural information pro-
vided by conventional MR imaging.108,109 A metabolite detected by
MRS that has emerged as a strong indicator of the range of tumor
infiltration is Cho (Fig 6).110 The boundaries of both HGGs and
LGGs as delineated by MRSI on the basis of Cho-containing com-
pounds correlate with histopathologic analyses, further validating
the capacity of spectroscopy to assess the degree of tumor infiltra-
tion.110 Thus, mapping Cho with MRSmay help demarcate tumors
in treatment planning. More extensive infiltration would be a

signal for more aggressive surgical resection or radiation therapy
to prevent recurrence.111 Modifying radiation therapy to account
for infiltrated tissue could improve patient outcomes. Increasing
high-dose radiation therapy boost volumes, for instance, could
decrease the likelihood of recurrence and increase survival rates.112

MRS could, therefore, help to improve HGG treatment strat-
egies by capturing tumor expansion via metabolic mapping. The
limited spatial resolution and spectral sensitivity of MRS at lower
field strengths has, heretofore, impeded the usefulness of this tech-
nique in detecting tumor infiltration. Given that 7T MRS allows
higher spatial resolution, increased SNR, and improved spectral
separation, with the highest in-plane resolution published at 7T
involving an MRSI ultra-high-resolution sequence with a 128 �
128 matrix and a nominal voxel volume of 1.7� 1.7� 8 mm3, the
question emerges: Might performing spectroscopic imaging at
higher field strengths address these concerns and refine approaches
to diagnosing and treating HGGs?.113 Future work will clarify
whether 7T MRS might provide even more insight into infiltration
than spectroscopy at lower field strengths.114-116

Treatment Effect.MRS may also strengthen visualization of pseu-
doprogression, a treatment effect described by the Response
Assessment in Neuro-Oncology criteria, in which chemoradiother-
apy-induced lesions imitate tumor progression but ultimately sta-
bilize or improve with time.117-119 Seen in 20% of patients who
have undergone treatment, these alterations are produced by temo-
zolomide, which has become the standard of care for GBM.120

Although they closely resemble more malignant pathology, these
changes do not reflect actual tumor growth.121 In contrast to tu-
mor cells, most of these modifications are asymptomatic.120 In
fact, many even resolve months after patients have finished
temozolomide.122-123 While these lesions are not clinically wor-
risome, they have complicated neuroradiologic studies.124 This
treatment-related change is radiographically similar to tumori-
genic growth.125 Both exhibit nearly identical contrast-enhance-
ment patterns on conventional MR imaging, which does not
differentiate pseudoprogression from progressive disease.126

The dearth of imaging parameters that reliably identify these
lesions complicates decisions about how to best manage patient care
because the approaches to dealing with pseudoprogression versus

FIG 6. T1-weighted contrast-enhanced MR imaging (left) of a patient
with a glioma subsequently diagnosed with recurrent tumor (true
progression) and the same image with a superimposed map of the
Cho/NAA ratio (right) acquired using echo-planar spectroscopic
imaging. The map shows a hotspot of the elevated Cho/NAA ratio in
a region that does not show contrast uptake on postcontrast T1 MR
imaging (red depicts Cho/NAA. 1).
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true progression are radically different.127 Whereas patients in the
latter group require further treatment for persistent tumorigenic ac-
tivity, those in the former group have a better chance at spontaneous
recovery.128 To prevent patients with pseudoprogression from
undergoing avoidable surgery or chemotherapy, seeking noninva-
sive ways to distinguish pseudoprogression from true progression is
essential.129-130 Using techniques such as MRS is a possible solu-
tion.131 Themetabolic details contained within spectroscopic images
may help distinguish largely innocuous disease from recurrent gli-
oma, ushering in tailored treatment strategies.132 Although differen-
tiating pseudoprogression and true tumor progression is still
difficult even with MRS, this technique has shown the potential to
reveal differences in the spectroscopic features of malignant tissue
and treatment effect–damaged tissue.121,127,133,134Whereas recurring
tumors often have increased Cho due to higher cell membrane turn-
over, therapy-associated lesions frequently have slightly decreased
NAA and substantially decreased lipid-Lac peaks.121,127,135,136

In a recent meta-analysis of advanced MR imaging techni-
ques, SVS had the highest diagnostic accuracy, reliably discerning
treatment-related changes in patients with HGG.137 Specific pa-
rameters in SVS may be highly sensitive to metabolic differen-
ces.138 These include the ratios of Cho/Cr and Cho/NAA, with
higher values in recurring tumors.139-141 A study with 2D chemi-
cal shift imaging SVS at 1.5T found that these ratios were 97%
accurate in distinguishing pseudoprogression and tumor
advancement.142 Another study with 3T SVS involving the same
2 Cho metrics reported a similarly high level of accuracy, with
94.1% sensitivity and 100% specificity.143 As encouraging as find-
ings such as these are, the differential diagnostic utility of MRS
continues to be hampered. A long-standing roadblock has been
the metabolic overlap between tissue treated with temozolomide
and tissue containing actively growing malignant glioma cells on
spectroscopy at 1.5T and 3T.121 Moreover, there is not yet any de-
finitive agreement as to which spectroscopic parameters and

threshold levels can best differentiate pseudoprogression from
true progression.118 Both types of lesions also have similar meta-
bolic fingerprints, including low NAA and high Cho, Lac, and
lipids.121

The high similarity demands more nuanced spectroscopy that
can disentangle the 2 on the basis of subtle discrepancies.144 Once
again, 7T MRS surfaces as a prime candidate, well poised to sort
out problematic overlap and pinpoint minute metabolic differen-
ces. Potential metabolic candidates include Glu, Gln, and Gly. Yet
despite all these attributes, no studies have analyzed the diagnos-
tic accuracy of 7T MRS in distinguishing pseudoprogression. In
view of its sensitivity and specificity, there is no doubt that this
system would be worth exploring. If 7T MRS does provide greater
sensitivity to these metabolic variations in proportion to the
expectedly higher SNR, then such a discovery would take analyses
of treatment effects and therapeutic tactics in new directions.145

With 7T MRS, differentiation between pseudoprogression and
authentic progression might finally become a reality, improving
predictions about prognoses and directing calls about therapy.146

3T versus 7T: Qualitative and Quantitative Differences
A summary of the qualitative strengths and weaknesses of 3T and
7T is included (Table). In terms of quantitative metrics, as dis-
cussed throughout this review, one of the major benefits of 7T is
higher SNR, which increases substantially and possibly even
supralinearly147 with B0, resulting in modestly enhanced spatial
resolution and contrast.26 Coil design can further elevate SNR at
higher fields, leading to a 2- to 6-fold increase under certain con-
ditions.26,148 A study investigating SVS at 3T and 7T using 32-
channel head coils found that mean SNR values at 7T were sub-
stantially higher than at 3T (135 [SD, 28], 116 [SD, 33], and 138
[SD, 29] versus 83 [SD, 12], 97 [SD, 7], and 83 [SD, 5]) in brain
regions under examination (the anterior cingulate cortex, cen-
trum semiovale, and dorsolateral prefrontal cortex).22 Another

Comparison of 3T versus 7T MRS in visualization of metabolic markers in HGGsa

3T 7T
SNR Lower (–) Higher (1)
Spatial resolution Lower (–) Higher (1)
Resolution of overlapping resonances (ie,
PC vs GPC, Lac vs lipids, 2HG vs Glu, Gln,
GABA, possibly Glu vs Gln)

Poorer (–) Better (1)

Range of metabolites Narrower (–) Wider (1)
Uncertainty values of metabolite
concentrations

Greater (–) Smaller (1)

Differentiation of IDH1/IDH2 gliomas vs
wild-type gliomas

Less specific (–) More specific (1)

B0 inhomogeneity Lower (1) Higher (–)
B1 inhomogeneity Lower (1) Higher (–)
RF power deposition (SAR) Lower (1) Higher (–)
CSL errors Less frequent (1) More frequent (–)
Susceptibility artifacts Less frequent (1) More frequent (–)
T1 relaxation time Shorter (1) Longer (–)
T2 relaxation time Longer (1) Shorter (–)
RF transmit body coils More accessible (1) Inaccessible (–)
Metal hardware (ie, titanium plates placed
during craniotomies)

Safe (1) Contraindicated (–)

Note:—CSL indicates chemical shift localization errors; (1), positive features; (–), negative features.
aThe assets and drawbacks of 7T MRS compared with 3T MRS are delineated.
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study that also compared 3T and 7T recorded a 1.7-fold increase
in the average SNR per unit of time at 7T, providing further sup-
port for the improved sensitivity at higher field strengths.23

Studies involving 7T have reported increases in linewidths of
metabolites such as NAA, Cr, and Cho when measured in hertz
but decreases when measured in parts per million.19 Thus, line-
widths increase less than proportionally to field strength and are,
therefore, higher in absolute terms in hertz but lower in relative
terms in parts per million. Although the short-T2 relaxation times
and susceptibility effects at high field contribute to an increased
linewidth,32 the spectral resolution could remain increased at 7T
with optimized shimming methods and smaller voxel volumes.37

Thus, proper compensation with techniques such as shimming is
important to minimize broader linewidths that occur at higher
field strengths, which can exacerbate spectral overlap and compli-
cate the separation of metabolites, including Glu and Gln.149

The increased SNR associated with 7T MRS may be particu-
larly helpful in the detection of Glu and Gln.149 These 2 metabo-
lites can be reliably differentiated from one another with
sophisticated techniques in multiple areas of the brain even at
3T.149 However, especially at such lower field strengths, Glu and
Gln are frequently grouped together as a sum Glx (Glu 1 Gln),
recorded in spectroscopic VOIs in neurologic regions with low
SNR and broad linewidths.149 Combining these 2 metabolites
into 1 discrete peak makes discriminating between them very
challenging at 3T, particularly in certain areas of the brain.149 In
contrast, at higher field strengths such as 7T, separating Glu from
Gln is more achievable due to the potential for higher SNR and
greater spectral separation.24

CRLBs have been shown to decrease as B0 increases for many
metabolites under investigation in several studies, contributed by
both the increased SNR and spectral resolution.19,150 7T resulted
in higher measurement precision for aspartate (average CRLB
27% at 3T versus 15% at 7T), Glu (average CRLB
5% at 3T versus 3% at 7T), and Gln (average CRLB 19% at 3T ver-
sus 9% at 7T) in the 32-channel head coil study.22 Nevertheless,
these differences in measurement precision were less appreciable
for larger signals in the spectrum, with CRLBs for 3T and 7T very
similar for metabolites including total NAA, total CR, tCho, and
mIns and Gly.22 The benefits provided by 7T in terms of measure-
ment precision (as quantified via CRLBs) may, therefore, vary
depending on the specific metabolite of interest. However, there is
growing evidence that 7T correlates with decreased CRLBs relative
to 3T. Other studies have likewise discovered that Glu has a lower
CRLB at 7T than at 3T, including one that involved 7T short-TE
MRSI.25 Another study found that the CRLB averaged over 18
total metabolites was significantly lower (35% lower) at 7T than at
3T (P, .015).23 The CRLBs of Gln, t , and Glx were the most visi-
bly reduced by 7T.23 In addition, 7T measured Lac with
CRLB,20% (final mean Lac concentration = 0.7 [SD, 0.1]mmol/
kg, mean CRLB = 9% [SD, 1.6%], which was a distinct improve-
ment compared with 3T.23 Yet another study similarly reported
lower CRLB (P, .001) at 7T versus 3T for Glx in parts of the
brain such as the thalamus and pons.24 At 7T, CRLBs of total
NAA, total Cr, and mIns were also lower than at 3T.24

Given that 7T MRS has not yet been fully integrated in a clini-
cal setting, there are not yet many statistics of clinical assessment,

including tumor grading, available. Thus, comparing 7T with 3T
in this area is difficult. Although studies have assigned grades II,
III, and IV to lesions via histopathologic analysis before imaging
with 7T and 3T,25 very few have conducted rigorous comparisons
of tumor grading at these 2 field strengths and assessed correla-
tions between 7T MRS imaging results and tumor grading. Most
studies have concentrated on the capacity of 3T MRS to assess tu-
mor grade.151-157 One study found that Cho/Cr and combined
Lipid-Lac/Cr ratios were helpful in differentiating LGGs from
HGGs, with diagnostic accuracy higher (85.7% versus 82.9%) at
short-TE or combined short-TE and long-TE than at intermedi-
ate-TE only.152 Another similarly reported that Cho/Cr, in con-
junction with other imaging parameters, was an effective marker
for distinguishing LGGs and HGGs with 87.0% sensitivity and
88.9% specificity.153 The usefulness of Cho/Cr in stratifying glio-
mas of different grades has been documented in several other 3T
studies.155,156 Maximum Cho also proved in 1 study to yield even
higher diagnostic accuracy (82.5% versus 72.1% accuracy) than
Cho/Cr.155 In addition, Cho/NAA may ???????? in the differentia-
tion of gliomas, with higher absolute values of Cho/NAA in
HGGs than in LGGs seen in 1 study, which combined Cho/NAA
with structural MR to achieve 86% sensitivity and 80%
specificity.157

As the use of 7T MRS becomes more widespread in clinical
contexts, similar appraisals of its ability to determine differences
between gliomas and aid in the grading process should be under-
taken. Although further study is warranted, the use of 7T MRS for
tumor grading may have several potential benefits. Given the tech-
nical assets of spectroscopy at higher field strengths, including
reduced CRLBs and modest improvements in spatial resolution,
7T MRS could further isolate Cho/Cr and Cho/NAA and could
provide more information about other metabolites in different
HGGs, thereby making the process of differentiating tumor grades
less challenging. In particular, elevated Cho, reduced NAA, and
levels of lipids and Lacs have been shown to correlate with higher
tumor grade and aggressiveness.158 There are emerging signs that
7T may have a higher capacity than lower field strengths with
poorer signals to reveal these kinds of differences in metabolite
levels in cancerous-versus-normal tissue and in different gliomas,
which may result in more refined detection and classification of
tumors.20,31 However, additional investigations involving spec-
troscopy and tumor grading are necessary to confirm whether 7T
is indeed superior to 3T in this regard.

Future Clinical Directions
More sensitive than conventional MRS to metabolic markers at
lower fields, 7T MRS can detect and differentiate among HGGs,
revealing different metabolic characteristics (Fig 7). The abnor-
mal metabolic activity visualized by 7TMRS may advance disease
etiology, diagnostic approaches, and therapeutic interventions.112

Nevertheless, 7T MRS of HGGs is still in its infancy. The lack of
spectroscopic imaging studies with 7T indicates that advances
must still be made.93 One of the most common problems in every
report reviewed is the small sample size. Future studies will
include larger groups of patients. Broadening the patient popula-
tion will increase the statistical power and expand the 7T
MRS database.70 Increasing the sample size will also provide

AJNR Am J Neuroradiol 43:1378–95 Oct 2022 www.ajnr.org 1389



information about metabolic heterogeneity in diverse HGGs.34

Furthermore, deeper insight into tumor microenvironments will
elucidate metabolic signatures of various gliomas.159

Although there is growing literature on the safety of surgical
implants at higher field strengths,160-163 there are not yet any de-
finitive guidelines for imaging patients with nonmagnetic stand-
ard titanium plates placed during HGG resections, which has
limited the clinical integration of 7T MRS thus far.164 It is impor-
tant to perform additional testing and develop explicit guidance on
whether surgical implants are safe at higher fields.165 The increased
use of 7T MRS to scan patients in this category would allow longi-
tudinal evaluations of patients with HGG at different phases of
treatment, including postoperative follow-ups during radiation
therapy, which have largely been confined to lower field strengths
but ought to be expanded more widely to higher field strengths.

Ascertaining absolute metabolite concentrations would make
metabolic information more accurate.166 Measuring T1 and T2
values is one of the only ways to acquire these concentrations.28

Ratios are derived using Cr peaks, which
often vary depending on tissue type,
making precise measurements difficult.
Unsuppressed water-reference scans
provide another way to more accurately
quantify concentrations that is superior
to ratios because they account for the
relaxation times of both metabolites and
of water voxels.55,167-170 Additional
standardized markers of tumor aggres-
siveness would also be useful.171

Intracellular pH, energy metabolism,
and total Cho may indicate more aggres-
sive behavior in gliomas but must be
verified.28 Other metabolites may also
warrant further investigation. These
include GSH, challenging even for 7T
MRS to quantify. There have been a few
reports of increased GSH compared
with total Cr in HGGs, but there are less
data supporting this trend.31 Given that
this metabolite protects cells from free
radicals, GSH might be a meaningful
therapeutic target.172,173 Increasing the
affinity of 7T MRS for GSH might,
therefore, be worthwhile. Most impor-
tant, GSH and other metabolites includ-
ing GABA can be visualized at 3T with
spectral editing techniques such as
MEGA-PRESS.174 These editing techni-
ques can provide better results at 7T
because the increased spectral dispersion
allows greatly reduced contamination
from coedited macromolecules due to
the bandwidth of the editing pulses.
High-field acquisitions not only offer
higher SNR but also address the prob-
lem of overlapping metabolites, better
defining low-concentration metabolites

such as GSH.31,175 Future studies should explore integrating
MEGA-PRESS into 7TMRS to better visualize GSH.

Another metabolite for which further study may be of benefit is
Lac. Although its significance in HGGs and other brain tumors is
still not entirely clear, Lac reflects anaerobic glycolysis, which may
be a sign of neoplastic growth.176,177 Increased glycolysis and perfu-
sion in tumor tissue lead to elevated Lac, with higher levels corre-
sponding with increased aggressiveness.178,179 Imaging Lac in
HGGs via techniques such as MRS is crucial because this metabolite
may be a biomarker of more aggressive tumors, with increased Lac
correlating particularly strongly with grade IV gliomas.180 Although
there have been several studies using lower-field-strength MRS to
detect increased Lac, there is still very little 7T MRS literature on
Lac in human subjects.27,34,181 Further investigation is warranted to
determine whether 7T provides better visualization of Lac, which
could serve as a lens into malignant activity, helping clinicians deter-
mine glioma grades, identify the best approaches to treatment, and
monitor tumors across time.

FIG 7. 7T MRSI can capture gliomas in different stages, such as the recurrent grade II oligoden-
droglioma (progression) in the newly diagnosed, presymptomatic patient in A and the recurrent
grade II oligodendroglioma (stable) in a treated patient in B. These spectra were acquired at 7T
and show differences between progressing and nonprogressing tumors. The progressing tumor in
the upper figure shows lower NAA in tumor regions and higher relative Cho, whereas the stable
tumor in the lower figure demonstrates higher NAA with fewer metabolic abnormalities. NAA is
on the right, and tCho and total Cr are in peaks just left of the center as labeled. Spectra data
were processed after phasing/frequency corrections and coil combination (with baseline, no
quantification). The metabolite range is from �1.8 to 4.2 ppm. This material was obtained with
permission and in collaboration with Yan Li and Peder Larson in the Department of Radiology
and Biomedical Imaging at the University of California, San Francisco. tCr indicates total Cr.
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Larger signal loss from T2 relaxation resulting in diminished
SNR has also been registered at 7T, which necessitates approaches
such as stimulated echo acquisition mode sequences with ultra-
short TEs and longer TRs, which are optimal for tissues with
unknown metabolic relaxation rates.33,182 Although 7T MRS can
resolve many overlapping resonances and has even been shown
to separate Glu from Gln, further work is necessary to differenti-
ate metabolites such as these 2 while maintaining high spatial re-
solution and SNR.31 Moreover, 7T MRSI often fails to localize
lipids in necrotic regions.31 Future studies will correct these defi-
ciencies and capitalize on the power of 7T to distinguish abnor-
mal metabolites.

CONCLUSIONS
We summarized the literature on 7T MRS and affirmed its use-
fulness in measuring metabolites. 7T MRS can achieve superior
SNR and spectral separation and modestly improved spatial reso-
lution and can also resolve overlapping resonances and isolate
specific metabolites such as Glu, Gln, and Gly, which may be val-
uable therapeutic targets, improving patient outcomes. 7T MRS
can also result in reduced CRLB values and improved quantifica-
tion of small signals compared with 3T MRS. The increased spa-
tial resolution, SNR, and spectral separation of 7T MRS may also
enhance the detection of infiltrated tissue and treatment effect.
We then underscored the hallmarks of effective 7T spectroscopy
sequences that maximize SNR and spatial resolution and mini-
mize B0 and B1 inhomogeneity, RF, and acquisition time.

We conclude with some of the failings of 7T MRS. These
include safety concerns, the lack of data on other promising
metabolites such as GSH and Lac, and the absence of absolute
metabolite concentrations and established indices of aggressive-
ness. These flaws will be addressed as knowledge of glioma pa-
thology and imaging technology continues to evolve.
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EDITORIAL

Call to Action: Women in
Neuroradiology’s Group (WINNERS)
—Is There a Need?
A. Singhal and A. Aiken

It is well-known that radiology is one of the male-dominated spe-
cialties in medicine (33.5% women).1 There has been extensive

interest in studying gender disparities in all fields of medicine,
including radiology recently.2 Improving gender and cultural diver-
sity helps to promote scientific advancement; increases diversity of
perspectives, teamwork innovation, and creativity; produces more
effective approaches to complex problems; and improves access to
care for underserved groups.3-7 The American Association of
Medical Colleges recently launched a strong initiative imploring its
member institutions and societies to be intentional in addressing
gender inequities, emphasizing that gender equity is a key factor in
achieving excellence in academic medicine.8,9

Gender Diversity in Medicine and the Motherhood Penalty
Female physicians are equally as likely as men to enter a career in
academic medicine, but the overall proportion of women who are
full professors is significantly lower, despite accounting for age,
experience, specialty, and measures of research productivity.10-12

Female faculty physicians are promoted more slowly than men,
with more men than women on the tenure track.11,13 Female
physicians do not achieve the same level of career success, as
measured by research funding, publications, promotions, and
leadership positions.12,14 Several studies have investigated the
underlying factors and have shown less opportunity for academic
advancement, lack of sponsorship, decreased availability of same-
sex mentors, lack of research opportunities with greater difficulty in
getting funding from the National Institutes of Health, the difficulty
of raising a family while building a career, work-life integration,
inequities and biases, and attrition of female faculty.10,14-17 Lack of
role models for combining career and family and work-life balance
and the lack of a supportive environment were found to be impor-
tant factors in a female physician’s decision not only to leave an
institution but also to leave the practice of medicine or work part-
time.18,19

Physicians who are mothers are affected to a greater degree by
societal norms, and a sociologic term called the “motherhood
penalty” has been coined to describe discrimination to which moth-
ers are subject in the workplace compared with men with or with-
out children or women without children.14,20,21 More than one-
third of mothers particularly reported discrimination related to
pregnancy, maternity leave, or breastfeeding, and discrimination is
associated with higher burnout rates.14 Motherhood in the work-
place has been shown to be associated with decreased pay,

perceptions of lower competence and of lower commitment to
one’s career, and being less likely to be hired and promoted.21-23

Studies, however, contrarily have demonstrated increased produc-
tivity of mothers during a career compared with peers without chil-
dren and that mothers bring unique skills to leadership roles.19,21,24

Most female physicians felt the need for more support to thrive in
their careers, especially for maternity leave and returning to work,
including paid maternity leave, breastfeeding/pumping support,
and schedule flexibility.25 In a systematic review of challenges faced
by physician mothers, a lack of dedicated women’s networks, men-
tors, sponsors, coaches, role models, and professional development
opportunities were found to be the most commonly cited organiza-
tional issues.14 It has been further shown that female physicians
were less likely than male physicians to receive career support
through networking activities, with the effect increased more for
those physicians with children than for those without.14,26

To clarify, mentorship is a longitudinal relationship in which
a mentor advises, shares knowledge with, and gives feedback to a
mentee for career development, whereas sponsorship is when a
protégé is directly advocated and recommended by a sponsor for
career-advancing opportunities.27,28 Having an identifiable men-
tor increases a physician’s chance of being promoted 2-fold.29

Professionals with sponsors are 23% more likely than their peers
to be promoted.30,31 Female physician mentorship of female
medical students or residents was found to be an important strat-
egy for recruitment in a study in Japan.32 Having facilitating col-
league support groups is an effective, preventive intervention in
mitigating burnout and distress among mothers at high risk for
stress, leading to increased engagement at work and decreased
parenting-associated stress.14,33

A study by Gordinier et al34 emphasized that mentorship does
not need to be only gender-specific because it reported the ability
to successfully balance family and full-time practice as the most
commonly cited quality in an ideal mentor. However, female
physicians have reported lower satisfaction with existing mentor-
ship programs than males.16 Lack of women in leadership has been
suggested as a factor; increasing the role of women in leadership
positions could be a solution.10,14 It is critical that physicians who
are leaders with experience balancing career and family advocate
for mothers who are junior physicians, not only as mentors but
also to affect institutional changes including increased job flexibil-
ity and institutional support.

Gender Diversity in Radiology
Recent articles have highlighted gender disparities in radiology,
including underrepresentation in leadership roles as well as higher
promotion ranks in radiology.2,10,35 Female radiologists, on aver-
age, had fewer total publications, fewer first or last author publica-
tions, and lower h-indexes and were less likely than men to have
National Institutes of Health funding.2,35 Women worked part-
time more often and held fewer positions of power in hospitals
and on editorial boards and in academic levels of associate and full
professors.2 Without accounting for any contributing factors in an
analysis of US academic radiologists, female radiologists were less
likely to hold the rank of full professor compared with men, but
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after multivariate adjustment, there was no significant difference
found in 1 study. The authors concluded that female radiologists
may lack sufficient opportunity to reach parity in research produc-
tivity.35 Several barriers found by female radiologists are similar to
those in other fields, such as a lack of mentorship, funding, and
research opportunities; obstacles related to child rearing, work, and
family alignment difficulties; and discrimination and sexual harass-
ment.2,10,36-38

Gender Diversity in Neuroradiology
Specifically in neuroradiology, there are more men working rela-
tive to women, with highly significant gender disparity for leader-
ship positions in neuroradiology (87.5% of leadership ranks within
academic neuroradiology are held by men).10 Gender disparity was
not found when analyzing academic ranks, with women filling 25%
of assistant, 23% of associate, and 21% of full professor positions.
These proportions could simply be a reflection of the proportion of
female radiology residents (27%), which otherwise points to general
underrepresentation of women in radiology compared with the per-
centage of female medical students (47% in 2015).10,39 The median
h-index was higher for male (17.5) compared with female faculty
members (9). Furthermore, the latest data regarding authorship in
155 international neurology-related journals showed the largest
gender disparity in authorship in neuroradiology journals com-
pared with neurology and neurology-related subspecialties.6 The
proportion of women authors in the studied neurological journals
(which included neuroradiology journals) was not reflective of the
gender proportions in the respective fields and fell short of them.
There was also a tendency for same-gender senior and junior
authors to publish together, increasing authorship gender inequi-
ties.6 The greatest gender disparity was seen in the last authorship
position, which likely reflects the proportion of senior leadership in
the field. Gender proportion underrepresentation on editorial
boards likely also contributes.6,38

Current Effort
American Association of Women in Radiology (AAWR) has a
plethora of resources for women in radiology and their allies.40,41

With increased momentum toward reducing gender disparities,
several academic institutions in the United States have Women in
Radiology programs,42,43 and there is increased interest in outreach
to the medical student levels.39,44,45 Radiology societies such as the
Society of Interventional Radiology have implemented Women In
Radiology programs.46 While just more than one-quarter of
women are radiologists, which is already low, there is a further rel-
ative dearth of women in neuroradiology, with ASNR membership
including ,18% women in 2018. The ASNR leadership landscape
has changed during the past decade with 5 of the 9 Presidents
being women in the past decade compared with only 2 of the pre-
vious 46 Presidents until 2009.47 While it is extremely important
and inspirational to see women in top academic societal leadership
positions, women in neuroradiology still often lack female col-
leagues within their institutions, and individual institutional level
programs specific to neuroradiology are difficult to implement.
Specialty-specific programs have a greater chance of networking
opportunities for academic collaboration and mentorship. It is sug-
gested that professional organizations adopt principles that

strategically enhance diversity and inclusion.9,48 Recognizing the
contributions of women in leadership with awards, developing
health policy documents, and reporting data on diversity and
inclusion are some of the ways suggested in another specialty to
enhance recruitment, retention, and career advancement of female
physicians.48 The Women in Neuroradiology award instituted by
the ASNR in 2012 has also been a positive change in recognizing
women with leadership potential and supporting their leadership
development with positive outcomes.47 Very recently, a new award
called the American Society of Functional Neuroradiology-AAWR
“Carolyn C. Meltzer” Joint Award has been instituted, aiming to
increase the number of women engaged in the field of functional
neuroradiology.

Gaps and Proposed Future Effort
While the current effort shows remarkable forward momentum,
there are several other strategies, albeit more time- and labor-inten-
sive as discussed above, which have been shown to be helpful in
improving gender disparities such as mentorship and advocacy. It
is critical to connect women with mentors who have successful
work-life integration through positive formal and informal mentor-
ship and sponsorship programs, such as support groups and
female-focused networking events.2,14,15,30,33,43,45,48,49 Mentorship
and sponsorship of women and leadership programs directly
impact advancement and career satisfaction and retention of female
faculty.14,47,50,51 Participation in a female-focused professional orga-
nization creates opportunities that facilitate scholarly work and
leadership, which ultimately enhances retention and advancement
of female physicians.49 Additionally, the onus of increasing gender
diversity by promoting, mentoring, and including women should
not be on women only, especially when in male-dominated fields.
Therefore, allyship from men and leaders is also necessary in
improving gender equity in various fields.8,52-54

These data and discussions speak of a need to increase effort at a
national and international societal level to help support advance-
ment of women in neuroradiology and to attract more female medi-
cal students and residents into the field, thereby increasing diversity
in the field. The authors, therefore, propose creation of an interest
group/branch/subcommittee for women in neuroradiology with
a suggested name of WINNERS (Women IN NEuroRadiology’s
group). We propose that this group welcome participation by
women as well as allies.

The goal of the WINNERS group would be to bring interested
female neuroradiologists and allies together for discussion, net-
working, mentoring, sponsorship opportunities, and academic col-
laboration to promote advancement and retention of women in
neuroradiology and, thereby, increase diversity in the practice of
radiology. WINNERS would be a great way to accomplish impor-
tant goals to increase diversity of the neuroradiology workforce
and include more female neuroradiologists in various roles,
including leadership, and combat the motherhood penalty.19,21

Areas of focus would include the following: 1) providing a forum
for women to discuss and suggest processes and pathways that
support workplace flexibility and work-life integration for neuro-
radiologists; 2) facilitating open and nonjudgmental discussions
around the topic of work-life balance that can help reset the norm;
3) giving parents professional support and discussing pathways to
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leadership; 4) finding innovative ways to research and better
understand underlying barriers and ways to address them; and 5)
discussing strategies for recruiting and retaining women in neuro-
radiology practice and neuroradiology academic departments and
sharing aspects of work cultures of institutions they might con-
sider joining. By way of example, the creation of such a group
would encourage female radiologists and trainees to envision suc-
cessful careers in neuroradiology. To achieve the goal of decreasing
gender disparities in neuroradiology, current and future female
neuroradiologists need to feel included and supported, and bring-
ing them together would be the first step for this endeavor.

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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PRACTICE PERSPECTIVES

Neck Imaging Reporting and Data System: More Than Just a
Template

P.A. Rhyner, A.A. Bhatt, K.L. Baugnon, and A.H. Aiken

ABSTRACT

SUMMARY: The Neck Imaging Reporting and Data System (NI-RADS) is a guide developed and introduced in 2017 by head and
neck radiologists who worked in an academic radiology department. Based on the Breast Imaging Reporting and Data System, the
initial goals of NI-RADS were to make posttreatment head and neck cancer imaging dictations more succinct and efficient, guide
treating physicians in the next appropriate steps when recurrence was suspected, and encourage institutional and national research.
NI-RADS is more than a dictation template, and it is best instituted after a head and neck imaging practice is established. We sup-
port the use of NI-RADS once a radiologist understands the nuances of head and neck cancer, including the biology, common sub-
sites involved, essentials of tumor staging, common posttreatment benign imaging appearances, and subtleties of recurrent disease.

ABBREVIATIONS: CECT ¼ contrast-enhanced CT; HN ¼ head and neck; HNC ¼ head and neck cancer; NI-RADS ¼ Neck Imaging Reporting and Data
System; TB ¼ tumor board

The Neck Imaging Reporting and Data System (NI-RADS) is a
guide developed and introduced in 2017 by head and neck

radiologists who worked in an academic radiology department.
Based on the widely successful Breast Imaging Reporting and
Data System, the initial goals of NI-RADS were to make dicta-
tions of posttreatment head and neck cancer (HNC) imaging
more succinct and efficient, guide treating physicians in the next
appropriate steps when recurrence was suspected, and encourage
research both within the institution and nationally.1

The clinical setting that allowed NI-RADS to develop and be
successful is important. There were 4 neuroradiologists with exten-
sive head and neck (HN) expertise, and all understood the HNC
biology of the disease, clinical presentations, variations in imaging
based on different pathology, treatment modalities including indi-
cations for each, and the nuances of recurrent disease and treatment
complications. We were part of a large HNC practice with standar-
dized imaging protocols, surveillance schedules and regimens, and
weekly tumor boards (TBs). With time, we knew the accuracy of
our interpretations, including results of our recommended biopsies
for suspected recurrence at the primary site and pathologic
adenopathy.

Formal TB presentations were succinct and direct because we
knew exactly the clinical setting or issue, based on our knowledge
of the disease. TB discussions and decisions were made with mul-
tidisciplinary input. When there was controversy regarding stag-
ing or treatment decisions, the conversations were spirited, and
this scenario is when we learned the most, even as experienced
HNC imagers. In our academic practice, neuroradiology fellows
and radiology residents routinely reported that the TB experience
added to their HNC knowledge base, but it also impacted their
understanding of how critical it is to generate accurate imaging
interpretations. As members of the HNC team, we were trusted
by nonradiology team members. With this historical background,
one can understand how our use of NI-RADS was readily
accepted by the HNC team.2

As the volume increased, the need for efficiency in our reports
was obvious. Surveillance imaging was a prime example. Does ev-
ery incidental finding on each follow-up study in the patient with
HNC need to be described again? Surveillance imaging goals are
the following: 1) primary site treatment response, 2) status of
lymph nodes in ipsilateral neck, 3) status of lymph nodes in the
contralateral neck, 4) second primary disease, and 5) treatment
complications, especially radiation-related soft-tissue or bone ne-
crosis or carotid artery disease. Recommendations based on sur-
veillance posttreatment imaging are limited and are the following:

1) Continue with established surveillance regimens if the study
is negative for recurrence

2) Use shorter interval follow-up if recurrence is possible but
not definite
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3) Direct endoscopic assessment if a mucosal abnormality is
present on imaging

4) Perform additional diagnostic imaging with another modality
(usually MR imaging, as surveillance imaging was usually
CECT)

5) Perform PET/CT or image-guided biopsy if a deep recurrence
is suspected.

Except for endoscopy, the recommendations are based on
imaging or biopsy with image guidance. Therefore, the responsibil-
ity for the posttreatment imaging recommendations is the purview
of the radiologist.

NI-RADS is more than a simple template to improve dictating
efficiency. When a radiologist uses such a specialized reporting
system, especially when next-step treatment recommendations are
part of the system, the user should be familiar with the disease
process and all the variations. The bulk of the template is to assess
the primary site and nodal drainage basins.3 A brief bulleted his-
tory of the disease before the findings section of the report is help-
ful (Table). The date of presentation, initial tumor stage including
primary and nodal disease, and the initial treatment technique
and date can be listed. For radiation treatment, knowing the time
since the final treatment is necessary because posttreatment imag-
ing before 10–12weeks after treatment is not recommended.
Knowing the patient’s status, whether the patient is asymptomatic,
has a new palpable mass, has pain and what the specialist sees dur-
ing the most recent outpatient visit is very important.

It is obvious, then, that adopting and using NI-RADS in daily
practice is more than simply inputting a template into a speech-
recognition program. Using NI-RADS is a final step, not an initial
step, in radiology practice. Without an infrastructure of knowl-
edge, experience, and trust between HN radiologists and a referral
clinical practice, NI-RADS should not be used. It requires much
more than finding soft-tissue “fullness” or unusual, vague contrast
enhancement on imaging.

If a radiology practice does not have dedicated HN neuroradiol-
ogists, a subspecialized dictation template can be still be used, but it
is best instituted after appropriate preparation and infrastructure
development. The following recommendations can serve as a guide
to developing an efficient HN service:

1) Standardize imaging protocols at all sites. CECT, MRI, and
PET/CT techniques should be established for accurate compari-
sons among initial, posttreatment, and surveillance scans. This
process includes scan acquisition parameters, scanner angula-
tion, slice thickness, and even which series are sent to the PACS.
Standardized intravenous contrast protocols are critical: dose,
bolus technique, and timing of acquisition during or after the
contrast bolus. In-service educational conferences for CT and
MRI technologists help establish and maintain standardization

and reinforce the team-based approach to the care of patients
with HNC.

2) Establish imaging algorithms with referrers. Surgeons and
oncologists must understand that the availability of both pre-
treatment and baseline posttreatment imaging results in the
best patient care. This involves uploading imaging examinations
from an outside institution and formal re-interpretation by an
internal radiologist. It is important to have a pretreatment ex-
amination before biopsy because postbiopsy change can
sometimes hinder accurate staging on imaging. Recognizing
recurrent disease is facilitated by knowing what the tumor ini-
tially looked like and where it was located prior to treatment.
In our experience, the concept of baseline posttreatment imag-
ing was new to some providers. When we likened baseline
imaging to the baseline posttreatment physical examination,
referring clinicians better understood the need for a predictable
time and modality for posttreatment imaging. In our practice,
the modality was usually PET coupled with CECT at 12 weeks
after the end of treatment. Universal surveillance imaging algo-
rithms, with respect to timing and modality, have not been
determined, but an individual HNC group can establish their
own algorithm.

3) Establish a core group of radiologists to interpret HNC imag-
ing. One goal of NI-RADS is consistency across imaging tech-
niques, timing of surveillance, and interpretation. A small
group of radiologists can more easily agree to standardized
interpretations than a large group, with expected differences
in interpretation styles, experience, and confidence levels. A
smaller group, maybe 2–4 HN radiologists, can better agree on
what constitutes worrisome or definite findings of recurrence.
Even 1 outlier who routinely overcalls indeterminate findings
can impact the practice. Routine meetings among the core
group of radiologists helps standardize the imaging approach
to a patient with HNC.

4) HN imagers must recognize the appearance of recurrent HN
cancer. Recurrent HNC is rarely an easily appreciated “new ne-
crotic peripherally enhancing mass.” Recurrent tumor in the
HN is often subtle: loss of fat planes, gradual changes in recon-
structive flap morphology, perineural tumor, muscle denerva-
tion, or increasing size of small non-necrotic nodes that are in
the expected draining nodal basin. Nodal size criteria are not a
reliable predictor of nodal metastasis. Squamous cell carcinoma,
the most common tumor, behaves in a different manner
depending on the subsite. A true vocal cord tumor and a tonsil
carcinoma have different imaging appearances, treatment, and
recurrence patterns that are unique to each subsite. Therefore,
it is critical that the radiologist know the HN subsites, normal
and variant appearances, first- and second-order nodal drain-
age, common treatment modalities, and the specific imaging
appearance of recurrent tumor. This knowledge requires a
broad and detailed base because there is no universal and pre-
dictable recurrent-tumor appearance. Case sharing and discus-
sion helped our group improve the knowledge base.

5) Attend TBs and routinely get clinical follow-up, including for
operative and image-guided biopsies. Discussion at TBs helps
the radiologist understand the nuances of HNC and what spe-
cific knowledge various treating clinicians need from imaging.

NI-RADS history example
Tumor site Right tonsil
Initial stage T3 (tumor.4 cm), N2 (bilateral

pathologic adenopathy)
Treatment Definitive chemoradiation
Final treatment 12Months ago
Initial posttreatment PET/CECT No residual disease
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For example, radiation oncologists must know the proximity
of the tumor to critical structures, such as the optic nerve or
spinal cord. The presence of extranodal extension of tumor is
important for medical oncologists to plan chemotherapeutic
regimens. Routine follow-up after CT or MRI interpretations
and next-step recommendations add to an individual HN radi-
ologist’s expertise.

In summary, our goals were to improve efficiency, standardize
imaging and interpretations, clarify the HN radiologists’ responsibil-
ities, and improve patient care. Obviously, we enthusiastically sup-
port the use of NI-RADS. Introducing NI-RADS is best when all
disciplines involved in caring for a patient with HNC trust that the
HN radiologist is familiar with complex HN imaging, has a broad
knowledge infrastructure for the disease, and understands the impli-
cations of further diagnostic recommendations. Implementing the

NI-RADS template is the last step in developing a mature HNC
imaging 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
ADULT BRAIN

Does Gadolinium Deposition Lead to Metabolite Alteration
in the Dentate Nucleus? An MRS Study in Patients with MS

M. Mohammadzadeh, S. Kolahi, M.-M. Mehrabi Nejad, K. Firouznia, H. Naghibi, A. Mohammadzadeh, M. Shakiba,
F. Mohebi, H. Komaki, H. Sharifian, H. Hashemi, M.H. Harirchian, A. Azimi, M.E. Adin, and D.M. Yousem

ABSTRACT

BACKGROUND AND PURPOSE: Repeat contrast-enhanced MR imaging exposes patients with relapsing-remitting MS to frequent
administration of gadolinium-based contrast agents. We aimed to investigate the potential metabolite and neurochemical altera-
tions of visible gadolinium deposition on unenhanced T1WI in the dentate nucleus using MRS.

MATERIALS AND METHODS: This prospective study was conducted in a referral university hospital from January 2020 to July 2021.
The inclusion criteria for case and control groups were as follows: 1) case: patients with relapsing-remitting MS, visible gadolinium
deposition in the dentate nucleus (ribbon sign), .5 contrast-enhanced MR images obtained; 2) control 1: patients with relapsing-
remitting MS without visible gadolinium deposition in the dentate nucleus, .5 contrast-enhanced MR images obtained; 3) control
2: patients with relapsing-remitting MS without visible gadolinium deposition in the dentate nucleus, ,5 contrast-enhanced-MR
images obtained; and 4) control 3: adult healthy individuals, with no contrast-enhanced MR imaging. Dentate nucleus and pontine
single-voxel 12 � 12 � 12 MRS were analyzed using short TEs.

RESULTS: Forty participants (10 per group; 27 [67.5%] female; mean age, 35.6 [SD, 9.6] years) were enrolled. We did not detect any sig-
nificant alteration in the levels of NAA and choline between the studied groups. The mean concentrations of mIns were 2.7 (SD, 0.73)
(case), 1.5 (SD, 0.8) (control 1), 2.4 (SD, 1.2) (control 2), and 1.7 (SD, 1.2) (control 3) (P ¼ .04). The mean concentration of Cr and mIns
(P ¼ .04) and the relative metabolic concentration (dentate nucleus/pons) of lipid 1.3/Cr (P ¼ .04) were significantly higher in the
case-group than in healthy individuals (controls 1–3). Further analyses compared the case group with cumulative control 1 and 2 groups
and showed a significant increase in lactate (P ¼ .02), lactate/Cr (P ¼ .04), and Cr (dentate nucleus/pons) (P ¼ .03) in the case group.

CONCLUSIONS: Although elevated concentrations of Cr, lactate, mIns, and lipid in the dentate nucleus of the case group indicate
a metabolic disturbance, NAA and choline levels were normal, implying no definite neuronal damage.

ABBREVIATIONS: CE ¼ contrast-enhanced; DN ¼ dentate nucleus; GBCA ¼ gadolinium-based contrast agent; Gd ¼ gadolinium; RRMS ¼ relapsing-remitting
MS; SI ¼ signal intensity

MS is a chronic demyelinating, neurodegenerative disease
of the CNS that affects .2 million people worldwide.1

Contrast-enhanced (CE) MR imaging is extensively used and is

vital for early diagnosis and follow-up of patients with MS because
it can help fulfill the “dissemination in time” McDonald criteria.
As a result, patients with MS are frequently exposed to the admin-
istration of gadolinium-based contrast agents (GBCAs) required
for CE-MR imaging.2 GBCAs have been considered very safe since
the US Food and Drug Administration’s approval in 1988. The first
report of gadolinium deposition as a source of the high signal in-
tensity (SI) in the dentate nucleus (DN) was published in 20143

and has led to extensive investigation of this phenomenon. Initially
in patients with MS, radiologists linked the suspicious increase in
SI on T1WI in the deep gray matter to MS itself,4 but this etiology
has since been discredited. The observed DN hyperintensity on
unenhanced T1-weighted images was specifically attributed to the
secondary-progressive disease MS subtype, but now there is no
support for an independent association between MS and a hyper-
intense DN.
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The GBCAs are either linear or macrocyclic based on their
type of polyamino-polycarboxylic ligand. Each of these groups is
composed of nonionic and ionic classes of agents based on their
electric charge. Despite the rigid cage wrapping around the Gd31

in macrocyclic GBCAs, this cage is more flexible in the linear
type. Because the agent’s cage contributes to its stability, linear-
type GBCAs are less stable than macrocyclic agents. As a general
concept, the ionic macrocyclic and nonionic linear chelates are
the most and least stable GBCAs, respectively.5,6 The thermody-
namic and kinetic stabilities of GBCAs are the main concerns in
their safety because the stability of the gadolinium (Gd) agent
determines the likelihood of its deposition.5 Although several
studies have found that hyperintensity in the DN on unenhanced
T1-weighted images has the highest association with previous
administration of linear GBCAs,7,8 macrocyclic GBCAs can also
lead to DN hyperintensity.9

Several studies have investigated the safety of GBCAs in pediat-
ric10,11 and adult patients.12-14 The pooled evidence clearly supports
the idea that GBCA administration is significantly, positively, and
directly correlated with increased SI in the DN and globus pallidus
on unenhanced T1WI assessments.8,9 The aforementioned correla-
tion was detected regardless of the patient’s renal function.6 Studies
on patients with MS have also supported this evidence.15,16 How-
ever, histologic findings on brain postmortem examinations in
human and animal models have not detected any damage, despite
the confirmed accumulation of gadolinium in affected structures.17

Quantitative assessments of T1- and T2-weighted imaging also sup-
ported an association with previous GBCA administration and gad-
olinium accumulation, particularly in gray matter structures.13

To date, there is no study, to our knowledge, investigating the
brain metabolite alterations following GBCA exposure in humans.
A promising and relatively accessible technique is MRS because it
has the unique ability to provide the chemical characteristics of
MR imaging–visible lesions as well as normal-appearing brain tis-
sue.18 Therefore, we aimed to investigate the potential metabolite
alterations in visually detectable Gd deposition in the DN follow-
ing multiple prior GBCA exposure in patients with MS using a
case-control design. Preclinical and clinical studies have reported
in vitro neurotoxic effects of Gd exposure due to impairment of
mitochondrial function and mitochondrial metabolic alterations
subsequent to gadolinium deposition.19,20 We hypothesize that Cr
and lactate will show alterations due to disturbed mitochondrial
metabolism. We also hoped this study would contribute to the
understanding of the molecular and cellular ramifications of Gd
deposition.

MATERIALS AND METHODS
Study Design and Participants
This prospective case-control study was reviewed and approved by
Institutional Review Board of Imam Khomeini Hospital Complex
and was conducted in a quaternary referral university hospital
from January 2020 to July 2021. After all patients were informed
about the study goals and assured that their medical data would
remain confidential, consent was obtained. Patients were also
assured that unwillingness to participate in the study or leaving the
study would not affect their medical care.

The MS diagnosis was established according to an expert fel-
lowship-trained neurologist based on the McDonald criteria.2 The
enrolled patients were selected from a specialized MS center. This
center conducts all patients’ follow-up imaging with the same pro-
tocol and GBCA type (gadoterate meglumine) that is used for the
imaging in this study. No patient had prior GBCA exposure before
the MS diagnosis. The inclusion criteria for case and control
groups were as follows:

1) Case: adult patients with relapsing-remitting MS (RRMS)
with visually detectable hyperintensity in the DN (ribbon
sign; DN/pons SI ratio,.1) who underwent.5 CE-MRIs.

2) Control 1: adult patients with RRMS without visually detecta-
ble hyperintensity in the DN who underwent.5 CE-MRIs.

3) Control 2: adult patients with RRMS without visually detecta-
ble hyperintensity in the DN who underwent,5 CE-MRIs.

4) Control 3: healthy adult individuals with no history of CE-
MRI.

Exclusion criteria were the following: 1) any MS plaques
involving the infratentorial region, 2) any other previously diag-
nosed neurologic diseases, 3) impaired renal function (estimated
glomerular filtration rate of ,60mL/min), 4) a history of cranial
irradiation, or 5) any other disease requiring CE- MR imaging.

Image Acquisition and Interpretation
MR Imaging Protocol. All patients were in remission at the time of
the examination, and no patient had MS plaques involving the
infratentorial region. Patients were scanned on a 3T MR imaging
machine (Discovery MR750; GE Healthcare) using a 32-channel
phased array head coil. The protocol included axial, coronal, and
sagittal T2 FSE: TR ¼ 3000 ms, TE ¼ 106 ms, matrix size ¼
352 � 256, FOV ¼ 230� 230, section thickness ¼ 5 mm, flip
angle¼ 142°; and an axial 3D T2�-weighted angiography gradient-
echo sequence: TR ¼ 75ms, TE ¼ 50ms, section thickness ¼
2mm, matrix size¼ 320� 224, and FOV¼ 220� 220. We used an
axial T1 spin echo: TR ¼ 600ms, TE ¼ 10ms, section thickness ¼
5mm, matrix size ¼ 352� 256, FOV¼ 230� 230 to detect high
intensity in the DN. A standard dose (0.1mmol/kg) of a macrocy-
clic GBCA (gadoterate meglumine) was administered to all patients
during each MR imaging acquisition.

Two fellowship-trained neuroradiologists (with 22 and 10 years
of experience), blinded to clinical data, independently reviewed the
images. Unenhanced T1WIs were used to draw a 4-mm2 ROI in
the middle of the pons and around the area with the highest inten-
sity in the DN. The DN/pons SI ratio was calculated by dividing
the mean SI within the DN by the mean SI within the central pons.
Any disagreement was resolved by consensus.

MRS Evaluation
MRS imaging with the use of pointed-resolved spectroscopy was per-
formed with the following configurations: long TE ¼ 144 and short
TE ¼ 35 ms, FOV ¼ 240� 240, voxel size ¼ 12� 12� 12mm,
TR1 ¼ 500 ms, and number of samples per spectrum ¼ 1024. A
chemical shift selective suppression technique was used to suppress
the water signal. Out-of-volume saturation bands were applied to
suppress signal excited outside the FOV. No lipid suppression was
applied. Manual shimming was performed.
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Single-voxel 12 � 12 � 12 mm MRS was performed for the
evaluation of the DN and pons area. Quantification-procedure MRS
imaging data were obtained in TARQUIN (Version 4.3.10; https://
sourceforge.net/projects/tarquin/) software. Quantification results
for each metabolite were analyzed in the associated optimal TE with
the metabolite peaks as follows: choline at 3.2ppm; NAA at
2.02ppm; Cr at 3ppm; lactate at 1.3ppm; lipid at 0.9- 1.3ppm; Glx
at 2.1–2.4 ppm; and mIns at 3.5ppm (Online Supplemental Data).

MRS performed with short TE minimizes signal loss due to
transverse relaxation, allowing higher quantification precision than
long TE.18 However, on short TE, broad macromolecule resonances
are presented, which could be a confounding factor for quantifica-
tion.18 Because macromolecule lipid resonance and lactate resonan-
ces are closely located and might overlap each other, the
macromolecule confounding problem mainly occurs at the spectra
of lactate.21 To confirm that the observed lactate change on short
TE was clearly due to lactate, we compared the short TE and long
TE spectra with TE ¼ 144, in which the lactate peak was inverted.
Then, the lactate quantification was performed on short TE spectra.

Statistical Analysis
We performed the analyses in SPSS for Windows, Version 18
(IBM). All P values, .05 were considered statistically significant.
Descriptive data are presented in mean (SD) for continuous vari-
ables and frequency and percentage for categoric variables. To
assess whether the recorded data have a normal distribution, we
performed the Kolmogorov-Smirnov test. We conducted the
comparisons by the following: 1) 1-way ANOVA with Tukey
post hoc test and an independent 2-tailed sample t test for contin-
uous variables with normal distribution and the relevant degree
of freedom, 2) the Kruskal-Wallis test and the Mann-Whitney U
test for the continuous variable with a significant lack of normal-
ity, and 3) a x 2 test for nominal variables.

RESULTS
Participant Characteristics
Forty participants (10 in each group; 27 [67.5%] females; mean
age , 35.6 [SD, 9.6] years; range, 20–57 years) were enrolled in this
prospective study. The participants’ demographic features are
presented in Table 1. Considering that all patients were scanned
with the same protocol and GBCA type, any reported differences
are not due to different GBCA agents or scanning techniques.
DN/pons SI ratios on T1WI were 1.04, 0.98, 0.94, and 0.94 in
case and control 1–3 groups, respectively (P , .001), indicating
appropriate selection of case and control groups.

DN Values
The absolute metabolite concentrations and calculated ratios in the
DN in all 4 studied groups are presented in Table 2 and Figs 1 and
2. mIns was the only metabolite that was significantly different in
all groups. The mean concentrations of mIns were 2.7 (SD, 0.73)
(case), 1.5 (SD, 0.8) (control 1), 2.4 (SD, 1.2) (control 2), and 1.7
(SD, 1.2) (control 3) (P ¼ .04). We observed intergroup differences
in other metabolites as well, though they were not homogeneous in
all 2� 2 comparisons. The mean concentrations of Cr on short TE
(P ¼ .04) and mIns (P ¼ .04) were significantly higher in the case
group compared with healthy individuals (control 3). Further anal-
yses compared the case group with an aggregated group of control
1 and 2 participants and showed significant elevation of lactate on
short TE (P ¼ .02) and lactate/Cr on short TE (P ¼ .04) in the case
group and elevation of Glx/Cr (P¼ .04) in the control groups.

DN-to-Pons Ratio Values
The relative metabolite concentrations and calculated ratios in
DN/pons in all 4 studied groups are presented in Table 3. Among
all variables, there were 2 statistically significant observations. First,
the mean concentration of Cr on short TE (P ¼ .03) was signifi-

cantly higher in case participants than in
a group of control 1 and 2 participants.
Second, lipid 1.3/Cr (P ¼ .04) was sig-
nificantly higher in the case group than
in control 3.

Table 1: Demographic features of participants

Variable
Case

(n = 10)
Control 1
(n = 10)

Control 2
(n = 10)

Control 3
(n = 10)

Age (mean) (yr) 43.4 (SD, 8.6) 36.7 (SD, 10.2) 31.7 (SD, 10.0) 30.7 (SD, 2.9)
Sex (female) 8 (80%) 7 (70%) 9 (90%) 3 (30%)

Table 2: Absolute mean metabolite concentrations and calculated ratios in the DN in all 4 studied groups

Variable

Studied Groups Comparisons (P Values)

Case Control 1 Control 2 Control 3
Among 4
Groups

Case vs
Control 3

Case vs.
Controls 1 and 2

NAA 43.0 (SD, 7.3) 44.8 (SD, 11.7) 45.3 (SD, 10.5) 36.7 (SD, 10.8) .24 .15 .59
Choline 32.8 (SD, 9.7) 25.7 (SD, 11.5) 28.8 (SD, 5.8) 23.5 (SD, 11.8) .20 .07 .27
Cr on short TE 11.6 (SD, 1.3) 9.3 (SD, 4.3) 10.1 (SD, 1.8) 8.9 (SD, 3.3) .21 .04a .06
Lactate on short TE 4.6 (SD, 2.2) 2.3 (SD, 2.1) 2.1 (SD, 1.3) 3.2 (SD, 2.8) .15 .33 .02a

mIns 2.7 (SD, 0.7) 1.5 (SD, 0.8) 2.4 (SD, 1.2) 1.7 (SD, 1.2) .04a .04a .51
Glx 3.5 (SD, 1.7) 3.7 (SD, 1.7) 4.9 (SD, 1.8) 4.5 (SD, 2.7) .36 .35 .10
Lipid 0.9 4.8 (SD, 2.0) 3.9 (SD, 2.4) 4.1 (SD, 1.8) 3.5 (SD, 2.2) .65 .22 .44
Lipid 1.3 5.2 (SD, 2.7) 5.8 (SD, 4.1) 6.5 (SD, 3.6) 5.7 (SD, 3.0) .92 .73 .42
NAA/Cr 1.7 (SD, 0.5) 2.1 (SD, 0.9) 1.6 (SD, 0.6) 2.8 (SD, 2.0) .10 .11 .73
Lactate/Cr on short TE 0.4 (SD, 0.2) 0.3 (SD, 0.2) 0.2 (SD, 0.2) 0.3 (SD, 0.2) .25 .50 .04a

mIns/Cr 0.2 (SD, 0.1) 0.2 (SD, 0.2) 0.2 (SD, 0.1) 0.2 (SD, 0.1) .68 .16 .99
Glx/Cr 0.3 (SD, 0.1) 0.5 (SD, 0.3) 0.5 (SD, 0.2) 0.5 (SD, 0.3) .35 .08 .04a

Lipid 0.9/Cr 0.4 (SD, 0.3) 0.4 (SD, 0.2) 0.4 (SD, 0.1) 0.4 (SD, 0.1) .91 .50 .76
Lipid 1.3/Cr 0.4 (SD, 0.2) 0.9 (SD, 1.0) 0.6 (SD, 0.4) 0.8 (SD, 0.4) .43 .05 .19

a Statistically significant.
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DISCUSSION
Our findings support the hypothesis that Gd deposition could be
related to metabolite alterations in the DN. Despite evidence of
metabolite changes among the studied groups, these findings
were minor and their clinical importance should be investigated
in further studies. To elaborate, we did not detect any significant
alteration in the levels of NAA and Cho among the studied
groups, suggesting the absence of neuronal tissue damage in the
DN with visually detectable Gd deposition. Nonetheless, the lev-
els of mIns, Cr, lactate, and lipid showed a significant increase in
the case group, which can be interpreted as a change in cellular
metabolism as discussed below.

Two studies by McDonald et al22,23 used inductively coupled
plasma mass spectrometry and detected Gd deposition in the en-
dothelial wall, neural tissue interstitium, and nuclei of neurons in
the absence of any gross histologic changes. The concept of Gd
crossing the blood-brain barrier and being deposited in neural
nuclei raises concern about the potential cytotoxicity of Gd. To
this end, preclinical in vitro studies provided insight about the
time- and dose-dependent cytotoxic and neurotoxic mechanism
of Gd through disturbance of mitochondrial function and oxida-
tive stress.19,24-26 The authors speculated that Gd, as a calcium an-
tagonist due to their similar atomic radius, can interrupt the
mitochondrial calcium metabolism leading to cellular death.27

Feng et al19 observed that Gd exposure is associated with mito-
chondrial membrane depolarization, caspase-3 activation, cyto-
chrome C release, lactate dehydrogenase increase, intracellular
reactive oxygen species increase, adenosine triphosphate synthesis
decrease, and subsequent DNA fragmentation. All the aforemen-
tioned cellular mechanisms indicate mitochondrial dysfunction
and oxidative stress leading to neuronal cell apoptosis. The cellular
studies of GBCA exposure in humans could help to predict its
potential long-term clinical consequences. However, there is only 1
study using PET/CT in human subjects that has investigated the

metabolic activity in Gd-deposition regions.28 The authors found
16% and 27% lower [18F] FDG uptake in the DN and globus pal-
lidus, respectively, of individuals who received GBCAs.28 Most
interesting, a recent study used untargeted mass spectroscopy–
based metabolomic analyses to investigate the plasma metabolite
alterations after Gd administration.20 Compared with healthy con-
trols, patients with Gd-deposition disease showed differences in 45
biochemicals, mostly related to mitochondrial function, similar to
our findings in the brain.20

We propose that the observed increased levels of Cr in case par-
ticipants might indicate a disturbance in cellular energy homeosta-
sis. Cr transmission through the blood-brain barrier is minimal, and
most Cr is produced in the brain using the arginine:glycine amidi-
notransferase and guanidinoacetate methyltransferase enzymes.29

Cr is the essential component of high-energy phosphate metabo-
lism (pCr1ADP$Cr1ATP) and plays a vital role in channeling
energy into the cytosol to maintain cellular energy homeostasis.30

Therefore, because MRS measures both Cr and creatine phos-
phate, compromised cellular energy production due to Gd accu-
mulation could be caused by the responsive up-regulation of Cr as
the substrate to compensate for an altered cellular energy system.

Lactate is the product of anaerobic glycolysis and increases in
stroke, encephalopathies, lactic acidosis, neonatal hypoxia, and
mitochondrial myopathies.18 Neuronal metabolism appears to be
mostly oxidative, and astrocytic metabolism is glycolytic according
to the hypothesis of astrocyte-neuron lactate shuttle (Fig 3).31-33

Astrocytes take up glucose through the glucose transporter 1 and
metabolize it to lactate. Lactate, then, is conveyed to the outside of
the astrocytes and is captured by neurons via monocarboxylate
transporters. Neurons oxidize intracellular lactate to pyruvate and
metabolize it through the oxidative phosphorylation pathway in
the mitochondria.31-33 Impaired mitochondrial function and the
subsequent oxidative phosphorylation in neurons can result in
accumulation of lactate. Therefore, the observed increased lactate

FIG 1. 1H-MR spectra from the DN in 1 patient from both case and control groups. Red lines represent the TARQUIN fits. MRS at TE ¼ 35ms
shows elevated mIns peaks at 3.5 ppm, creatine peaks at 3 ppm, lactate peaks at 1.3 ppm, and Glx peaks at 2.1–2.4 ppm.
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in the case group might indicate the existence of an impaired mito-
chondrial energy environment.

We also observed lower Glx levels in the case group. Glx is a mix-
ture of similar amino acids that contribute to excitatory-inhibitory

neurotransmission processes. Glutamate is released from the presyn-
aptic neuron to stimulate glutamate receptors on the postsynaptic
neuron. It enters the astrocytes through the synaptic gap via sodium
(Na)-dependent excitatory amino acid activating transporters. Then,

FIG 2. Boxplots of the metabolites. Differences between case and control groups.

Table 3: Relative mean metabolite concentrations and calculated ratios in DN/pons in all 4 studied groups

Variable

Studied Groups Comparisons (P Values)

Case Control 1 Control 2 Control 3
Among 4
Groups

Case vs.
Control 3

Case vs
Controls 1 and 2

NAA 0.7 (SD, 0.1) 1.1 (SD, 0.3) 0.8 (SD, 0.2) 0.9 (SD, 0.5) .13 .38 .36
Choline 0.8 (SD, 0.3) 0.8 (SD, 0.4) 0.9 (SD, 0.3) 0.8 (SD, 0.4) .98 .97 .70
Cr on short TE 1.4 (SD, 0.5) 1.1 (SD, 0.6) 1.0 (SD, 0.2) 1.8 (SD, 2.5) .54 .61 .03a

Lactate on short TE 4.3 (SD, 7.4) 1.5 (SD, 2.0) 1.0 (SD, 1.6) 0.2 (SD, 0.4) .32 .25 .26
mIns 0.9 (SD, 0.5) 0.5 (SD, 0.4) 1.3 (SD, 1.5) 1.1 (SD, 1.2) .35 .69 .42
Glx 1.2 (SD, 0.8) 1.0 (SD, 0.6) 1.3 (SD, 1.0) 1.3 (SD, 0.6) .84 .72 .81
Lipid 0.9 1.3 (SD, 0.8) 1.1 (SD, 0.7) 0.8 (SD, 0.5) 1.3 (SD, 1.0) .43 .96 .13
Lipid 1.3 1.4 (SD, 1.0) 1.0 (SD, 1.3) 1.4 (SD, 1.0) 1.0 (SD, 0.5) .74 .33 .93
NAA/Cr 0.7 (SD, 0.2) 0.8 (SD, 0.4) 0.6 (SD, 0.3) 0.9 (SD, 0.5) .29 .44 .15
Lactate/Cr on short TE 0.2 (SD, 0.1) 0.2 (SD, 0.1) 0.1 (SD, 0.1) 0.2 (SD, 0.1) .95 .56 .61
mIns/Cr 0.6 (SD, 0.3) 0.4 (SD, 0.2) 1.3 (SD, 1.5) 0.7 (SD, 0.5) .11 .56 .20
Glx/Cr 1.1 (SD, 0.6) 0.9 (SD, 0.6) 1.5 (SD, 1.5) 1.2 (SD, 0.8) .67 .58 .48
Lipid 0.9/Cr 1.0 (SD, 0.6) 1.0 (SD, 0.5) 0.8 (SD, 0.4) 1.0 (SD, 0.7) .68 .83 .33
Lipid 1.3/Cr 1.5 (SD, 0.6) 1.3 (SD, 0.6) 1.8 (SD, 1.0) 0.8 (SD, 0.5) .17 .04a .45

a Statistically significant.
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it is metabolized into glutamine (by the glutamine synthase enzyme
or a-ketoglutarate by glutamate dehydrogenase) to process further
oxygen metabolism in the tricarboxylic acid cycle (Krebs cycle) in
the mitochondria. Glutamine, then, is transported to neurons to
complete further glutamate production using phosphate-activated
glutaminase (Fig 3).31,33 Impairment of mitochondria functioning
would lead to a compromised glutamate-glutamine cycle, which is
dependent on the glutaminase enzyme in the mitochondria. In addi-
tion, impairment of the tricarboxylic acid cycle results in less use of
a-ketoglutarate and, accordingly, impairment of the transformation
of glutamate to a-ketoglutarate. Taken together, a glutamate/gluta-
mine decrease can also be interpreted as a marker for metabolic
impairment of neuronal cells.

Lipid levels were also significantly higher in the case group
than in healthy controls. A recent study also detected elevated lev-
els of 7-dehydrocholesterol, the cholesterol precursor, in patients
with Gd deposition.20 One of the degradation products of the leu-
cine, 3-methylglutarate/2-methylglutarate, also showed increased
levels after Gd deposition due to nicotinamide adenine dinucleo-
tide phosphate/nicotinamide adenine dinucleotide phosphate–
dependent enzyme impairment.20 Sterol synthesis and leucine deg-
radation are connected via the mevalonate shunt, leading to
increased sterol production due to 3-methylglutarate/2-methylglu-
tarate accumulation.34,35 Hence, the authors believe that mitochon-
drial metabolism impairment due to Gd deposition leads to
elevated levels of sterol biosynthesis through the mevalonate shunt.

FIG 3. The astrocyte-neuron lactate shuttle and glutamate-glutamine cycles. After traveling through the endothelial cells, glucose (Glc) enters the
astrocytes via Glc transporter 1 (GlcT1). It is metabolized to pyruvate and then lactate by lactate dehydrogenase (LDH5). The lactate is carried out-
side the astrocyte and inside the neuron via the monocarboxylate transporters (MCTs). The lactate inside the neuron is metabolized in the oxygen
pathway. Glutamate (Glu) molecules released from presynaptic neurons are transported into the astrocytes through Na1-dependent channels. In
astrocytes, the Glu is transformed into Glutamine (Gln) or a-ketoglutarate to perform oxygen metabolism in the Krebs cycle. ATP indicates adeno-
sine triphosphate; ADP, adenosine di-phosphate; P, phosphate; GluR, glutamate receptor; OH/HCO3, hydroxide/bicarbonate; K+, potassium; GLT,
glutamate transporter; PGK, phosphoglycerate kinase; ATPase, adenosine triphosphatase.
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Myo-inositol and its transporters may provide neuroprotection
during or following brain ischemia36 and are often increased in
cerebral infarction. Impairment of mitochondrial function and oxi-
dative phosphorylation can simulate a relatively hypoxic condition
that leads to the accumulation of mIns. The H1-mIns cotrans-
porter is mainly expressed in the brain and is strongly stimulated
by a decrease in pH.37 Subsequently, brain exposure to a substan-
tial lactate load—as discussed before—and a favorable H1 gradient
result in a significantly enhanced mIns uptake by the brain.
Although mIns is known as a glial cell marker, studies have
observed its elevated levels in neurodegenerative disorders without
glial cell involvement, including Alzheimer disease, Huntington
disease, and ataxia.18 Taken together, the aforementioned mIns
observations and the associated clinical conditions raise concerns
regarding the long-term sequelae of Gd deposition.

Apart from the proposed notions, there is another potential
mechanism behind the accumulation of these metabolites. There is
a common understanding that mIns and Cr are the main osmolytes
in the brain, which undergo alteration under chronic osmotic
changes.38 For instance, sodium-myo-inositol cotransporter-1 in
the cortical astrocytes of rats was observed to up-regulate under a
chronic hyperosmolar situation.39 Therefore, chronic Gd deposition
in the neural tissue interstitium could result in a hyperosmolar con-
dition that induces the production of these osmolytes. Such hyper-
osmolarity has not been observed at clinical levels to date.

Our findings provide preliminary insight about a potential
neurochemical alteration in patients with Gd deposition. Although
we observed some degree of metabolite change in association with
cellular metabolism and mitochondrial function, there were no
significant changes in NAA and choline that would indicate the
existence of any major neuronal damage. The authors posit that
Gd deposition interrupts the mitochondrial function and results in
some minor metabolite changes that are kept at the minimum
level through the regulatory and compensatory cellular mecha-
nisms. Nonetheless, the Gd deposition in the DN and evidence of
malfunction of the mitochondrial energy pathway shown in ani-
mal and in vitro studies raise the specter of subclinical neurotoxic-
ity effects of Gd deposition. Some animal studies have shown loss
of motor coordination, including tremor, seizure, ataxia, and ster-
eotyped movements and myoclonus.40,41 In a recent study, patients
with Gd-deposition disease reported symptoms similar to those
with known mitochondrial-related diseases.20 Although 2 other
clinical studies reported lower verbal fluency in patients with MS
with repetitive GBCA exposure,42,43 there has not been a compre-
hensive study to indicate whether there are major adverse clinical
effects attributed to multiple GBCA administrations in patients
with MS.6,27 We recommend that clinicians limit CE-MR imaging
to the necessary indications and conform with the latest guidelines
from such reputable bodies as the Consortium of Multiple
Sclerosis Centers,44 especially in those with chronic CNS diseases
requiring repeat imaging.

Our study has several limitations. Our results indicate some stat-
istically weak associations (.05 ,P , .10), but we cannot ensure
that they would remain the same if the sample size were larger.
Second, although we enrolled patients with RRMS in similar stages
of the disease, our case and control groups were not matched for
age and sex. Several studies have hypothesized that MS therapeutic

agents could alter the brain metabolites, but we did not include the
treatment regimens in this study because we were interested in any
potential harm of Gd, even if it was caused by an interaction with
medications in patients with MS. In addition, our assessment did
not include clinical evaluations of the patients and was limited to a
specific macrocyclic GBCA. Moreover, this study requires more in-
depth comparison of background information between the case and
control groups in addition to age and sex, including, but not limited
to, extensive medical history, smoking history, environmental expo-
sures, and other neurologic conditions. We highly recommend con-
ducting randomized controlled trials that incorporate information
on the suggested background conditions that could help reveal the
potential clinical significance of gadolinium deposition.

CONCLUSIONS
We found elevated concentrations of Cr, lactate, mIns, and lipid in
the DN of patients with visible Gd deposition on their unenhanced
T1WIs, indicating a metabolic disturbance in the affected patients.
Our findings confirm previous studies implicating a potential
adverse effect of Gd deposition on mitochondrial membrane and
function. However, because we observed normal levels of NAA
and choline in the DN, neuronal damage might be disavowed.
Nevertheless, we require further clinical correlation and support
for this notion. We recommend that clinicians remain cautious in
their use of Gd, and that researchers should build on these prelimi-
nary findings by enrolling patients in a study with a larger sample
size, with controlled and randomized design and full clinical
assessment of the patients.
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ORIGINAL RESEARCH
ADULT BRAIN

Cellular Density in Adult Glioma, Estimated with MR Imaging
Data and a Machine Learning Algorithm, Has Prognostic

Power Approaching World Health Organization Histologic
Grading in a Cohort of 1181 Patients

E.D.H. Gates, D. Suki, A. Celaya, J.S. Weinberg, S.S. Prabhu, R. Sawaya, J.T. Huse, J.P. Long, D. Fuentes, and
D. Schellingerhout

ABSTRACT

BACKGROUND AND PURPOSE: Recent advances in machine learning have enabled image-based prediction of local tissue pathology in
gliomas, but the clinical usefulness of these predictions is unknown. We aimed to evaluate the prognostic ability of imaging-based estimates
of cellular density for patients with gliomas, with comparison to the gold standard reference of World Health Organization grading.

MATERIALS AND METHODS: Data from 1181 (207 grade II, 246 grade III, 728 grade IV) previously untreated patients with gliomas
from a single institution were analyzed. A pretrained random forest model estimated voxelwise tumor cellularity using MR imaging
data. Maximum cellular density was correlated with the World Health Organization grade and actual survival, correcting for covari-
ates of age and performance status.

RESULTS: A maximum estimated cellular density of .7681 nuclei/mm2 was associated with a worse prognosis and a univariate haz-
ard ratio of 4.21 (P, .001); the multivariate hazard ratio after adjusting for covariates of age and performance status was 2.91
(P, .001). The concordance index between maximum cellular density (adjusted for covariates) and survival was 0.734. The hazard ra-
tio for a high World Health Organization grade (IV) was 7.57 univariate (P, .001) and 5.25 multivariate (P, .001). The concordance
index for World Health Organization grading (adjusted for covariates) was 0.761. The maximum cellular density was an independent
predictor of overall survival, and a Cox model using World Health Organization grade, maximum cellular density, age, and
Karnofsky performance status had a higher concordance (C ¼ 0.764; range 0.748–0.781) than the component predictors.

CONCLUSIONS: Image-based estimation of glioma cellularity is a promising biomarker for predicting survival, approaching the prog-
nostic power of World Health Organization grading, with added values of early availability, low risk, and low cost.

ABBREVIATIONS: CD ¼ cellular density; C-index ¼ concordance index; KPS ¼ Karnofsky performance status; max ¼ maximum; ROC ¼ receiver operating
characteristic; WHO ¼ World Health Organization

The most powerful prognostic factor currently known for
patients with gliomas is the tumor grade as described by the

World Health Organization (WHO).1,2 The WHO grading system
ranges from I to IV with a higher grade indicating increased malig-
nancy and a worse prognosis. Historically, tissue histology has
driven diagnosis and grading using characteristics like mitoses,

microvascular proliferation, or necrosis.3 Recent updates empha-
size molecular characteristics inWHO grading.1,2

WHO grading depends on having tissue specimens. Obtaining
these specimens is difficult, expensive, and includes a risk for the
patient. In current practice, diagnostic tissue samples are often
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obtained during the first surgical procedure, meaning that, in
effect, a definitive tumor grade is obtained after some treatment
decisions have already been made. When tissue is collected before
bulk resection, it takes the form of small biopsy samples.4 All tis-
sue-based approaches have some degree of risk with regard to sam-
pling error and cannot capture the full range of heterogeneity
present inside the tumor.

In contrast to tissue sampling, MR imaging is relatively inexpen-
sive, safe, and easy to perform. Imaging does not have sampling
error, and covers the whole brain, though not at the microscopic re-
solution of histology. Furthermore, imaging is available before the
commencement of invasive therapies. Multiple imaging findings
like contrast enhancement are strongly associated with a higher
WHO grade5 and have proved very useful in the clinical manage-
ment of these patients. However, most imaging findings are qualita-
tive in nature and cannot yet replaceWHO grading.

There is great clinical need for a noninvasive imaging tool that
can accurately grade and stage patients with gliomas. One way is
to estimate pathologic characteristics used in formulating tumor
grade. Cellular density (CD) is increased in all gliomas and corre-
lates with increasing WHO grades.2 CD is of additional clinical
interest because the subtle infiltrative nature of diffuse gliomas,
with increased CD blending into the healthy brain, makes these
tumors difficult to treat. Several recent works have developed
models capable of estimating heightened cellularity using MR
imaging data.6-9 However, the actual prognostic value of these
model estimates has not been directly validated.

In this study, we investigated image-based estimates of CD as a
low-cost and low-risk predictor of overall survival for patients with
gliomas. We correlated CD and the gold standard of histology-
based WHO grading to overall survival in a large retrospective
cohort of patients with gliomas. We found that CD is a powerful
and useful prognostic feature. While WHO grading is still superior,
CD information is obtained at far lower cost and risk to the patient.

MATERIALS AND METHODS
Clinical Data
We collected clinical data under a Health Insurance Portability and
Accountability Act–compliant retrospective chart review protocol
approved by our institutional review board with a waiver of
informed consent. Clinical databases were queried for all records of
patients diagnosed with gliomas who ultimately underwent surgical
resection at our institution. The returned records spanned 1993 to
2018. The resulting clinical data that were analyzed included age,
preoperative performance status, surgery dates, imaging dates, fol-
low-up dates, vital status, and diagnoses, including WHO grade. A
majority of patients were treated before the introduction of inte-
grated histomolecular diagnoses as introduced in the 2016 revision
of the WHO grading system and further emphasized in the 2021
revision.1,2 Therefore, the grades reported are based, for most cases,
on morphologic characteristics consistent with the WHO 2007
grading scale. We staged patients on the basis of preoperative
imaging data, similar to WHO staging, which is obtained at diag-
nosis and is not subsequently altered. Thus, the effects of operative,
chemotherapy, and radiation therapy treatment were not consid-
ered in the current analysis. Overall survival was calculated from
the surgery date to the last documented follow-up time, with

appropriate right censoring. The patient cohort was further refined
by inclusion criteria of 18 years of age or older, WHO grade II, III,
or IV gliomas, and the availability of suitable preoperative MR
imaging.

Imaging Data
For each patient, preoperative imaging was queried directly from
the PACS system. A summary of the sequence parameters for
each image type is given in the Online Supplemental Data, and a
detailed description of the data processing is provided in the
Online Supplemental Data.

Images were skull-stripped to remove nonbrain tissues and cor-
egistered.10,11 Then, tumors were segmented using a pretrained
deep learning model, and CSF ROIs were generated using auto-
mated Gaussian mixture modeling.12 Additional details of these
methods are provided in the Online Supplemental Data. Each
image was normalized by mapping modal intensities of healthy
brain and CSF to 0 and 1. Note, this is a slightly different scheme
than the one used by Gates et al6 but achieves comparable modeling
results.

Using the normalized images, we estimated the CD voxelwise
throughout the brain of each patient by applying a pretrained
random forest model, which has been previously reported.6 This
model was trained on imaging and pathology data from 52
image-guided biopsy samples and estimates CD with a root mean
square error of 2099 nuclei/mm2 (the total range in the training
data was approximately 14,000 nuclei/mm2) using 4 conventional
imaging sequences (T1-weighted, T2-weighted, FLAIR, and T1
postcontrast). Examples of the CD maps are shown in Fig 2. As
previously reported, these maps agree with literature values for
white matter of around 3000 nuclei/mm2 and clinical intuition
showing more heterogeneous and highly cellular disease with
increasing clinical WHO grade.13 Using these maps, we measured
the maximum (max) CD within the visible tumor ROI, defined
by the extent of T2/T2-FLAIR hyperintensity, assuming that
maximal cellularity is unlikely to occur outside the radiographi-
cally visible region. Specifically, we recorded the max CD in the
visible lesion after excluding the values in the highest 0.01 cm3 of
the measurement ROI as outliers. This process provides a stabi-
lized measure of the maximum that is less sensitive to outliers
than the voxelwise maximum. A detailed description is provided
in the Online Supplemental Data. For routine clinical use, this
measurement could be manually approximated using the mean
CD in a small circular ROI of about 10 voxels across (area, about
75 voxels) in the area of highest cellularity. CD maps and the MR
imaging data were manually reviewed (by E.D.H.G., with 5 years
of experience) using a custom data-review dashboard imple-
mented in R Shiny.14 Studies with unacceptable quality, like failed
image registration or excessive artifacts, were excluded from fur-
ther analysis.

Statistical Analysis
We used Cox proportional hazards modeling and concordance
indices (C-indices) to correlate clinical and image features with
survival.15,16 We searched for an optimal stratifying threshold in
terms of the hazard ratio to create two resulting groups. This pro-
cedure was performed within 10-fold cross-validation to prevent
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overfitting and false discovery of survival differences.17 Statistical
differences between the pooled high- and low-risk groups were
assessed using a log-rank test and the Kaplan-Meier method.

We performed both univariate and multivariate analysis with
adjustments for age and performance status (Karnofsky perform-
ance status [KPS]), then again with adjustments for age, KPS, and
high WHO grade. Patients who are older and have worse perform-
ance status are known to have a poorer prognosis irrespective of
other prognostic factors.18,19 We corrected the univariate signifi-
cance level to account for the number of cellularity measurements
tested, using the Benjamini-Hochberg method.20 For simplicity, we
report only the best-performing CD feature, max CD. Comparison
of the overall correlation between max CD as a predictor (as

opposed to a measurement at a single cutoff point) can be accom-
plished with the C-index, which measures the degree of agreement
between a set of predictors and actual survival over the entire
curve.21 Comparisons of C-indices from proportional hazards mod-
els were performed using jackknife estimates of variance.22 Last, we
applied receiver operating characteristic (ROC) analysis with CD
measurements and WHO grades to identify a pair of optimal
thresholds to separate the WHO grade II, III, and IV tumors using
max CD and compared the agreement.

RESULTS
Clinical Data
A summary of the patient cohort selection process is shown in
Fig 1. Among 2588 patients whose first resection was at our insti-
tution, 1718 had diagnostic imaging available. Of those, 329 had
previous biopsies (as opposed to resections), and we elected to
include these patients in the analysis. Exclusions were made for
pediatric patients or those with WHO grade I (n ¼ 113) and
patients with insufficient MR imaging to apply predictive model-
ing (n ¼ 225). After imaging data review, 199 further cases were
excluded for unacceptable data quality. The most common fail-
ures were tumor segmentation (5.0% of data) and image registra-
tion (3.5% of data). The clinical characteristics of the remaining
analyzable 1181 patients are summarized in Table 1.

Correlation between Survival and CD
We compared max CD (Fig 2) as a prognostic predictor with
WHO grading, with age and KPS as covariates.18,19 The univariate
and multivariate hazard ratios are listed in Table 2. Max CD
showed the largest survival difference among CD-based features.
The optimal threshold of 7681 nuclei/mm2 was very consistent in
cross-validation (Online Supplemental Data). Low- and high-risk
assignments between cross-validation and in-sample results dif-
fered for only 1 patient. The median survival for patients with
highly cellular (max CD,.7681 nuclei/mm2) tumors was 630days
compared with 5120days for patients with low-cellularity tumors.
The univariate hazard ratio between the 2 groups was 4.21,
adjusted to 2.91 after correcting for covariates of age and KPS (all
statistically significant), (Table 2 and Fig 3).

For comparison, the hazard ratio for histologically defined
WHO grade IV disease was 7.57 on univariate analysis relative to
WHO grade II and III, decreased to 5.25 for multivariate analysis
when correcting for age and KPS. Max CD had C-indices of 0.662
alone, and 0.734 after adjusting for covariates, which compared
well with WHO grading at 0.704, and 0.761 after adjusting for
covariates (Online Supplemental Data). The concordance indices

FIG 1. Flow chart for patient selection in the retrospective data.
Ambiguous imaging time means the imaging and operation were
on the same day. A complete study includes at least one of each
of the following: T1-weighted precontrast, T1-weighted postcon-
trast, T2-weighted, and FLAIR images.

Table 1: Clinical data summary of the 1181 cases analyzeda

WHO Grade No. Age (yr)
Sex (Male/
Female)

Median KPS
Score

Median Tumor
Volume (mL)

Max CD
(Nuclei/mm2)

Median OS
(Days)

II 207 40 (SD, 12) 121/86 90 37.16 8059 (SD, 1048) NAb

III 246 43 (SD, 14) 135/111 90 47.25 8401 (SD, 1198) 5066
IV 728 59 (SD, 13) 446/282 90 72.64 10,218 (SD, 1167) 495

Note:—NA indicates not achieved; OS, overall survival.
a Tumor volume measurements were extracted from records collected before this study. Age and max CD are listed as means.
bMedian survival was not reached for the WHO II group; the lowest fraction was 58% survival reached at 4147 days.
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were significantly different from each other before (P, .001) and
after (P, .001) adjusting for covariates.

In a combined model with age, KPS, WHO grade IV, and
max CD analyzed together, the multivariate hazard ratio for CD
was 1.36 (P, .05). The effect of WHO grade (hazard ratio ¼
4.60) was still larger, however, in the same model (Table 2). This
combined model gave a risk score with a C-index of 0.764 with
overall survival (95% CI, 0.748–0.781). This was significantly
higher than the C-index for the model using just age, KPS, and a
WHO grade of 0.761 (P ¼ .002) (Online Supplemental Data).
Again, this finding suggests some overlap but with nonredundant
information present betweenWHO grading and max CD.

Correlation between CD and WHO Grade
The histogram of max CD values in Fig 3 shows a striking relation-
ship between tumors with a highWHO grade (WHO IV) and larger

maximum cellularity. The optimal threshold with respect to survival
of 7681 nuclei/mm2 effectively divides the high-grade (WHO grade
IV) from the low-grade (WHO grade II and III) cases with a 93%
sensitivity. Max CD showed no ability to differentiate WHO II from
WHO III tumors due to the high overlap in the histograms.
However, we were able to construct a trio of risk categories using
CD that mimics the WHO II, III, and IV risk stratification, (Fig 4).
We selected 2 cutoff points at 7443 and 8358 nuclei/mm2 via ROC
analysis to optimally mimic the WHO groups. These values are dif-
ferent from the previously mentioned 7681 nuclei/mm2 cutoff,
which was chosen to optimize overall survival differences between
just two groups of patients. The number of patients andmedian sur-
vival for each group are tabulated in Table 3. These resulting three
categories showed risk stratification visually similar to the WHO
grades, though there were statistical differences in median overall
survival (log-rank, P¼ .004).

One advantage of CD as a risk measure over WHO grading is
that the estimated CD is a continuous measurement that can pro-
vide finer risk-stratification groups than the three-class categoric
WHO grade (WHO I disease was not found in our adult popula-
tion with gliomas, reducing the analysis to three categories). In pro-
portional hazards modeling, the relation between a continuous
measurement like CD and the hazard ratio is assumed to be log-lin-
ear. However, a nonlinear fit can be achieved using spline fitting.
Figure 4 also shows the resulting nonlinear fit with the grade-
matched cutoffs overlaid. The plateau at higher CD values (visually
about .9000 nuclei/mm2) suggests a saturation-type effect beyond
which increased max CD does not further increase risk. At lower
CD values, the curve is steeper (ie, greater sensitivity of risk to CD
changes), suggesting that CD might allow more precise risk stratifi-
cation for lower-grade gliomas. The nonlinear spline fit illustrates
the relation between CD and risk at various CD levels but does not
significantly improve concordance of the Cox model (C-index dif-
ference, 8� 10�4; P¼ .65).

DISCUSSION
We estimated CD using MR imaging and a machine learning
algorithm in a retrospective cohort of 1181 previously untreated

Table 2: Survival modeling for patients with all WHO grades (II, III, IV)a

Univariate Multivariate
HR 95% CI P HR 95% CI P

Model A: C ¼ 0.761
Age older than 55 yr 3.69 (3.16–4.31) ,.001 2.05 (1.74–2 .42) ,.001
KPS ,90 3.05 (2.61–3.57) ,.001 1.68 (1.43–1.98) ,.001
WHO grade IV 7.57 (6.18–9.27) ,.001 5.25 (4.23–6.53) ,.001
Model B: C ¼ 0.734
Age older than 55 yr 3.69 (3.16–4.31) ,.001 2.74 (2.33–3.22) ,.001
KPS ,90 3.05 (2.61–3.57) ,.001 2.02 (1.72–2.38) ,.001
Max CD .7681 4.21 (3.05–4.42) ,.001 2.91 (2.28–3.71) ,.001
Model C: C ¼ 0.764
Age .older than 55 yr 3.69 (3.16–4.31) ,.001 2.02 (1.72–2.39) ,.001
KPS ,90 3.05 (2.61–3.57) ,.001 1.67 (1.42–1.96) ,.001
WHO grade IV 7.57 (6.18–9.27) ,.001 4.60 (3.60–5.87) ,.001
Max CD .7681 4.21 (3.05–4.42) ,.001 1.36 (1.03–1.80) .03

Note:—HR indicates hazard ratio; C, C-index.
a The univariate P values for max CD are corrected for multiple comparisons. The multivariate HRs are for models using only the factors listed in the specific panel. A)
HRs for clinical factors and high WHO grade. B) HR for clinical factors and max CD (nuclei/square millimeter). C) HR for clinical factors, high WHO grade, and max CD.
HRs for WHO grading are higher than those for max CD, but max CD retains a predictive value even when WHO grading is included in model C.

FIG 2. Maps of estimated CD for gliomas of known WHO grades. T2-
weighted images are shown in the upper row for reference. Note the
graphic nature of CD estimates and how CD maps can be used for
image-guided therapy.
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patients with gliomas from our institution. We found that high
max CD indicates worse prognosis independent of age, perform-
ance status, and even WHO tumor grade. The prognostic power
of max CD is slightly less than that of the WHO grade but comes
remarkably close, especially given the relatively low cost and risk
of obtaining these CD estimates. The difference in concordance
between a model based on WHO grade (and covariates) and the
model based on CD (and covariates) was just 0.027 (95% CI,
0.016–0.037). CD estimates also have advantages over WHO
grading, including timeliness, lower risk, and lower cost of the
estimates. The graphic nature of the estimates also allows CD
estimates to be used for image-guided therapies.

CD is known from the literature to correlate to survival.23

Conventional and physiologic techniques like T2-FLAIR or
DWI correlate with increased tissue cellularity.24,25 Recently,
several research studies have used machine learning trained on

MR imaging and tissue data to quantitatively estimate CD in
gliomas from imaging data alone. These models produce graphic
mapping of CD that characterizes the full tumor heterogeneity
and shows promising clinical applications such as identifying
hypercellular regions outside contrast enhancement.6-9 Our
study differs from the current literature in that we directly eval-
uated the correlation between measures of cellularity and sur-
vival outcome. We focused specifically on simple, interpretable,
first-order measures of cellularity rather than complex nonlinear
feature combinations like texture analysis or deep filter features.
Estimated cellularity maps already combine multiple sources of
information from the MR images and tissue-training data, possi-
bly rendering additional complexity unnecessary. Another key
difference of our study is that we use a combined cohort of mul-
tiple WHO grades to correlate with survival, mimicking the ac-
tuality of practice before tissue diagnosis is known.

FIG 3. The best CD (in nuclei/square millimeters) measure for dichotomizing survival in adult gliomas is a max CD (stabilized with 0.01-cm3 vol-
ume constraint) of 7681 nuclei/mm2. Upper left: Patients with WHO grade IV gliomas have much worse overall survival (median, 497 days) than
patients with WHO II or III gliomas (median unreached, 75% survival at 2131 days). Upper right: An optimal cutoff (maximizing hazard ratio) of
7681 nuclei/mm2 divides the glioma population into groups with median survivals of 630 and 5120 days, respectively (log-rank, P , .001). Lower
row: A histogram of all cases (bin size ¼ 123 nuclei/mm2) demonstrates stabilized max CD values ranging from 6089 to 12,260 with an interquar-
tile range of 7632–10,717 and a mean of 9175. WHO grade II, III, and IV cases are color-coded, and the optimized cutoff value used in the upper
right panel (7681 nuclei/mm2) is shown with a solid red line. The lower histogram has all bins scaled to height 1 to show the relative proportion
of each WHO grade in each bin.
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One limitation of this work is gaps in the clinical data for the
retrospective cohort. We account for overall survival of patients
with differentWHO-grade gliomas, ranging from about 12months
(WHO IV glioblastoma) to .5 years (WHO II).26,27 However, we
were not able to include therapeutic intervention or mutational
profiles, which also affect outcomes.18,27-29 Survival differences due
to chemoradiation or total tumor resection range from a few
months to more than a year,27,30 and IDH1 mutation is associated
with a nearly 2-fold difference in median overall survival.31 Most
of the patients in our cohort were treated before 2015, when
molecular information started being routinely collected.

Related to imaging, the retrospective nature of our study limited
our control over specific imaging sequences. This issue caused

some inaccuracy in the random forest
that estimated cellularity because the for-
est was trained on data from a tightly
controlled research protocol.6 Intensity
normalization accounts for much of the
variability in image contrast and acquisi-
tion parameters, but the true accuracy
on the retrospective data cannot be
known without extensive histologic sam-
ple verification. Although the random
forest estimates of CD using the conven-
tional sequences have only a moderate
correlation to actual measured CD (R2¼
0.52),6 survival models based on these
estimates achieved a high concordance
(C ¼ 0.73) with overall survival. Two
factors can explain this: First, the contin-
uous CD estimates are binned with a
threshold to designate high-risk and
low-risk patients, generally an easier task
than precise quantitative estimation.
Second, clinical factors like age and KPS
aid survival models. The fact that even
rough estimates of cellularity are effective
in estimating survival reinforces their
potential value.

Additionally, DWI was not com-
monly available in the historic patient
cohort. Given the well-established rela-
tionship between CD and DWI, we are
eager to include this as part of future
analyses. Finally, we examined the effect
of preoperative cellularity on prognosis
without explicitly accounting for treat-
ment variables like gross total–versus-
subtotal surgical resection or radiation
treatment. While these are important,
quantifying changes in CD after therapy
is a very challenging image-processing
task and is the subject of future inve-
stigation.

For future work, one of the most val-
uable directions is more accurately mod-
eling cellularity in normal tissue like gray

matter and white matter. Expanded training data in the random for-
est for these anatomic areas is a possible solution. Another potential
solution is to apply methods from MR image synthesis to supple-
ment the random forest to generate high-quality CD mappings
(such as in Fig 2).32 Graphical maps, either in their present form or
future improved versions, will enable prospective clinical trials to
validate the accuracy of cellular density estimates.

CONCLUSIONS
We evaluated the correlation between estimated glioma cellularity
and survival in a large retrospective cohort of adults with infiltra-
tive gliomas. We showed that imaging estimates of CD are a
powerful and independent prognostic predictor of survival, only

Table 3: Patient numbers by max CD ranges (nuclei/square millimeter) and WHO gradea

Cellular Density
Cutoff Ranges

WHO II
Median OS: NA

95% CI, 4040 to NA

WHO III
Median OS: 5066
95% CI, 3486 to NA

WHO IV
Median OS: 495
95% CI, 463–538

CD,,7443
Median OS: NA
95% CI, 4444 to NA

65 69 13

7443,CD, 8358
Median OS: 3738
95% CI, 2452 to NA

84 80 35

8358,CD
Median OS: 603
95% CI, 535–658

57 97 679

Note:—NA indicates not achieved; OS, overall survival.
a The cutoff values for CD were calibrated to separate WHO IV cases from WHO II and III cases and WHO II and III
cases from each other using ROC analysis. The off-diagonal values in this matrix speak to the nonredundancy of in-
formation captured by CD and WHO grading, respectively.

FIG 4. Upper left: Survival curves stratified by WHO grade. Median survival for WHO grades II, III,
and IV: unreached, 3486 days, 497 days, respectively. Upper right: CD thresholds at 7443 and 8358
nuclei separate patients into 3 survival groups that are similar to the WHO II, III, and IV groups
(median survival unreached, 3738 days, and 603 days, respectively). There is a significant difference
in the red and blue survival curves (log-rank, P¼ .004). Lower right: P-spline fit (3 degrees of free-
dom) for nonlinear estimation of the hazard ratio with respect to CD for constant age and KPS.
The reference point, hazard ratio 1, is arbitrary. The shaded background corresponds to the three
groupings based on CD shown in the upper right panel. Dashed lines are 95% confidence inter-
vals. Relative risk increases with increasing CD up to a max CD of about 9000 nuclei/mm2, after
which it plateaus. Max CD allows a continuous estimate of risk, unlike the categoric WHO grade.
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slightly inferior to gold standard WHO grading. CD estimates are
useful as a supplement to WHO grading due to the information
being 1) timelier and available before any surgical procedures, 2)
less risky to obtain than an open procedure, and 3) less costly than
tissue sampling. CD estimates are useful beyond prognosis estima-
tion in that graphic maps of CD can be used to guide biopsy and
reduce the risk of undergrading and should be helpful in planning
surgery and radiation treatment. In addition, CD as a continuous
variable might allow more precise risk stratification, compared
with the relatively coarse granularity of the categoric WHO grad-
ing scheme. Future clinical trials to prospectively test imaging-
based CD estimates are justified.

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

Arterial Spin-Labeling Parameters and Their Associations
with Risk Factors, Cerebral Small-Vessel Disease, and

Etiologic Subtypes of Cognitive Impairment and Dementia
B. Gyanwali, C.S. Tan, J. Petr, L.L.T. Escobosa, H. Vrooman, C. Chen, H.J. Mutsaerts, and S. Hilal

ABSTRACT

BACKGROUND AND PURPOSE: Cerebral small-vessel disease may alter cerebral blood flow (CBF) leading to brain changes and,
hence, cognitive impairment and dementia. CBF and the spatial coefficient of variation can be measured quantitatively by arterial spin-
labeling. We aimed to investigate the associations of demographics, vascular risk factors, location, and severity of cerebral small-vessel
disease as well as the etiologic subtypes of cognitive impairment and dementia with CBF and the spatial coefficient of variation.

MATERIALS AND METHODS: Three hundred ninety patients with a diagnosis of no cognitive impairment, cognitive impairment no de-
mentia, vascular cognitive impairment no dementia, Alzheimer disease, and vascular dementia were recruited from the memory clinic.
Cerebral microbleeds and lacunes were categorized into strictly lobar, strictly deep, and mixed-location and enlarged perivascular spaces
into the centrum semiovale and basal ganglia. Total and region-specific white matter hyperintensity volumes were segmented using
FreeSurfer. CBF (n ¼ 333) and the spatial coefficient of variation (n ¼ 390) were analyzed with ExploreASL from 2D-EPI pseudocontinu-
ous arterial spin-labeling images in white matter (WM) and gray matter (GM). To analyze the effect of demographic and vascular risk
factors as well as the location and severity of cerebral small-vessel disease markers on arterial spin-labeling parameters, we constructed
linear regression models, whereas logistic regression models were used to determine the association between arterial spin-labeling pa-
rameters and cognitive impairment no dementia, vascular cognitive impairment no dementia, Alzheimer disease, and vascular dementia.

RESULTS: Increasing age, male sex, hypertension, hyperlipidemia, history of heart disease, and smoking were associated with lower CBF and
a higher spatial coefficient of variation. Higher numbers of lacunes and cerebral microbleeds were associated with lower CBF and a higher
spatial coefficient of variation. Location-specific analysis showed mixed-location lacunes and cerebral microbleeds were associated with
lower CBF. Higher total, anterior, and posterior white matter hyperintensity volumes were associated with a higher spatial coefficient of var-
iation. No association was observed between enlarged perivascular spaces and arterial spin-labeling parameters. A higher spatial coefficient
of variation was associated with the diagnosis of vascular cognitive impairment no dementia, Alzheimer’s disease, and vascular dementia.

CONCLUSIONS: Reduced CBF and an increased spatial coefficient of variation were associated with cerebral small-vessel disease,
and more specifically lacunes, whereas cerebral microbleeds and white matter hyperintensities were associated with WM-CBF and
GM spatial coefficient of variation. The spatial coefficient of variation was associated with cognitive impairment and dementia, sug-
gesting that hypoperfusion might be the key underlying mechanism for vascular brain damage.

ABBREVIATIONS: AD ¼ Alzheimer’s disease; ASL ¼ arterial spin-labeling; ATT ¼ arterial transit time; CIND ¼ cognitive impairment no dementia; CMB ¼ cer-
ebral microbleed; NCI ¼ no cognitive impairment; ePVS ¼ enlarged perivascular spaces; PLD ¼ post-labeling delay; sCoV ¼ spatial coefficient of variation; SVD
¼ cerebral small-vessel disease; VaD ¼ vascular dementia; VCIND ¼ vascular CIND; WMH ¼ white matter hyperintensities

CBF ensures a constant delivery of oxygen and nutrients to
brain tissue.1 Recently, the assessment of CBF has become a

common clinical investigation to evaluate vascular brain dam-
age,2 owing to the noninvasive and quantitative measurement by

arterial spin-labeling (ASL).1 Reduced CBF has been linked with
normal aging3 and systemic vascular risk factors such as
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hypertension, hyperlipidemia, and diabetes4 and may manifest as
cerebral small-vessel disease (SVD).5

SVD such as lacunes, white matter hyperintensities (WMH),
cerebral microbleeds (CMBs), and enlarged perivascular spaces
(ePVS) have been attributed to cerebral ischemia and hypoperfu-
sion.6,7 Previous studies used ASL to demonstrate the association
between reduced CBF with the presence and severity of WMH,8 an
increased number of CMBs,9,10 and lacunar infarcts.11,12 However,
the most important risk factors of hypoperfusion and how it con-
tributes to SVD and cognitive impairment remain inconclusive. No
studies have yet examined the association of ePVS with CBF pa-
rameters. Furthermore, the relationship between the location and
severity of SVD with CBF in gray matter (GM) and white matter
(WM) as measured by ASL has not yet been elucidated.

Reduced CBF due to vascular disease might be related to
Alzheimer’s disease (AD) as well as its preclinical stages, ie, mild
cognitive impairment or cognitive impairment no dementia
(CIND).13,14 Previous ASL studies have focused on mild cognitive
impairment and AD, showing marked CBF reduction in the corti-
cal area,14 with very limited studies on vascular CIND (VCIND)
and vascular dementia (VaD).14,15 This limitation is mainly attrib-
uted to vascular artifacts commonly encountered in the elderly,
making it difficult to quantify CBF with the commonly used single
post-labeling delay (PLD) ASL.16 The spatial coefficient of variation
(sCoV) of ASL images has been recently proposed to quantify the
presence of vascular artifacts to overcome this issue.16 While abnor-
mality in the sCoV cannot be interpreted as abnormal CBF, a
higher sCoV was shown to correlate with arterial transit time
(ATT), age, and sex,16 making it a potential proxy marker of vessel
insufficiency. The sCoV can thus be used to quantify perfusion-
related changes in combination with CBF and allow studying the
ASL data in populations in which CBF alone is not conclusive.
Previous research has mostly focused on the white American and
European populations, with limited research on Southeast Asians,
who have a higher prevalence of vascular risk factors, SVD, cogni-
tive impairment, and dementia.17

We first aimed to determine the association between demo-
graphic and vascular risk factors as well as the location and sever-
ity of SVD with ASL perfusion parameters (GM-CBF, WM-CBF,
GM-sCoV, and WM-sCoV). Second, we aimed to analyze the
association of ASL parameters with etiologic subtypes of cognitive
impairment and dementia: CIND, VCIND, AD, and VaD in a
memory clinic population.

MATERIALS AND METHODS
Study Population
This study drew patients from a memory clinic of National
University Hospital, Singapore, with the following diagnostic cate-
gories: no cognitive impairment (NCI), CIND, and dementia. The
diagnosis of cognitive impairment was based on the clinical presen-
tation as well as detailed neuropsychological assessments following
the recommendation of the National Institute of Neurologic
Disorders and Stroke and the Canadian Stroke Network (Online
Supplemental Data).

From August 2010 to November 2017, a total of 579 partici-
pants were recruited who underwent clinical, physical, and neu-
ropsychological assessments along with a 3T brain MR imaging

at the National University of Singapore. Of 579 participants, 12
did not undergo MR imaging, and 52 had no ASL sequence, leav-
ing 515 patients for ASL analysis.

Ethics approval was obtained from the National Healthcare
Group Domain Specific Review Board. Written informed consent
was obtained from all patients before their participation in this
study.

Demographics and Vascular Risk Factors
A detailed questionnaire was administered to all participants to
document age, sex, race, and education. Any history of hyperten-
sion, hyperlipidemia, and type 2 diabetes mellitus was noted and
verified by medical records. A history of stroke was ascertained by
a questionnaire and confirmed from medical records. A history of
heart disease was defined as a previous diagnosis of myocardial
infarction, congestive heart failure, atrial fibrillation, or interven-
tion procedures such as angioplasty or stent placement. Smoking
was categorized as “ever” versus “never.”

Neuroimaging
MR imaging was performed at the National University of Singapore
Clinical Imaging Research Center using a 3T Magnetom Trio, a
Tim system (Siemens) with a 32-channel head coil. The standar-
dized neuroimaging protocol in this study included 3D T1-
weighted, T2-weighted, FLAIR, and SWI sequences.

MR imaging markers of SVD (CMBs, lacunes, ePVS) were
defined on the basis of the Standards for Reporting Vascular
Changes on Neuroimaging (STRIVE) criteria.18 Quantitative
MR imaging analyses for WMH volume were performed using
FreeSurfer, Version 5.1.0 (http://surfer.nmr.mgh.harvard.edu)
on T1-weighted images (Online Supplemental Data).

ASL Parameters. Pseudocontinuous ASL was acquired with a 2D
gradient-echo echo-planar imaging readout with the following pa-
rameters: voxel size¼ 3� 3� 5mm3, 24 slices, labeling duration¼
1656 ms, initial PLD=1500 ms, section readout time ¼ 49.94ms
leading to a PLD range of 1500–2649 ms across all slices or a mean
PLD of 2074ms, TR/TE¼ 4000/9ms, and generalized autocalibrat-
ing partially parallel acquisitions factor ¼ 3. Two ASL volumes of
23 control-label pairs were acquired with a 1-hour interval and were
concatenated into 1 ASL time-series to decrease physiologic fluctua-
tions. ASL image-processing was performed with ExploreASL soft-
ware (https://github.com/ExploreASL/ExploreASL) (default settings
without hematocrit correction) based on SPM (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12) and Matlab (MathWorks).19 From
the CBF map, we acquired 4 ASL parameters: GM-CBF, WM-CBF,
GM-sCoV, and WM-sCoV. CBF reflects perfusion in milliliters of
blood/100-g tissue/min and was calculated in total GM and WM
regions of interest (ROIs). sCoV, which was shown to serve as a
proxy for ATT, was defined as the SD of ASL signal/mean ASL sig-
nal within an ROI. We performed quality assessment of the ASL
scans blinded to the clinical diagnosis. On the basis of visual assess-
ment, 515 scans were classified into 1 of the 4 categories:

• Unusable scans that were incomplete, had labeling errors, or
severe motion artifacts (n¼ 125)

• Angiography scans with dominant vascular artifacts and no
or minimal tissue perfusion contrast (n¼ 57)
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• Acceptable scans with minor (vascular) artifacts and reasonable
tissue perfusion contrast (n¼ 166)

• Good artifact-free scans with tissue perfusion contrast (n¼ 167).

For the sCoV analysis, we used a total of 390 patients, including
scans with angiography and acceptable and good scans. For the
CBF analysis, the 57 patients who had an angiography-like ASL
scan were excluded, resulting in 333 patients for the CBF analysis.

Statistical Analysis
In this study, CMBs, lacunes, WMH volume, and ePVS were
treated as counts and categoric variables. For categoric data, we
classified CMBs as 0, 1, 2–4, .4; lacunes as 0, 1,$2 and by their
location (strictly lobar, strictly deep, and mixed-location); and
ePVS as #10, 11–20, .20 and by location (centrum semiovale
and basal ganglia). WMH volumes were logarithmically (log)
transformed due to skewed distribution and were divided into
tertiles (the first tertile was used as a reference) and by location
(anterior and posterior).

For linear regression analysis, the log transformation of ASL
parameter data (GM-CBF, WM-CBF, GM-sCoV, and WM-sCoV)
was performed to ensure a normal distribution. Log-transformed
ASL data were then standardized by dividing each variable by its
SD. ASL data were used as continuous data (CBF: 1 SD unit
decrease in 10 log; and sCoV: 1 SD unit increase in 10 log). Post-
logarithmic transformation normality tests revealed normal distri-
bution for most of the variables. To analyze the relationship
between CBF (log GM-CBF) and sCoV (log GM-sCoV), we per-
formed a Pearson correlation analysis. Finally, to analyze the effect
of demographic and vascular risk factors on ASL parameters, we
constructed linear regression models with the mean difference (b )
and 95% CI. All models were first adjusted for age and sex and
subsequently for hypertension, hyperlipidemia, diabetes, history of
heart disease, history of stroke, and smoking. The same regression
models were then conducted to analyze the association between
location and severity of SVD markers with ASL parameters. In
regression analyses, SVD markers were treated as determinants,
and ASL parameters, as outcomes. We repeated these analyses for
the 3 diagnostic groups: ie, NCI, CIND, and dementia.

Logistic regression models with ORs and 95% CIs were used
to determine the association between ASL parameters and CIND,
VCIND, AD, and VaD (NCI was used as the reference group).
Models were adjusted for age, sex, education, and vascular risk
factors. Results were considered significant at P, .05.

RESULTS
Baseline Characteristics
The characteristics of the study participants in CBF (n ¼ 333) and
sCoV (n ¼ 390) analyses are shown in the Online Supplemental
Data. There was a high prevalence of vascular risk factors and SVD
in participants. In this study, we excluded 189 participants with
ASL labeling errors or severe motion artifacts or no MR images.
Excluded participants were significantly older, less educated, had a
higher burden of vascular risk factors, and had dementia (Online
Supplemental Data). Furthermore, those participants in whom CBF
could not be measured (n ¼ 570) were older (75 years versus 73
years), a significant number of participants were men (8.7% versus

42.0%), had a history of heart disease (31.6% versus 11.4%) and
higher burden of cardiovascular risk factors, and more had demen-
tia (47.4% versus 24.0%) compared with those in whom CMB could
be measured (n¼ 333) (data not shown). We analyzed the correla-
tion between GM-sCOV and GM-CBF in 333 subjects (with both
CBF and sCoV data), and there was a negative correlation between
log GM-CBF and log GM-sCOV (r ¼ �0.767, R2 ¼ 0.588,
P, .001) (data not shown).

WM-sCoV
The results for the association between WM-sCoV and demo-
graphics, vascular factors, SVD, and etiologic subtypes of cognitive
impairment and dementia are shown in the Online Supplemental
Data. However, WM-sCoV was associated with age, sex, vascular
risk factors, and SVD in this study, and we did not further discuss
these findings because the results were similar to the GM-sCoV
results and did not add further insight into our findings.
Furthermore, ASL measurements have a higher SNR and higher
accuracy in GM compared with WM because CBF is higher and
ATT is shorter in GM than in WM;16,20 hence, our findings with
respect toWM-sCoVmay not be accurate.

Determinants of ASL Parameters
Among demographic and vascular risk factors, older age and male
sex were associated with significant changes in all 3 ASL parame-
ters (lower GM-CBF and WM-CBF, and higher GM-sCoV),
whereas hyperlipidemia was associated with reduced GM-CBF;
smoking, with a lower mean WM-CBF; and hypertension and a
history of heart disease, with higher GM-sCoV. Moreover, there
was borderline significance with smoking and higher GM-sCoV
(Online Supplemental Data).

Location and Severity of SVD and ASL Parameters
An increased severity of lacunes was associated with changes in all
3 ASL parameters: lower GM-CBF, a comparable decrease inWM-
CBF, and higher mean GM-sCoV. Similarly, the presence of $2
lacunes was associated with higher mean GM-sCoV. The increased
severity of CMBs as well as the presence of.4 CMBs were associ-
ated with lower mean WM-CBF and higher mean GM-sCoV,
but lower mean GM-CBF did not reach statistical significance.
Similarly, total WMH volume and second and third tertiles of
WMH volumes were associated with higher mean GM-sCoV. In
addition, WMH volume in the third tertile was also associated
with lower mean WM-CBF. However, the severity of ePVS was
not associated with ASL parameters. Stratifying ePVS into #10
ePVS, 11–20 ePVS, and .20 ePVS also did not show any signifi-
cant association (Online Supplemental Data).

An increased number of mixed-location lacunes were associated
with lower GM- andWM-CBF and higher GM-sCoV. Similarly, an
increased number of mixed-location CMBs were associated with
lower WM-CBF and higher GM-sCoV, but not with GM-CBF.
Higher volumes of anterior and posterior WMHs were associated
with lower WM-CBF and higher GM-sCoV. WMH volumes in the
anterior and posterior regions were not associated with lower GM-
CBF. In contrast, ePVS in the centrum semiovale and basal ganglia
were not associated with any of the 3 ASL parameters (Online
Supplemental Data).
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Stratified analysis among participants with NCI, CIND, and de-
mentia also showed similar associations (Online Supplemental Data).

ASL Parameters with Etiologic Subtypes of Cognitive
Impairment and Dementia
Lower GM-CBF was associated with AD, whereas lower WM-
CBF was associated with CIND. There was borderline signifi-
cance of lower WM-CBF with AD. Lower GM- and WM-CBF
were not associated with the diagnosis of VCIND and VaD. By
contrast, higher GM-sCoV was associated with VCIND, AD, and
VaD, but not CIND (Online Supplemental Data).

DISCUSSION
In this study, we found that increasing age, male sex, hyperlipid-
emia, and smoking were associated with lower CBF, whereas
increasing age, male sex, hypertension, and a history of heart dis-
ease were associated with higher GM-sCoV. With respect to SVD,
increased severity of lacunes and mixed-location lacunes were
associated with reduced CBF. Similarly, an increased severity of
CMBs, specifically mixed-location CMBs, and total WMH volume
including anterior and posterior regions were associated with
lower WM-CBF and higher GM-sCoV. Higher GM-sCoV was
associated with etiologic subtypes of cognitive impairment and
dementia.

The association of increasing age with hypoperfusion is in line
with findings in previous studies. Age was previously associated
with endothelial dysfunction and vascular remodeling, leading to
chronic hypoperfusion21 and impaired cerebral autoregulation,
causing several hemodynamic changes in the brain.22 The tortuos-
ity of cerebral microvascular vessels was found to be increased in
the elderly compared with young adults23 and was associated with
reduced CBF.24 Most of the tortuous arteries are found in the WM
of the brain,24 which may explain the lower WM-CBF in this
study. Similarly, we found that men had more cerebral hypoperfu-
sion compared to women, suggesting differences in brain structure,
chemistry, and function.24 Estrogen is found to be protective
against ischemia.26 Moreover, women tend to have smaller brain
volume, higher cerebral metabolic rate, higher resting CBF, and
lower vascular risk factors compared with men.25

Hypoperfusion due to hypertension can result from increased
vessel stiffness due to atherosclerosis, disturbed hemodynamic
flow patterns, and increased vascular resistance.27 Hypertension
can damage brain endothelial cells, which produce the vasodilator
nitric oxide, contributing to cerebral hypoperfusion and hence
higher GM-sCoV in our study.28 Similarly, hyperlipidemia has
been considered an important risk factor for decreased cerebral
perfusion.29 High levels of blood cholesterol and triglycerides
lead to the accumulation of fatty deposits in the walls of arteries,
resulting in narrowing of the lumen and reducing the supply of
blood to the brain.30 Smoking, on the other hand, increases the
formation of plaque in blood vessels, which narrows the lumen of
the blood vessels.31 Furthermore, nicotine causes blood vessels to
constrict and also stimulates the release of catecholamines and
other free radicals, which injure arterial endothelium, promote
atherogenesis, and eventually reduce CBF.32 It has been shown
that heart diseases such as myocardial infarction, congestive heart
failure, and atrial fibrillation decrease cardiac output and reduce

cerebral perfusion.33 A previous study has shown that patients
with heart disease are at increased risk of atrial thrombogenicity
and cardioembolism, leading to ischemic brain disease.34

We found that SVD such as lacunes and CMBs was associated
with lower WM-CBF and higher GM-sCoV, whereas total WMH
volume was only associated with higher GM-sCoV. This finding
could be because SVD markers are the consequence of cerebral
amyloid angiopathy (CAA) and hypertensive arteriopathy. Lower
CBF and higher sCoV due to SVD in this study may be due to
amyloid deposition in the blood vessels and arteriosclerosis,
which contributes to narrowing of the vessel lumen, leading to
hypoperfusion.6 Such reduced cerebral perfusion may lead to tis-
sue damage, infarction, and additionally CMBs.35

We found that mixed-location lacunes and CMBs and WMH
located in the anterior and posterior regions were associated with a
lower CBF and higher sCoV. This finding can be because mixed
lacunes and mixed CMBs represent mixed pathology, so patients
with both CAA and hypertensive arteriopathy are more susceptible
to cerebral ischemia and may exhibit mixed-location SVD on MR
imaging.6 By contrast, the location and severity of ePVS were not
associated with ASL parameters. As ePVS are considered an early
MR imaging marker of SVD,36,37 we speculate that our study pop-
ulation might be already in the more advanced stage of the disease,
which may explain the lack of association between the location and
severity of ePVS with ASL parameters. Furthermore, it has been
shown that perivascular spaces are present in abundance through-
out the healthy brain38 and may, thus, represent a nonpathologic
process of aging with no contribution to hypoperfusion. As peri-
vascular spaces are the fluid-filled spaces surrounding the penetrat-
ing vessels, responsible for regulating the immune response and
drainage of interstitial fluids,38 they are unlikely to affect cerebral
perfusion.

We found that increased GM-sCoV was associated with the
diagnoses of VCIND, AD, and VaD. These results indicate involve-
ment of increased ATT and might reflect a reduction in the blood
supply due to SVD, reduced neuronal activity, and cerebral atro-
phy.39 It is further shown that hypoperfusion induces neurovascu-
lar dysfunction, triggering amyloid aggregation in the brain
leading to cognitive impairment and dementia.40 Accumulation of
amyloid-b in the brain parenchyma and in the cerebral blood ves-
sels starts decades before the onset of clinical symptoms of AD,
implying that an early ischemic insult might initiate the disease
process.41 This possibility might explain the increased sCoV in our
patients with VCIND and reduced CBF in patients with CIND,
causing speculation that GM- andWM-CBF alone may not be reli-
able indicators of disease at the later stage. These results suggest
that chronic vascular hypoperfusion could contribute to neuronal
damage, cognitive impairment, and dementia; hence, the sCoV of
ASL could be a marker of disease severity.

Moreover, higher sCoV was linked with increased ATT.16 At
the same time, WM-CBF is known to be difficult to measure, and
ASL measurements are known to underestimate WM-CBF for a
longer ATT, especially in deep WM.20 However, we have observed
that an increase in the sCoV was not necessarily connected with a
decrease in WM-CBF or at least not a larger decrease than in GM-
CBF.19 It has been shown that measuring significant WM signal is
possible, though this might be difficult with standard PLD and
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acquisition duration in deep WM, and delayed ATT can manifest
itself as lower CBF on ASL measurements, even though the perfu-
sion might be intact.42 A similar observation was made using
healthy volunteers and very long breath-holds. A hypercapnic state
leads to reduction of ATT, making the ATT/PLD combination
much more favorable for measuring CBF than in normal settings
that lead to a higher increase in WM-CBF than in GM-CBF, show-
ing the important role of a short ATT in CBF measurement in
WM with ASL.43 Similarly, a decrease in WM-CBF was not always
explained by an increase in the sCoV.19 This finding leads us to an
assumption that despite needing to be interpreted with care, real
WM-CBF differences can be observed in our data. Similarly, cer-
tain redistributions between the macro- and microvascular com-
partments can be detected with the sCoV changes without being
really reflected by changes in GM- or WM-CBF. Taken together,
despite the WM-CBF measurement with ASL being difficult and
absolute CBF values not being fully reliable, WM-CBF can still
yield interesting information.

In our current study, there was negative correlation between
CBF and sCOV in 333 subjects (with both CBF and sCoV data).
This is partially correct because those 333 scans were labeled as
good and acceptable. However, in this study, there are also another
57 scans labeled as angiography with scans with dominant vascular
artifacts, and no-or-minimal tissue perfusion contrast when calcu-
lated CBF cannot be reliable. Analyzing the sCoV allows us to
include more data in this study, especially when the study popula-
tion is older adults with a higher burden of cerebrovascular disease.
Thus, we believe that the sCoV is a good proxy parameter of global
cerebrovascular health when CBF cannot be used interchangeably
with sCoV.

The limitations of this study are, first, that ASL image quality
can be affected by older age and dementia because these patients
often find it difficult to stay still inside the scanner. To minimize
this bias, we excluded those scans labeled as angiography and
unusable. Furthermore, individuals who were more ill were
excluded from the study, possibly affecting both the group analysis
and individual clinical findings. Second, because this is a cross-
sectional study, we cannot prove that SVD and a decrease in CBF
or an increase in the sCoV across time caused hypoperfusion or
vice versa. Future longitudinal studies are needed to understand
the cause-effect relation between hypoperfusion and SVD. Third,
in this study, not all participants underwent a brain PET scan to
confirm the presence of amyloid or tau pathology; hence, the par-
ticipants with AD could be considered as having probable AD.
Finally, WM-CBF is difficult to measure with ASL, especially for
longer ATTs.20 However, we observed that an increase in the
sCoV, associated with increased ATT,16 was not necessarily con-
nected with a decrease in WM-CBF.19 We, therefore, assume that
some trueWM-CBF differences might be observed in our data.

CONCLUSIONS
In this study, we found that a higher sCoV of ASL images was
associated with cognitive impairment and dementia, as well as
with lacunes, WMH, and CMB, but not with ePVS. Our findings
suggest that SVD may induce brain changes via vascular insuffi-
ciency, implying that chronic hypoperfusion may increase the

risk for neuronal injury and neurodegeneration. Hence, sCoV of
ASL images may be a useful indicator of vascular brain damage.

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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Association between Early Ischemic Changes and Collaterals
in Acute Stroke: A Retrospective Study

M. Laflamme, S. Carrondo-Cottin, M.-M. Valdès, D. Simonyan, M.-È. Audet, J.-L. Gariépy, M.-C. Camden,
C. Gariépy, S. Verreault, and P. Lavoie

ABSTRACT

BACKGROUND AND PURPOSE: The quality of leptomeningeal collaterals may influence the speed of infarct progression in acute
stroke. Our main objective was to evaluate the association of leptomeningeal collateral score and its interaction with time with ische-
mic changes on CT in patients with acute stroke.

MATERIALS AND METHODS: Adult patients with acute stroke symptoms and anterior circulation large-vessel occlusion on CTA
from 2015 to 2019 were included. Routinely performed NCCT and multiphase CTA were reviewed to assess ASPECTS and the lepto-
meningeal collateral score. We built multivariate regression models to assess the association between leptomeningeal collateral
score and its interaction with time and ASPECTS. Performance measures to predict poor ASPECTS at different time thresholds
(identified with receiver operating characteristic curve analysis) were estimated in a subgroup of patients with poor leptomeningeal
collateral scores.

RESULTS: Leptomeningeal collateral scores 0–1 were associated with lower ASPECTS, and the model with dichotomized and tricho-
tomized leptomeningeal collateral score showed a significant multiplicative interaction between time and the leptomeningeal col-
lateral score. The negative predictive value for poor ASPECTS was .0.9 for at least the first 3 hours from stroke onset to imaging,
and the positive predictive value was ,0.5 for every time threshold tested in the subgroup of patients with leptomeningeal collat-
eral scores 0–3.

CONCLUSIONS: Poor (0–1) leptomeningeal collateral scores were associated with lower ASPECTS, and an increase in time has a
multiplicative interaction with the leptomeningeal collateral score on ASPECTS.

ABBREVIATIONS: CollS ¼ leptomeningeal collateral score; mCTA ¼ multiphase CTA; NPV ¼ negative predictive value; PPV ¼ positive predictive value;
ROC ¼ receiver operating characteristic

Endovascular therapy decreases the risk of disability in patients
with acute ischemic stroke due to anterior circulation large-

vessel occlusion, particularly if the ischemic core is small enough
compared with the rest of the hypoperfused brain.1-6 Because the
ischemic core tends to increase with time before revascularization
is achieved, a delay between stroke onset and revascularization

influences the efficiency of the treatment. However, some patients
may still benefit from endovascular treatment as long as 24 hours
after stroke onset.3-6 This benefit includes patients living in
remote areas who may be considered if the progression of the is-
chemic core is slow enough.7 The ability to predict ischemic core
progression in these patients has the potential to assist in their
selection for transfer to stroke centers. However, predicting
which patients will progress at which rate is still a challenge.8

Leptomeningeal collateral status may be a key element in this
important decision-making process. The role of collaterals in
acute stroke has been an important research topic and a subject
of numerous publications during the past few years. Good collat-
erals are associated with a better functional outcome for patients
with acute ischemic stroke,9-12 especially in the context of endo-
vascular therapy,13-17 and more recently when considering endo-
vascular therapy in patients with a low ASPECTS.18,19

Other authors have been focusing on radiologic parameters and
the association among collaterals, the infarct core, and the infarct
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growth rate. Previous findings have shown that the ASPECTS and
leptomeningeal collaterals may provide an indirect evaluation of
the infarct core volume for a selection of patients with acute ische-
mic stroke and therefore assist in patient selection for endovascular
therapy in an extended time window.20-22 More recently, second-
ary analysis from the Randomized controlled trial to Optimize
Patient’s Selection for Endovascular Treatment in Acute Ischemic
Stroke (SELECT) study showed that the early infarct growth rate
strongly correlates with both collateral status and clinical outcomes
after endovascular thrombectomy.23 Regenhardt et al,24 in 2022,
also recently correlated symmetric collaterals with a low ischemic
core growth rate. However, the relationship between leptomenin-
geal collaterals and the infarct core growth rate remains poorly
understood with contradictory results in the literature25-28 and lack
of a thorough analysis of the effect of the interaction between time
and leptomeningeal collaterals on ischemic core volume.

To evaluate the relation of leptomeningeal collaterals and time
with infarct core volume in a pragmatic manner that reflects the
real-life trajectories and resources of community centers, we con-
ducted a single-center retrospective study, using the ASPECTS as a
surrogate for the ischemic core volume. In this study, we aimed to
analyze the effect of the leptomeningeal collateral score (CollS) and
its interaction with time from stroke to imaging on the ASPECTS.
We also sought to find a time threshold having the best perform-
ance values to predict ASPECTS, in patients with poor CollS.

MATERIALS AND METHODS
Design
We report this study in accordance with the REporting of studies
Conducted by using Observational Routinely collected health Data
(RECORD) statement.29 The study received approval from our local
institutional review board, and the need for patient consent was
waived because data were exclusively collected on medical charts.

Setting
This study was conducted in a comprehensive stroke center located
in Quebec city, Canada. All included patients underwent multi-
phase CTA (mCTA) for collaterals. Patients were identified through
our radiology database (PACS) using a specific code related to acute
stroke, fromMay 25, 2015 (on implementation of the mCTA proto-
col), to May 24, 2019. The entire protocol for patients with stroke
includes an NCCT as well as mCTA. No data on perfusion studies
were collected because CT perfusion was not available at our center
at the above-mentioned dates.

Participants
We screened all consecutive patients admitted for acute ischemic
stroke. The selected patients were all adults 18years of age or older
with acute stroke symptoms and large-vessel occlusion of the anterior
cerebral circulation, including the ICA and proximal middle cerebral
artery (M1 or proximal M2). Patients with either no occlusion, distal
anterior circulation occlusion (distal M2 and A2), posterior circula-
tion occlusion, or hemorrhagic stroke were excluded from the study.

Variables and Data Sources
The ASPECTS was evaluated independently by 1 vascular
neurologist and 1 neurosurgeon with endovascular training.

The assessment was made according to the guidelines published
by the team who created this score, and both reviewers received
appropriate training.7,30 A third party (a vascular neurologist) was
consulted in case of disagreement. This assessment was blinded to
the quality of CollS and to all clinical data, including the time
from stroke to imaging.

The assessment of collateral status on mCTA was performed
separately and independently by 2 interventional neuroradiolo-
gists with a score ranging from 0 to 5 according to Menon et
al.31 A third party (a neurosurgeon specialized in neurointerven-
tion) reviewed all disagreements. If the third reviewer was not in
agreement with one of the first 2 reviewers, the disagreement
had to be resolved through discussion. This measurement was
also blinded to clinical data. Because the CollS evaluation had to
be independent of the ASPECTS, the investigators were required
to mention all patients for whom a bad ASPECTS from large
stroke could have been deduced on CTA images. The CollSs
were trichotomized as poor (0–1), intermediate (2–3), and good
(4–5) and dichotomized as poor (0–3) and good (4–5) for
analyses.

Clinical data, including age, sex, NIHSS, time from stroke to
imaging, smoking status, intravenous thrombolysis and thrombec-
tomy status, and anticoagulant, antiplatelet, antihypertensive, lipid-
lowering, and hypoglycemic drug use, were collected separately and
independent from electronic medical records by 2 members of the
team. For patients with no precise time from stroke onset, the time
when the patient was last-seen-well was used. When the NIHSS
was not available from the medical record, a retrospective scoring
algorithm was used to estimate it.32 Discrepancies were resolved
through discussion.

The time from stroke to imaging was calculated afterward as the
duration between the time of stroke onset (or last seen well) and
the time of CT/CTA of the brain. All data collectors were blinded
to the exact time from stroke to imaging.

Statistical Analyses
Sample size calculation was based on parameters issued from pre-
liminary data collected from the first 23 patients. The mean (SD)
of the time from stroke to imaging (2.3 hours and 1.74 hours,
respectively) represented 60% of the bad ASPECTS in the poor
CollS group. A sample size of $145 cases was sufficient to obtain
80% power in a multivariate logistic regression model with a con-
servative OR of 1.4 for the CollS factor. Furthermore, 10% of
R-square was attributed to the time from stroke to imaging, and
the significance level was set at .05. Considering the possible 20%
of missing data, the final sample size was set at 175 cases.

Quantitative variables are described as mean (SD) and median,
first (Q1) and third (Q3) quartiles, minimum, and maximum;
qualitative variables are described as frequencies and percentages.

Interobserver agreement for ASPECTS and CollS data was
measured with the Cohen k for dichotomized and trichotomized
data. The intraclass coefficient correlation was used to assess
agreement with the original scales. The k coefficient was defined
as slight (0–0.20), fair (0.21–0.40), moderate (0.41–0.60), substan-
tial (0.61–0.80), or excellent (0.81–1).33 The intraclass correlation
coefficient was categorized as follows: poor (,0.50), moderate
(0.50–0.75), good (0.75–0.90), and excellent (.0.90).34
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Receiver operating characteristic (ROC) curve analyses were
used to find time thresholds from stroke to imaging having the
best performance values to predict bad ASPECTS (0–5) in 2 sub-
groups of CollS (0–1 and 0–3). The performance measures of the
different time thresholds for bad ASPECTS were estimated with as-
ymptotic 95% CIs. For ROC curve analysis, the ASPECTS was
dichotomized with scores ranging from 6 to 10 qualifying as good
and scores and from 0 to 5 qualifying as bad. The threshold of $6
was chosen because it is an inclusion criterion for thrombectomy
in the guidelines.35,36

The association of CollS and its interaction with time on
ASPECTS was analyzed in multivariate linear regression models,
entering CollS either as a continuous variable (model 1) or after
dichotomization (model 2) or trichotomization (model 3). The
time from stroke to imaging, age, NIHSS, intracranial occlusion
location, the presence of tandem carotid occlusion, and an interac-
tion term between time and the CollS were also entered in all
models.

Statistical analyses were performed using SAS Statistical
Software, Version.9.4 (SAS Institute) with a 2-sided significance
level set at P, .05.

RESULTS
According to the radiologic database, 676 patients underwent
mCTA at our institution between May 25, 2015, and May 24,
2019, and 174 patients were included in the analyses (Fig 1).
Patients’ demographic and clinical data are shown in the Table.
Most the patients’ CollSs were about equally distributed between
4 and 5 (n ¼ 81; 46%) and 2 and 3 (n ¼ 82; 47.1%). Very few
patients had CollSs of 0–1 (n¼ 11; 6.3%). Poor CollSs were found
in 10% (4/40) of ICA occlusions, 4.21% (4/95) of M1 occlusions,
and 7.69% (3/39) of M2 occlusions.

The estimated simple k for the CollS was 0.41 (95% CI, 0.27–
0.54) after dichotomization and 0.42 (95% CI, 0.30–0.54) after tri-
chotomization, while the intraclass correlation coefficient was 0.57
(95% CI, 0.46–0.66). The estimated simple k for ASPECTS was
0.60 (95% CI, 0.42–0.78), and the intraclass correlation coefficient

was 0.69 (95% CI, 0.61–0.76). The agree-
ment when using a cutoff at 5 instead of
6 to dichotomize ASPECTS was only
0.26 (95% CI, 0.01–0.53).

Figure 2 shows the distribution of our
cohort according to the CollS, ASPECTS,
and time from stroke to imaging. Among
patients with witnessed stroke onset and
good collaterals (CollS ¼ 4–5), good
ASPECTS (6–10) were seen as late as
448minutes (7.5 hours) after stroke
onset, but bad ASPECTS (0–5) were also
seen as soon as 158minutes after stroke
onset.

As shown in the Online Supplemental
Data, in multivariate analysis, CollS 0–1
was independently associated with lower
ASPECTS compared with CollS 4–5. The
interaction term between poor CollS and
time was also independently associated

with ASPECTS in patients with CollS 2–3 and 0–3. For every 10-mi-
nute increase in time from stroke to imaging, there was a decrease in
the ASPECTS of 0.07 (95% CI, 0.1–0.05; P, .001) in patients with
CollS 2–3 and 0.06 (95% CI, 0.03–0.08; P ¼ .001) in patients with
CollS 0–3. In other words, a 1-point decay in the ASPECTS occurred
for every 135minutes (95% CI, 100–200) in the subgroup of patients
with CollS 2–3 and for every 167minutes (95% CI, 125–333) in the
subgroup of patients with CollS 0–3.

According to ROC curve analyses (Fig 3), the time threshold
for predicting poor ASPECTS (0–5) with the highest negative pre-
dictive value (NPV) was 100minutes (NPV ¼ 0.97; 95% CI, 0.87–
0.99) in the instance of CollS 0–3. The NPV remains above 0.90
(95% CI, 0.82–0.97) for the time threshold of ,190minutes and
0.88 (95% CI, 0.78–0.94) for time thresholds of,236minutes. The
positive predictive values (PPVs) were,0.5 for all time thresholds
in this subgroup. The subgroup of CollS 0–1 was too small to per-
form accurate ROC curve analyses and allow precise estimation of
the predictive values.

DISCUSSION
In our study, a poor CollS (0–1) was independently associated
with lower ASPECTS as was the multiplicative interaction of
time with CollS. The NPV to predict poor ASPECTS was.0.9 for
at least the first 3 hours from stroke onset to imaging, and the
PPV was ,0.5 for every time threshold in the subgroup of
patients with CollS 0–3.

The association of ASPECTS and collaterals has been reported
in many studies during the past decade, with varying results.
While post hoc analysis of the Interventional Management of
Stroke (IMS III) and Endovascular Therapy Following Imaging
Evaluation for Ischemic Stroke (DEFUSE) 3 trials did not show a
significant difference among patients according to their collateral
status,10,26 other studies have shown a protective effect of good
collateralization.37,38 Results from a retrospective cohort study
suggested that collaterals can influence early ischemic changes;
patients transferred from regional hospitals with poor collaterals
were significantly more at risk of ASPECTS decay than those

FIG 1. Flow chart of patient selection.
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with good/intermediate collaterals (OR ¼ 5.14; 95% CI, 2.20–
12.70).39 Recent studies have shown that collateral status had the
strongest association with infarct growth rate, while time from
stroke onset did not reach statistical significance.27,28,40 In our
study, we found that poor collaterals (0–1) were significantly
associated with lower ASPECTS. On the other hand, some
patients in our cohort who had imaging as soon as 100minutes
from stroke onset had bad ASPECTS despite CollS 4–5, suggest-
ing that good collaterals alone do not guarantee a slow infarct
growth rate. A similar observation was made in a post hoc analy-
sis of the Endovascular Treatment for Small Core and Anterior
Circulation Proximal Occlusion with Emphasis on Minimizing
CT to Recanalization Times (ESCAPE) trial, in which some fast-
progressing patients had good collaterals.41

Finding a time threshold to select patients for treatment or to
predict outcomes in acute ischemic stroke is still a challenge. The
6-hour threshold is used as the limit to discriminate between fast
and slow progressors,42 but most of our patients presented within
this threshold. Therefore, we sought to identify a time threshold of
patients with a poor CollS that would distinguish fast and very fast
progressors. Given that the consequences of excluding a patient
with stroke who was indeed eligible for endovascular therapy
(good ASPECTS after a certain time threshold) are far worse than
including a patient with stroke who is not eligible (bad ASPECTS
within a certain time threshold), the ideal time threshold would
offer the highest possible PPV. All time thresholds analyzed
(within 4hours) offer a low PPV in patients with CollS 0–3, mean-
ing that, on the basis of our results, it was not possible to identify a
time threshold after which patients with CollS 0–3 were more likely
to have poor ASPECTS.

On the other hand, the NPV remains high for a long time de-
spite CollS 0–3, meaning that the risk of including poor ASPECTS
despite CollS 0–3 remains low within at least 3 hours. Indeed, the
effect of time on the ASPECTS found in our study showed that it
requires 135 minutes to decrease by only 1 the ASPECTS in
patients with CollS 2–3, possibly suggesting that lower CollSs are
responsible for ischemic core progression leading to poor
ASPECTS on a time threshold after $6 hours and that it is not
possible to distinguish very fast progressors on the basis of CollS
0–3 alone. Finally, poor CollS 0–1 may cause faster ischemic core
progression, but a larger sample size with larger distribution of
time from stroke to imaging is required to analyze the interaction
with time in this subgroup.

In our study, 2 patients had ASPECTS of 5 after 130minutes
despite poor CollS 0–1. Using 5 instead of 6 as a cutoff to
include patients for mechanical thrombectomy is an ongoing
debate.27,35,36,40-42 However, according to our results (k ¼ 0.2 for
dichotomized ASPECTS at 5), it appears difficult to discriminate

FIG 2. Time distribution since stroke onset in the stratified study
population. Patients with witnessed time from stroke onset are repre-
sented as solid circles, and patients classified as last seen well or with
wake-up stroke are represented by open circles.

Demographic and clinical characteristics of included patients
(n = 174)
Demographics/Characteristics
Age (mean) (yr) 73.35 (SD, 14.33)
Male (No.) (%) 74 (42.5)
NIHSS (mean)a 14.29 (SD, 6.46)
Time from stroke to imaging in
minutes (mean)

166 (SD, 144.6)

Median; Q1–Q3; (min–max) 115.8; 66–231; 16.8–823.8
Stroke onset (No.) (%)
Witnessed 136 (78.2)
Wake-up 38 (21.8)
Most proximal intracranial
occlusion (No.) (%)
ICA 40 (23.0)
M1 95 (54.6)
M2 39 (22.4)
Tandem carotid occlusion (No.)
(%)

41 (23.6)

Smoking status (No.) (%)
Never smoked 101 (58.7)
Active 29 (16.7)
Former 23 (13.2)
Unknown 21 (12.1)
Drugs (No.) (%)
Anticoagulants 17 (9.8)
Antiplatelets 61 (35.1)
Antihypertensive 111 (63.8)
Diabetes 26 (14.9)
Cholesterol 72 (41.4)
Treatment received
IVT only (No.) (%) 34 (19.5)
Endovascular therapy only (No.)
(%)

34 (19.5)

IVT1endovascular therapy
(No.) (%)

71 (40.8)

None (No.) (%) 35 (20.1)
ASPECTS (No.) (%)
6–10 155 (89.1)
0–5b 19 (10.9)
Collateral status (No.) (%)
4–5 81 (46.6)
2–3 82 (47.1)
0–1c 11 (6.3)

Note:—Q indicates quartile; min, minimum; max, maximum; IVT, intravenous
thrombolysis.
a The retrospective scoring algorithm was used in 24 patients (13.8%) to assess
NIHSS.
b ASPECTS was 5 in 12 patients.
c All had a score of 1.
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between ASPECTS 0–4 and ASPECTS 5. Using a cutoff of 5 in our
cohort could have wrongly included a bad (0–4) ASPECTS as a
good ASPECTS. In a review article, authors mentioned the variable
interobserver agreement, going from fair to good, for dichotomized
ASPECTS at 7, but the agreement for lower ASPECTS dichotomi-
zation is less well-established in the literature.43

The interobserver agreement for CollS is only fair-to-moderate
and is much lower than the one reported by the team that created
the Calgary Collateral Score (k coefficient ¼ 0.81).31 This differ-
ence may suggest a lack of external generalizability because we
can expect that the team that created a radiologic score had a
higher agreement than ours. Additionally, there are many exam-
ples of low agreement among readers assessing collaterals, even in
the case of expert neuroradiologists.30,44-46 These examples show
that every physician involved in acute ischemic stroke care should,
therefore, be very careful when excluding patients on behalf of a
single radiologic interpretation. This suggestion places emphasis
on the importance of specific training such as what already exists
with the ASPECTS (http://aspectsinstroke.com/), even for experi-
enced neuroadiologists and may be another argument in favor of
computer-aided triage in acute stroke.45

The main limitation of our study is its retrospective and cross-sec-
tional design. The ideal design to assess the association between

ASPECTS and CollS and its interaction
with time would have been a prospective
longitudinal design and would have
required multiple radiologic examinations
on a single patient at different time points
and the transfer of all outside patients to
our center—even if not eligible for throm-
bectomy—to perform an mCTA. Such a
design would have been ethically ques-
tionable. Furthermore, because the images
were obtained at only 1 time point, we
implicitly assumed that the CollS does not
change with time. Proving this point
would have required multiple examina-
tions during a short time, which are not
routinely performed in our center and
could add unnecessary delays to proper
patient treatment.

Our design could also have been
vulnerable to selection bias because we
included transferred patients who were
previously judged as potential candidates
for thrombectomy, while those who were
not eligible stayed at their referring cen-
ter and were, therefore, excluded from
our sample. Although this design should
not have biased our results, it precluded
us from studying the effect of collateral
status with a longer delay. Also, our
study has a low number of patients with
CollS 0–1 (n ¼ 11, 6%). This number is
at the lowest limit of what is described in
the literature, in which, depending on
the scale, between 5% and 36% of the

patients were identified with poor collaterals.47,48 Less than 11% of
our patients presented with bad ASPECTS (#5). Although this is a
relatively small proportion of our cohort, it is still within the range
found in the literature in which some cohorts had as low as 5% of
bad ASPECTS.49 The radiologic reviewers were completely blinded
to the time from stroke onset and other clinical and radiologic data.
However, the ASPECTS was deduced by mCTA readers in 5
patients overall, but no significant change was found when carrying
out sensitivity analysis excluding these data. The inclusion of unwit-
nessed stroke onset in our study may have biased the performance
measures of a higher time threshold toward higher NPV and biased
the time required to lose 1 point on ASPECTS toward higher esti-
mates. Finally, our study shows good external validity because it was
pragmatic and reflects real life with simple radiologic data that
stroke clinicians must consider every time they decide on acute
ischemic stroke management. It also reinforces the hypothesis of a
relationship between faster ischemic changes and poor collateral sta-
tus, which is frequently assumed and deliberately sought in only a
few studies in literature.25,28,50

CONCLUSIONS
Poor (0–1) CollSs were associated with lower ASPECTS, and an
increase in time has a multiplicative interaction with CollS on

FIG 3. ROC curves for determining best performances measures to predict bad ASPECTS at dif-
ferent time values. AUC indicates area under the curve.
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ASPECTS. Patients presenting within 4 hours may still have a
good ASPECTS despite CollS 0–3, given the high NPV of this
time threshold in this subgroup. Transferred patients with poor
and intermediate collaterals should be rescanned at arrival in case
of more rapid ASPECTS decay with time, to support endovascu-
lar therapy decisions. Finally, good collaterals alone are not a
guarantee of a slow infarct growth rate, and moderate interob-
server agreement for CollS mandates special attention—particu-
larly when excluding patients on the basis of this criterion alone.
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In Vitro Analysis of the Efficacy of Endovascular
Thrombectomy Techniques according to the Vascular

Tortuosity Using 3D Printed Models
J.H. Kim B.M. Kim, and D.J. Kim

ABSTRACT

BACKGROUND AND PURPOSE: Achieving complete recanalization with the front-line endovascular thrombectomy device improves
the outcome of acute stroke. The aim of this study was to evaluate whether various thrombectomy techniques including contact
aspiration, stent retriever thrombectomy, and combination therapy differ in first-pass effect and distal emboli in acute large-vessel
occlusion simulated using 3D printed nontortuous and tortuous cerebrovascular anatomy models.

MATERIALS AND METHODS: 3D printed flow models were manufactured using angiographic data of nontortuous and acutely angu-
lated tortuous vascular anatomy from real patients. Three thrombectomy techniques, contact aspiration, stent retriever, and com-
bined methods, were tested under proximal protection with the balloon-guiding catheter. The first-pass effect and distal emboli
rates were analyzed in addition to the thrombectomy-failure mechanisms of the respective techniques.

RESULTS: A total of 30 thrombectomy experiments were performed. The overall incidence of first-pass effect in the nontortuous
and tortuous anatomy was 80.0% versus 46.7%. The overall incidence of distal emboli in the nontortuous and tortuous anatomy
was 26.7% versus 46.7%. The contact aspiration technique showed better first-pass effect (80.0%) and distal emboli rates (20%) in
the tortuous model compared with other techniques. The combined technique did not show remarkable superiority of the first-
pass effect and distal emboli in either the nontortuous or tortuous anatomy. Shearing off of the thrombus was the main mecha-
nism of thrombectomy failure in the combined group.

CONCLUSIONS: The tortuous vascular anatomy may worsen the first-pass effect and distal emboli rates. The combined techniques
failed to show improvement in outcome due to the shearing-off phenomenon of the thrombus during retrieval.

ABBREVIATIONS: ACA ¼ anterior cerebral artery; BGC ¼ balloon-guided catheter; CA ¼ contact aspiration; DE ¼ distal emboli; EVT ¼ endovascular throm-
bectomy; FPE ¼ first-pass effect; SR ¼ stent retriever

Endovascular thrombectomy (EVT) has become the treatment
of choice for acute ischemic stroke due to large-vessel occlusion

through several randomized controlled studies.1 The use of a stent
retriever (SR) has an effective recanalization rate and acceptable
safety.1 With the introduction of new large-bore aspiration cathe-
ters, direct contact aspiration (CA) has comparable results com-
pared with SR thrombectomy.2 Additional use of a balloon-guided
catheter (BGC) for proximal flow control is recommended for the

prevention of distal emboli (DE) and improvement of the first-
pass effect (FPE) rate during thrombectomy and improved out-
come.3-5 Recently, techniques using a combination of these devices
have garnered interest in terms of the potential improvement in
the successful recanalization rates and clinical outcome.6,7

With the development of these techniques and devices, recent
emphasis has moved on from successful recanalization to effec-
tively achieving fast and complete recanalization. Clinical indices
such as the FPE, which achieves complete recanalization with the
first thrombectomy attempt, have been shown to improve the
clinical outcome of EVT and lower the mortality rate.8 Thrombus
fragmentation and DE migration occur in 12%–22% of cases,
which may affect the prognosis of the patients after treatment.9

Optimization of the efficacy of EVT by improving these indices
(FPE, DE) may be achieved by tailoring to the occlusion charac-
teristics of the individual patient.

Tortuous vessel anatomy is one of the most common chal-
lenges that neurointerventionists encounter in clinical practice
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and may be one of the major causes of recanalization failure.10

However, the exact mechanism of how the tortuous anatomy
affects the efficacy of EVT is not well-known. Fortunately, with
the recent development of 3D printing and modeling techniques,
it has become possible to replicate this difficult anatomy with a
flow model matching the real patient that can be tested in vitro.

Therefore, the aim of this study was to compare the efficacy of
various thrombectomy techniques including CA, SR thrombectomy,
and combination therapy in terms of FPE and DE and to elucidate
the mechanisms of thrombectomy failure in acute large-vessel occlu-
sion simulated using 3D printed nontortuous and tortuous cerebro-
vascular anatomy flowmodels obtained from real patient data.

MATERIALS AND METHODS
Model Anatomy
3D DSA data were obtained from 2 patients who had been treated
by EVT for acute ischemic stroke at our stroke center. Data were
obtained from a patient with nontortuous cerebrovascular anat-
omy who achieved FPE and a patient with very tortuous anatomy
who achieved recanalization only after multiple retrieval attempts.
The collection and use of the patient’s angiographic data were
approved by the institutional review board. Blood vessel data were
extracted from the distal cervical segment of the ICA, through the
carotid bifurcation, to include the M1 segment of the MCA and
the A2 segment of the anterior cerebral artery (ACA). The tortu-
osity of the vessel was visually verified and also numerically con-
firmed (arc-to-chord ratio) by comparing the distance between

the 2 points on a straight line between the distal M1 and the distal
cervical ICA in each model and the total length of blood vessels
between the 2 points (arc-to-chord ratio: 1.77 for the tortuous
model and 1.49 for the nontortuous model).11

Flow Model
The angiographic DICOM data were extracted in Virtual Reality
Modeling Language (Matlab; MathWorks) format using the 3D
Workstation (IntelliSpace Portal; Philips Healthcare). These were
converted into a stereolithography file using CAD software (Mesh-
Lab; Cignoni et al). Using these files, we produced semitranslucent
vascular models with photopolymerization resin (standard Clear
Resin, Version 4; Formlabs) with a 3D printer (Form2; Formlabs).
After printing, we applied multiple silicone coatings to the surface
of the models, and removed the inner mold to produce a flexible,
hollow, and transparent vascular model (Fig 1). The manufactured
model was placed in a water-filled tank made of acryl and con-
nected to a water-circulation system at the proximal ICA, MCA,
and ACA. The system was connected to a transparent silicone tube
and was connected to a peristaltic pump (EMP-100; EMS technolo-
gies), which maintains a pulse rate of 80 beats per minute to simu-
late blood circulation. A separate water tank was connected to
collect the distally migrated embolus. The entire model was filled
with a mixture of normal saline fluid and glycerin (60/40 volume
saline/glycerin) to mimic the characteristics of blood. A route
through which a guiding catheter and thrombectomy devices can
be inserted was separately connected to the proximal ICA of the cir-
culation system (Fig 2). Experimental procedures were recorded
with video and photographs using a high-resolution digital camera.

FIG 1. CAD-processed 3D images of the nontortuous (A) and tortu-
ous (B) cerebrovascular angiographic data. Silicone vascular models of
the nontortuous (C) and tortuous (D) anatomy manufactured from
the 3D printing models.

FIG 2. A vascular model was placed in the acrylic tank and connected
to the closed circuit. The black arrow indicates the flow model in a
water-filled tank. The white arrow indicates a separate tank for col-
lecting distal embolus. The white arrowhead indicates the peristaltic
pump.
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Thrombus Analog
The method of producing a fresh thrombus analog is well-
documented and has been used in many prior studies.12,13 Per
4mL of fresh swine blood, 32mg of fibrinogen from bovine plasma
(Sigma-Aldrich) and 1 U of thrombin from bovine plasma were
mixed, put in a plastic cage, and incubated at room temperature
for 60minutes. The prepared clot was cut into 10-mm lengths and
inserted into the flow system using an 8F guiding catheter.

Endovascular Thrombectomy Techniques
After connecting the 8F sheath to the flow model through a sili-
cone tube, an 8F BGC (Flowgate2; Stryker) was inserted and
placed in the distal cervical ICA portion of the model. The throm-
bus was placed in the MCA M1 portion through the guiding cath-
eter. EVT in the SR group was performed using a Solitaire FR 4/20
(Medtronic) or Trevo 4/20 (Stryker) stent after passing the throm-
bus with a 0.021-inch microcatheter and a 0.014-inch microwire.
The active push deployment technique was performed when
deploying the SR. In the CA group, manual aspiration thrombec-
tomy was performed using an AXS Catalyst 6 aspiration catheter
(Stryker) and a 20-mL syringe after direct catheter tip contact with
the thrombus. In the combined group, a microwire and a micro-
catheter were navigated across the occlusion site followed by
coaxial advancement of the aspiration catheter (Catalyst 6) close to
the occlusion site. After the deployment of the SR through the
occlusion site, the aspiration catheter was advanced just proximal
to the portion of the SR-engaged thrombus. Then, with simultane-
ous suction via the aspiration catheter, the entire system was cau-
tiously retrieved as a unit. In all groups, proximal flow arrest was
achieved using the BGC.

FPE was defined as complete flow restoration without any
remaining thrombus in the MCA, ACA, or ICA segments after a
single thrombectomy attempt. DE was defined as identification of
a visible, migrated embolus that reached the reservoir tank through
the MCA, ACA, or ICA segment regardless of the size of the em-
bolus. FPE and DE were evaluated at the end of the procedure after
BGC deflation mimicking the real-world procedure. Successful
first-pass recanalization with a DE small enough to migrate distally

and enter the reservoir tank system was
considered as both FPE and DE. If the
thrombus was fragmented but large
enough to remain in the MCA or ICA
segment without distal migration, it was
considered as an FPE failure and not
classified as DE. Moreover, we defined
failure of complete recanalization by
combining all cases of failure to achieve
FPE and cases of DE. Analyses of the

video recordings were performed to identify the mechanisms of
thrombectomy failure.

RESULTS
A total of 30 thrombectomy experiments were performed for the
CA (n ¼ 10), SR (n ¼ 10), and combined groups (n ¼ 10),
respectively. Of these, half in each group (n ¼ 5) were tested in
the nontortuous anatomy model, and the remaining half (n ¼ 5)
were tested in the tortuous anatomy model.

EVT Results according to the Vascular Tortuosity
In terms of the tortuosity of the vessel, the FPE rate of the nontor-
tuous anatomy model was higher than that of the tortuous anat-
omy model (80.0%, 12/15, versus 46.7%, 7/15). The incidence of
DE was lower in the nontortuous anatomy model (26.7%, 4/15,
versus 46.7%, 7/15) (Table 1). The failure of the complete recana-
lization rate in the nontortuous anatomy model was lower than
that in the tortuous anatomy model (33.3%, 5/15, versus 60.0%,
9/15) (Table 2).

Comparison of Various Thrombectomy Techniques
CA showed the best FPE and DE rates in both the nontortuous
and the tortuous models compared with the SR or combined tech-
niques. In the nontortuous model, FPE/DE rates were 100%/0%
versus 80%/20% versus 60%/60% for the CA, SR, and combined
techniques, respectively. In the tortuous model, the FPE/DE rates
worsened for all devices compared with the nontortuous model;
however, CA maintained a relatively favorable outcome compared
with the SR or combined techniques (80%/20% versus 40%/60%
versus 20%/60%) (Table 1). The combined technique failed to
show superior results compared with the other techniques in all
aspects, with notably poor FPE outcome in the tortuous anatomy
model (80% versus 40% versus 20%).

Mechanism of Thrombectomy Failure
The analysis of the video recordings revealed the mechanisms of
thrombectomy failure for the respective techniques. In the CA
technique, FPE and no DE were observed when the thrombus was
completely ingested at the site of occlusion. However, when the
clot was not completely ingested, deflection and straightening of
the tip of the aspiration catheter occurred when passing through
the curved angle of the vessel, resulting in an increase in the angle
between the axis of the aspiration catheter tip and the axis of the
captured thrombus, causing fragmentation and detachment of the
thrombus (Fig 3A, -D). In the SR technique, the stent was elon-
gated, resulting in partial collapse of its lumen when passing
through the curved segments such as the carotid siphon. These

Table 1: Incidence of FPE and DE in nontortuous and tortuous models according to the
EVT technique

FPE DE
Nontortuous Tortuous Nontortuous Tortuous

Total 12/15 (80.0%) 7/15 (46.7%) 4/15 (26.7%) 7/15 (46.7%)
CA 5/5 (100.0%) 4/5 (80.0%) 0/5 (0%) 1/5 (20.0%)
SR 4/5 (80.0%) 2/5 (40.0%) 1/5 (20.0%) 3/5 (60.0%)
Combined 3/5 (60.0%) 1/5 (20.0%) 3/5 (60.0%) 3/5 (60.0%)

Table 2: Incidence of failure of complete recanalization in non-
tortuous and tortuous models according to the EVT technique

Failure of Complete Recanalization
Nontortuous Tortuous

Total 5/15 (33.3%) 9/15 (60.0%)
CA 0/5 (0%) 1/5 (20.0%)
SR 2/5 (40.0%) 4/5 (80.0%)
Combined 3/5 (60.0%) 4/5 (80.0%)
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collapsed segments caused rolling, detachment, and fragmentation
of the captured thrombus (Fig 3B, -E). In the case of the combined
technique, shearing of the thrombus occurred when the throm-
bus-engaged SR was pulled into the aspiration catheter tip and
during retrieval of the devices. This shearing phenomenon was
more pronounced in the tortuous vessels (Fig 3C, -F).

DISCUSSION
The current in vitro study shows that the tortuosity of the cerebral
vessels may impact the outcome of EVT techniques. The efficacy
of EVT was inferior in the tortuous anatomy compared with the
nontortuous anatomy irrespective of the techniques used. We
found that both CA and SR techniques with proximal flow arrest
showed acceptable FPE and DE results in the nontortuous anat-
omy. On the other hand, in the tortuous anatomy model showing
severe angulations, the application of the CA technique was more
effective in achieving better FPE and DE results than other

techniques. The combined technique
failed to show its effectiveness in terms
of the FPE and DE in both the nontor-
tuous and tortuous anatomy models.

In our experiment, CA showed the
best FPE achievement with no DE in the
nontortuous anatomy. It also showed
relatively favorable FPE and DE results
(FPE, 80%; DE, 20%) in the tortuous
model. Many studies have reported that
the CA technique shows angiographic
and clinical outcomes comparable with
those of conventional SR.2,14 However,
in a real-world patient, whether to pur-
sue CA in the face of a tortuous anatomy
or switch early to another technique may
be a dilemma. Our in vitro study sug-
gests that CA may be preferred in terms
of improving the FPE and preventing
DE in the tortuous anatomy scenario.
Our analysis showed that complete
ingestion of the thrombus was the main
reason for the better results of CA in the
tortuous anatomy. When the thrombus
was completely ingested into the catheter
lumen, DE did not occur. Arslanian et
al15 also reported the positive effects of
CA on FPE and DE when the clot was
completely ingested into the catheter
lumen. On the other hand, Madjidyar et
al16 showed, with a flow model study,
that the likelihood of DE increased when
the thrombus was clogged without being
completely ingested into the catheter tip.

Our results also showed that the
thrombus fragmentation could occur
when the catheter tip was clogged with
a long segment of the thrombus outside
the catheter tip. The catheter-clogged

thrombus remaining outside the catheter failed to remain intact
due to the friction with the vessel wall, especially when deflection
and straightening of the catheter tip occurred while passing
through the angled curvature. According to Alverne et al,17 the
retraction force of the thrombectomy devices can be physically
reduced as it disperses through the different vectors in the tortu-
ous vessels. Bernava et al18 showed that the angle of interaction
between the aspiration catheter tip and the thrombus also influ-
ences the thrombectomy efficacy at MCA branches in an in vitro
study. In this regard, larger inner-diameter aspiration catheters
capable of complete ingestion of the clot may be the best solution
for patients with severely tortuous vascular anatomy.19 However,
despite the in vitro advantages of CA clot retrieval in the tortuous
anatomy shown in this experiment, the tortuous anatomy may
preclude fast and safe navigation of the aspiration catheter to the
occlusion site in real-world patients. Development of more flexi-
ble and soft-tipped aspiration catheters with larger inner diame-
ters is warranted.

FIG 3. Mechanisms of thrombectomy failure in the tortuous anatomy model. A–C, Tortuous
anatomy model. D–F, Nontortuous anatomy model. A, In the CA experiment, the thrombus is
clogged at the tip of the aspiration catheter. The thrombus brushes against the tortuous vessel
wall during retrieval and fragments when the aspiration catheter tip deflects perpendicular to the
axis of the lumen at the angulated curve (white arrow, catheter tip alignment; black arrow, axis
of the lumen and thrombus alignment). B, In the SR experiment, elongation and segmental col-
lapse of the stent are noted (white arrows) when retrieving across the curved segment of the
vessel, causing fragmentation of the thrombus. C, In the combined experiment, shearing of the
thrombus occurred (white arrow) while crossing the curved segment when the SR was inadver-
tently pulled into the aspiration catheter during retrieval of the SR-CA unit due to aggravation of
the length mismatch. D, In the CA experiment, the clogged thrombus and aspiration catheter
show a more obtuse angle and are less deflected in the nontortuous anatomy model. E, The SR
shows no elongation or segmental collapse at the curved segment of the vessel in the SR experi-
ment, and there is no fragmentation or missing thrombus. F, In the combined experiment, the SR
is not pulled into the aspiration catheter, and no shearing-off phenomenon is seen.
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The FPE and DE rates were 80.0% and 20.0%, respectively, in
the nontortuous anatomy model when the SR technique was used
with a BGC. In the tortuous anatomy model, the FPE rate
decreased (40.0%) and DE was observed with a higher incidence
(60.0%). The mechanisms of thrombectomy failure with the SR
has been reported in several studies.20,21 Insufficient thrombus
integration into the stent strut and thrombus rolling between the
vessel wall and the strut are known to be common mechanisms
and were observed in our analysis as well.20 Elongation and col-
lapse of the device was observed in several cases of our tortuous
anatomy model. The integrated thrombus was dislodged from the
stent lumen at these collapsed segments. It has been reported that
the elongation and collapse of the SR mesh may occur in curved
and angulated segments.21,22 Also, the longer retrieval length of the
SR due to the tortuous anatomy is thought to be associated with
failure of thrombus retrieval. The physical elongation and collapse
of the stent together with the increased length of the retrieval from
the M1 to the cervical ICA in the severely angulated vessel may
be the cause of the poor performance of SR in these cases.
Considering these mechanisms of thrombectomy failure shown in
this study, SR may be a suboptimal technique, especially in patients
with a tortuous vascular anatomy. A longer length of the SR may
be an alternative option. Recent introduction of many new SRs
with modified structures such as segmented/hybrid design, dual-
layer, and closed-end structures of the device may show improve-
ment in the outcome.23-26

Although a synergistic effect of the combined method may
have been expected, our results show that there was no obvious
advantage in achieving FPE and reducing DE compared with other
techniques (Table 1). Rather, the FPE rate was quite low, especially
in the tortuous anatomy (20%). Several SR-aspiration catheter
combination thrombectomy techniques have been studied.7,27

Prior reports have reported that these combination techniques
may be effective in improving the recanalization rate and reducing
the distal embolization compared with single-device techniques.28

However, Yoo et al29 reported that when the SR was retrieved
inside the aspiration catheter, there could be a risk of shearing off
the thrombus between the aspiration catheter tip and thrombus-
engaged SR. McTaggart et al30 emphasized the importance of
appropriate tension adjustments to prevent shearing of the clot
from the length mismatch of the SR and the aspiration catheter
during retrieval. This shearing-off phenomenon may be difficult to
visualize during the real-world patient treatment. However, the
analysis of our study revealed that as the SR is retrieved into the tip
of aspiration catheter, shearing off or squeezing out of the nonin-
gested thrombus occurs followed by fragmentation. This phenom-
enon was more pronounced in cases of tortuous curves where
control of the length and tension mismatch between the stent and
the aspiration catheter may be more difficult during retrieval.

Also, the stent struts may actually pin the clot to the vessel wall
and interfere in the ingestion process of the thrombus by the CA
catheter. Recently, Koge et al31 reported that the combined method
showed more superior FPE results than in the SR and CA groups
in the nontortuous ICA curve group, but the superiority was lost
in the tortuous curve group. This finding seems to partly contra-
dict our experimental results, which showed no superiority of the
combined method in both the nontortuous and the tortuous

models. Our analysis suggests that the shearing-off phenomenon is
associated with not only vascular tortuosity but also multiple other
factors. Our experiment included only M1 occlusions, but Okuda
et al32 showed that the efficacy of the combined method may be
influenced by the location of the occlusion, ie, it is more effective
in ICA and M2 occlusions. Another concern of the combined
method in the tortuous anatomy may be the safety of the proce-
dure. Although the tensile force for retrieval of the devices was not
analyzed in our study, more force was often necessary to retrieve
the aspiration catheter and stent retriever together, probably due to
the higher friction related to the combined use of the devices.

This study has some limitations inherently related to the in vitro
nature of the experiment. Although the main arterial flow and its
arrest with the BGC were simulated, the effects of the collateral
flow on the thrombus could not be completed replicated. Other
limitations include the endothelium and the coagulation factors
and their effects on the friction and tension of the actual vessel wall.
Also, only 1 type of red blood cell–rich thrombus analog and single
models of the nontortuous and tortuous vascular anatomy were
used. Another limitation is that although video recordings were
used, the thrombectomy failure mechanisms could not be identified
in some of the experiments; thus, quantitative analysis was not per-
formed. The angle of the video recording was not optimal to visual-
ize and identify the exact mechanism in some of the cases.

On the other hand, the major strength of this study is the ana-
tomic simulation of the real human vasculature. Various model
studies have attempted to simulate the real human cerebrovascu-
lar anatomy. Animal experiments may simulate relatively angu-
lated vascular anatomy, but the anatomy and blood vessel size are
different from those of actual human arteries. Fabrications of sili-
cone or glass tubes may allow angulated and tortuous curvature
models. However, this procedure also has limitations in simulat-
ing the actual curvature of human blood vessels. Flow-model pro-
duction using 3D printing has the advantage of being able to
accurately depict the cerebrovascular structure of a real patient.
Furthermore, with a transparent material, the mechanisms of the
device-thrombus-anatomic interaction can be directly observed.
More diverse experiments such as the impact of the different his-
tologic clot components and the efficacy of various devices/tech-
niques in various models should be the subject of future studies.

CONCLUSIONS
We observed that the tortuous vascular anatomy may worsen the
FPE and DE rates. Deflection and straightening of the aspiration
catheter, elongation of the SR, and the shearing-off phenomenon
during combined techniques were the main mechanisms of throm-
bectomy failure. CA was effective despite the tortuous anatomy
when complete ingestion of the thrombus was achieved.

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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A. Biondi, G. Boulouis, A.L. Bras, S. Aldea, T. Passeri, S. Boissonneau, N. Bougaci, J.C. Gentric, J.D.B. Diestro,
A.T. Omar, H.M. Al-Jehani, G. El Hage, D. Volders, Z. Kaderali, I. Tsogkas, E. Magro, Q. Holay, J. Zehr,

D. Iancu, and J. Raymond

ABSTRACT

BACKGROUND AND PURPOSE:MCA aneurysms are still commonly clipped surgically despite the recent development of a number
of endovascular tools and techniques. We measured clinical uncertainty by studying the reliability of decisions made for patients
with middle cerebral artery (MCA) aneurysms.

MATERIALS AND METHODS: A portfolio of 60 MCA aneurysms was presented to surgical and endovascular specialists who were asked
whether they considered surgery or endovascular treatment to be an option, whether they would consider recruitment of the patient in
a randomized trial, and whether they would provide their final management recommendation. Agreement was studied using k statistics.
Intrarater reliability was assessed with the same, permuted portfolio of cases of MCA aneurysm sent to the same specialists 1 month later.

RESULTS: Surgical management was the preferred option for neurosurgeons (n ¼ 844/1320; [64%] responses/22 raters), while endovascular
treatment was more commonly chosen by interventional neuroradiologists (1149/1500 [76.6%] responses/25 raters). Interrater agreement was
only “slight” for all cases and all judges (k ¼ 0.094; 95% CI, 0.068–0.130). Agreement was no better within specialties or with more experience.
On delayed requestioning, 11 of 35 raters (31%) disagreedwith themselves on at least 20% of cases. Surgical management and endovascular treat-
ment were always judged to be a treatment option, for all patients. Trial participation was offered to patients 65% of the time.

CONCLUSIONS: Individual clinicians did not agree regarding the best management of patients with MCA aneurysms. A randomized
trial comparing endovascular with surgical management of patients with MCA aneurysms is in order.

ABBREVIATIONS: ISFD ¼ intrasaccular flow disruptors; RCT ¼ randomized controlled trial

Whether the best management of MCA aneurysms is surgi-
cal or endovascular remains uncertain. MCA aneurysms

commonly present endovascular challenges such as a wide neck

that incorporates arterial branch origins, yet they are usually
readily treatable with surgical clipping.1-3 Despite recent trends
favoring endovascular repair, many patients with MCA aneurysm
are still treated surgically.
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Aneurysm rupture status impacts the decision regarding sur-
gery versus endovascular management. Although randomized
evidence in favor of coiling ruptured aneurysms exists, it may not
apply to MCA aneurysms. The International Subarachnoid
Aneurysm Trial (ISAT) included 301 patients with MCA aneur-
ysms, with similar results: Forty-six of 162 (28%) had poor out-
comes for coiling, and 39/139 (28%), for clipping.4,5 In the
prerandomized Barrow Ruptured Aneurysm Trial (BRAT) trial,6

most patients with MCA aneurysm allocated to coiling were
crossed over to clipping, while the early Finnish trial excluded
most patients with MCA aneuryms.7

Whether unruptured aneurysms in any location should be
preventively treated at all remains controversial.8 Yet, when the
goal of treatment is lifetime protection from bleeding, the reputed
better long-term occlusion provided by clipping may be an
advantage. A recent exploratory analysis of the MCA subgroups
of 2 ongoing randomized trials showed similar clinical outcomes
but better treatment efficacy with surgical management than with
coiling.9 Multiple comparative case series have suggested that
clipping may be better,1-3,9 but trial subgroup analyses and obser-
vational studies should be interpreted with caution.10

To address the endovascular difficulties of wide-neck bifurca-
tion aneurysms, innovative endovascular devices continue to be
introduced, including stent-assisted coiling,11 off-label use of flow
diverters,12 and intrasaccular flow disruptors (ISFD).13 Yet, there
is currently no convincing evidence that new devices improve
endovascular results.14-16 A randomized trial comparing endovas-
cular and surgical management of MCA aneurysms is needed to
address the uncertainty and establish the best way to care for these
patients.17

Showing the presence of clinical uncertainty and, therefore,
community equipoise between treatment options is a useful prepar-
atory step to the design and conduct of a randomized trial. Clinical
uncertainty can be measured by studying the variability of clinical
decisions made by various clinicians on the same cases using agree-
ment study methodology.18,19

In the present work, we sought to investigate the uncertainty
and agreement between aneurysm experts for the endovascular
or surgical management of patients with MCA aneurysms.

MATERIALS AND METHODS
This study was prepared in accordance with the Guidelines for
Reporting Reliability and Agreement Studies.20

Patients
An electronic portfolio of 60 anonymized patients with MCA
aneurysms (30 ruptured and 30 unruptured) was prepared (Online
Supplemental Data). Each patient in the portfolio had a catheter
angiographic “working projection” of the aneurysm to delineate
the neck and parent and branching vessels and a short case vignette
(age, sex and World Federation of Neurosurgical Societies score if
ruptured). Three authors (W.B., T.E.D., and J.R.) selected the cases
to include a wide spectrum of patients typically considered for sur-
gical or endovascular treatment. MCA aneurysms were selected
from 5 pragmatic clinical trials (ISAT-2,21 Canadian UnRuptured
Endovascular versus Surgery [CURES],22 Stenting in Aneurysm
Treatments [STAT],23 Flow Diversion in Aneurysms Trial

[FIAT].24 and Randomized Trial on Intra-Saccular Endobridge
devices [RISE]25. To minimize k paradoxes,26 case selection
included approximately one-third of cases for whom endovascu-
lar treatment was expected to be a frequent (for example, small
saccular aneurysms with narrow necks), one-third of cases for
whom surgical clipping was expected to be frequent (wide-neck
aneurysms incorporating MCA branch origins), and one-third
“gray zone” cases, for whom surgical clipping or endovascular
treatment choices might be more balanced.

Raters
All raters were clinicians who actively manage aneurysms. Anon-
ymity was ensured, but some demographic information was col-
lected. Raters were asked to specify their training background
(interventional neuroradiology, neurosurgery, or dual-trained), the
number of years treating aneurysms (,5 years, 6–10 years, 11–
20 years, or.20 years), the number of patients they have treated
with flow diverters and ISFDs (none, 1–19 patients,.20 patients),
and the estimated proportion of patients with MCA aneurysms
treated by surgery and endovascular treatment at their center.

Ratings
For each case, raters were asked (question 1) whether surgical
management was an option (yes/no), (question 2) whether there
was another option they would offer (choose from: no, surgical
clipping only or yes, endovascular treatment), (question 3) whether
they would be willing to recruit the patient in an randomized con-
trolled trial (RCT) that would give a 50% chance of surgical man-
agement and a 50% of endovascular treatment (yes/no), and
(question 4) their final best treatment choice (choose from surgical
management or endovascular treatment).

If the responder chose endovascular treatment, he or she was
asked (question 5) to specify the method, and to choose from: 1)
coils6 balloon remodeling, 2) coils6 stent, 3) flow diverter, or 4)
intrasaccular flow disruptor, the WEB (ie, Woven EndoBridge;
Sequent Medical). Finally, (question 6) responders were asked to
gauge their confidence regarding their final treatment choice (in
10% increments, ranging from 0% to 100%). The entire survey is
available in the Online Supplemental Data. To evaluate intrarater
agreement, raters were asked to re-assess the same cases in a per-
muted order at least 1month later. The present study did not
address the fundamental problem regarding whether unruptured
aneurysms should be treated at all. Raters were required to choose
surgery or endovascular treatment for each and all patients,
whether the aneurysms were ruptured or unruptured.

Statistical Analyses
Descriptive statistics are presented using percentage for categoric
variables and mean (SD) for continuous variables. The proportions
of answers for each question among different groups of aneurysms
or patients (all cases/ruptured/unruptured aneurysms) or different
groups of raters (background: years of experience, practice location,
flow diverters, or ISFD experience) were compared using a 1-way
ANOVA. When applicable, pair-wise comparisons were performed
using a Bonferroni adjustment. Correlations between treatment
choice and continuous variables (aneurysm and neck size) were
analyzed using the Pearson correlation coefficient. Confidence in
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decision-making (scale of 0–100) was analyzed using ANOVA. x 2

tests were used to compare willingness to recruit patients in a RCT.
Agreement between and within raters was measured using k statis-
tics and 95% bootstrap confidence intervals (the preferred method
to estimate k confidence intervals) and interpreted according to
Landis and Koch.27 k values ranged from �1 (perfect disagree-
ment) to 11 (perfect agreement), with 0 indicating no agreement
among the raters other than what would be expected by chance
alone. Analyses were performed using STATA (Version 16.1;
StataCorp) and SPSS software (Version 26; IBM) with significance
set at 5%.

RESULTS
Patient and aneurysm characteristics included in the portfolio are
detailed in the Online Supplemental Data, with typical cases
depicted in Fig 1, and more difficult cases, in Fig 2.

There were 47 respondents to the survey: 25 interventional neu-
roradiologists, 15 open vascular neurosurgeons, and 7 dual-trained
(open and endovascular) neurosurgeons. Raters were from North
America (n ¼ 19), Europe (n ¼ 27), or the Middle East (n ¼ 1).
Raters had ,5 years (n ¼ 18), 6–10 years (n ¼ 16), 11–20years
(n¼ 6), or.20 years’ experience (n ¼ 7). The numbers of surgical
and endovascular choices for each of the 60 MCA aneurysm cases
are illustrated in Fig 3.

Surgical management was always judged to be a treatment
option, for all patients (mean, 41 [SD, 6] positive responses from 47
responders). Interrater agreement regarding whether surgical man-
agement was an option was poor (k ¼ 0.092; 95% CI, 0.047–0.146),
even for subgroups according to experience, specialty, or location of
practice (Online Supplemental Data).

Endovascular treatment was judged to always be an option
(mean, 41 [SD, 5] positive responses to question 2). Interrater
agreement regarding whether endovascular treatment was an alter-
native option was poor (k ¼ 0.056; 95%, CI, 0.039–0.077) for all
subgroups of raters (Online Supplemental Data).

Overall, endovascular treatment was
most frequently selected as final best
management: 1625/2820 responses
(58%; 95% CI, 56%–60%), with surgical
management garnering 1195 votes
(42%; 95% CI, 41%–44%) (Online
Supplemental Data). The proportion of
final treatment choices for all raters,
according to background and expertise,
for unruptured, ruptured, and all MCA
aneurysms is illustrated in Fig 4.

Final treatment choices did not vary
according to years of experience (P ¼
.32) or practice location (P¼ .49) but dif-
fered between specialties and according
to local use. Interventional neuroradiolo-
gists preferred endovascular treatment
in 77% of cases, while open and dual-
trained neurosurgeons selected endovas-
cular treatment only 30% and 46% of the
time, respectively; P¼ .000). There was a
significant correlation between the self-

FIG 1. Cases of high (A and B) and low (C and D) agreement: Seventy-
seven percent of respondents selected surgical management for case
A and 87% selected endovascular management for case B, while 51%
and 49% selected surgical management for C and D.

FIG 2. Cases in which surgical management (A and A1) or endovascular treatment (EVT) (B) were
rarely considered to be an option. A and A1 show a recurrent, previously coiled, calcified, partially
thrombosed-but-unruptured left MCA aneurysm. Only 64% of the respondents considered surgi-
cal management an option. B, A large, wide-neck, ruptured, right MCA aneurysm. Only 39% of the
respondents considered EVT to be an option for this case.
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declared frequency of using surgical management at each center
and the proportions of final decisions for surgery (r ¼ 0.587;
P¼ .000).

Interrater agreement regarding the final management decision
was “slight” (k ¼ 0.110; 95% CI, 0.090–0.135) and did not improve
when answers were dichotomized (surgical management versus
any endovascular option) or when respondents were grouped
according to experience, specialty, or location of practice (Table or
Fig 5).

The proportion of final decisions for surgery, intrarater agree-
ment between the 2 rating sessions, and the proportion of
patients recruited in an RCT for each rater and ordered by num-
bers and classified by training are illustrated in Fig 6.

Intrarater k values regarding the best final management (surgi-
cal management versus endovascular treatment) were affected by

paradoxes (ie, high agreement and yet low k values) in many cases.
Intrarater k values reached a substantial level for 8/35 (23%) raters.
On delayed requestioning, 11 of 35 raters (31%) disagreed with
themselves on at least 20% of cases (Online Supplemental Data).

Regarding the specific endovascular management options, coil-
ing 6 balloon remodelling was the most frequently selected endo-
vascular option (Online Supplemental Data) for ruptured (n ¼
506/960, 52.7%) but not for unruptured (n ¼ 256/960, 26.7%)
aneurysms. Endovascular strategies requiring antiplatelet agents
(stents and flow diverter, n¼ 441/1605, 27.5%) were less frequently
chosen for both ruptured and unruptured MCA aneurysms than
other endovascular strategies (coiling, balloon-assisted coiling, and
ISFD, n¼ 1164/1605, 72.5%).

The size of the aneurysm and the width of the neck correlated
(P ¼ .000) with fewer endovascular choices (–0.142 for aneurysm

FIG 3. Proportions of votes for surgical and for endovascular treatment (EVT) for unruptured (upper graph) and ruptured (lower graph) MCA
aneurysms and the proportion of clinicians willing to include the patient in an RCT (line). Red circles indicate cases with ,50% of raters willing
(3/30 for unruptured and 5/30 ruptured MCA aneurysms).
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size, �0.496 for neck size), more choices for flow diversion
(10.596, 10.550), and less confidence in the treatment decision
(�0.629,�0.434). Clinicians were generally confident in their final
decision (mean confidence, 75%; minimum-maximum, 53–98).

Recruitment of patients in an RCT comparing surgical and
endovascular management is graphically displayed in Fig 3 (per
patient) and Fig 6 (per rater). Trial participation was offered 64.9%
of the time (1815/2795 yes responses to question 3). In 52/60 (87%)
patients, a majority ($51%) of responders were willing to include
the patient in a randomized trial, which did not change substan-
tially on the basis of rupture status: 27/30 (90%) for unruptured and
25/30 (83%) for ruptured aneurysms. Trial participation was offered
by North American clinicians in 78% of cases and by European
clinicians in 66% of cases (P¼ .011), regardless of specialty or train-
ing background (P ¼ .91) or years of experience (P ¼ .969).
Interrater agreement regarding recruitment in an RCT was slight
(k ¼ 0.059; 95% CI, 0.033–0.090) (Online Supplemental Data).

DISCUSSION
The current study shows that the best management of patients
with MCA aneurysms, ruptured or unruptured, is uncertain.
While surgical clipping was always a treatment option, endovascu-
lar treatment of some type was always judged to be an alternative.
There was extreme variability in the final treatment decisions.
Agreement regarding surgical or endovascular management was
well below the “substantial” level, even between experts of the
same specialty, with the same experience, and working on the
same continent. There was also substantial variability at the level of
individual clinicians. Inconsistency and lack of agreement occurred
despite raters being individually and in general confident in their
treatment decisions. Many raters (up to 30%) did not recommend
the same approach (endovascular or surgical) when asked twice
about the same patient in$20% of cases.

The most influential factors affecting clinical decisions were
the training background of the clinician making the decision and

FIG 4. Proportions of final treatment choices for all raters, according to background and expertise, for all MCA aneurysms. Note the strong cor-
relation between training background and choice of treatment. INR indicates interventional neuroradiologists; NSx, neurosurgeons.
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the frequency of use of an operation or endovascular treatment at
the rater’s institution. Perhaps, unsurprisingly, neurosurgeons and
dual-trained neurosurgeons had a propensity for selecting clipping,
while interventional neuroradiologists generally opted for endovas-
cular treatment.

Aneurysm and neck sizes were also
influential in determining surgical or
endovascular management choices. The
larger the neck, the less likely clinicians
would be to consider endovascular treat-
ment using coiling or balloon-assisted
coiling. Wide-neck aneurysms were also
associated with lower confidence in de-
cision-making, with more frequent RCT
participation.

Raters with an endovascular back-
ground more frequently selected strat-
egies that did not require antiplatelet
agents, especially for patients with rup-
tured aneurysms. The added risk of anti-
platelet therapies in the ruptured context
and the potential risk of thromboem-
bolic complications with stents and flow
diverters probably explain this result.11,12

Our study also highlights new devices,
such as intrasaccular flow disruptors (the
WEB for example), being increasingly
considered for MCA aneurysms.

While it seems natural that clinicians
would tend to propose the intervention
they practice, the clinical community,
clinicians and patients alike, should be
aware that diverse options are commonly
being proposed for many patients with
MCA aneurysms. Many clinicians believe
that the real question is not whether
MCA aneurysms should be clipped or
treated endovascularly, but rather which
MCA aneurysms should be clipped and
which should be treated endovascularly.
This latter question is impossible to
translate into a workable trial hypothesis,
and the underlying belief is directly re-
sponsible for widely divergent opinions
and practices. Recognizing the uncer-
tainty revealed by this study may be an
important step in encouraging members
of our community to proceed with the
clinical research necessary to address the
uncertainty regarding best management.
If the first step of a science of practice is
to recognize uncertainty, the second step
is to change practice to take into account
that uncertainty.19 Our study may show
the necessity of changing the way we
practice, from unrepeatable, unverifiable
decisions, to a more prudent and system-

atic approach that takes uncertainty into account. When no one
really knows what to do, integrating research methods into clinical
care may be in the best medical interest of individual patients. The
questionnaire was designed with a randomized trial in view, one
which hypothesizes that surgical clipping may still be better than

Interrater agreement (j) regarding best final management choice

All Cases
Landis and Koch
Interpretation

All raters (n ¼ 47)
Dichotomizeda 0.094 (0.068–0.130) Poor
All categories 0.110 (0.090–0.135) Poor
Specialty
Open neurosurgeons (n ¼ 15)
Dichotomizeda 0.109 (0.063–0.172) Poor
All categories 0.072 (0.040–0.119) Poor
INR (n ¼ 25)
Dichotomizeda 0.177 (0.135–0.233) Poor
All categories 0.185 (0.155–0.224) Poor
Dual-trained neurosurgeons (n ¼ 7)
Dichotomizeda 0.132 (0.065–0.203) Poor
All categories 0.120 (0.079–0.176) Poor
Location of practice
North America (n ¼ 19)
Dichotomizeda 0.060 (0.031–0.101) Poor
All categories 0.076 (0.055–0.101) Poor

Europe (n ¼ 27)
Dichotomizeda 0.118 (0.084–0.167) Poor
All categories 0.130 (0.103–0.166) Poor

Note:—INR indicates interventional neuroradiologists.
a All categories (surgical management, coiling 6 balloon remodelling, coiling 6 stent, flow diverter, and intrasaccular
flow disruptor) were dichotomized as surgical management versus all others.

FIG 5. Interrater agreement for final treatment choices (surgical management versus any endo-
vascular treatment) for all raters, according to background, experience, and practice location, for
unruptured, ruptured, and all MCA aneurysms. All k values are well below the dashed substantial
line (0.600). INR indicates interventional neuroradiologists; NSx, neurosurgeons; y, year.
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endovascular options.17 Disparities in management decisions pro-
vide evidence of collective uncertainty and community equipoise
regarding the best management of patients with both ruptured and
unruptured MCA aneurysms. A reassuring finding of our survey is
that 33/47 clinicians (or 70%) would propose RCT participation to
at least 50% of patients with MCA aneurysms. These results support
the feasibility of an RCT that compares surgical and endovascular
management.17

Surgical clipping, the time-honored-but-more invasive treat-
ment, may still be best for patients with MCA aneurysms, yet clip-
ping is “an uphill battle fought with fewer and fewer troops”
against less invasive, increasingly popular endovascular options.28

Endovascular treatment of MCA aneurysms is not always straight-
forward, but innovations to address the clinical challenge are pro-
liferating. We believe that in the presence of uncertainty, patients
are best managed in the context of a care trial,18,29 in which they
have a 50% chance of receiving a promising treatment of yet-
unknown benefit, but an equal 50% chance of receiving the time-
honored treatment.30 To be eligible for participation in such a
trial, patients must be treatable with either surgical or endovascu-
lar treatment. As our survey showed, this was the case for nearly
all patients.

There are several limitations to this study. The patient series
used cases selected from 5 ongoing pragmatic trials, including 2
RCTs that compared surgical and endovascular treatments. The
artificial construction of a portfolio of balanced cases is necessary
to minimize k paradoxes,26 but the series may not be representa-
tive of naturally occurring MCA aneurysms. A different case selec-
tion might have produced different results. Raters were not a
random sample representative of a population of clinicians, and
the intrarater agreement study was restricted to self-selected clini-
cians willing to answer the questionnaire twice. The background of
raters was not perfectly balanced. A preponderance of responders
from an interventional neuroradiology background might explain
the frequency of endovascular choices. However, such an imbal-
ance has no impact on the interrater agreement within the same
specialty, which remained poor for any specialty or background.
Finally, completing an electronic survey and caring for real patients

are very different activities. The degree to which responders imag-
ined that they were dealing with serious clinical decisions can only
be surmised.

CONCLUSIONS
Clinicians do not agree regarding the best management of patients
with unruptured or ruptured MCA aneurysms. There is sufficient
uncertainty to conduct a randomized trial comparing endovascular
with surgical management of patients with MCA aneurysms.

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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Testing an Adapted Auditory Verbal Learning Test Paradigm
for fMRI to Lateralize Verbal Memory in Patients with

Epilepsy
E. Conde-Blanco, J.C. Pariente, M. Carreño, T. Boget, S. Pascual-Díaz, M. Centeno, I. Manzanares, A. Donaire, L. Pintor,

J. Rumià, P. Roldán, X. Setoain, and N. Bargalló

ABSTRACT

BACKGROUND AND PURPOSE: fMRI is a noninvasive tool for predicting postsurgical deficits in candidates with pharmacoresistant
temporal lobe epilepsy. We aimed to test an adapted paradigm of the Rey Auditory Verbal Learning Test to evaluate differences
in memory laterality indexes between patients and healthy controls and its association with neuropsychological scores.

MATERIALS AND METHODS: We performed a prospective study of 50 patients with temporal lobe epilepsy and 22 healthy con-
trols. Participants underwent a block design language and memory fMRI. Laterality indexes and the hippocampal anterior-posterior
index were calculated. Language and memory lateralization was organized into typical and atypical on the basis of laterality
indexes. A neuropsychological assessment was performed with a median time from fMRI of 8months and was compared with fMRI
performance.

RESULTS:We studied 40 patients with left temporal lobe epilepsy and 10 with right temporal lobe epilepsy. Typical language occurred
in 65.3% of patients and 90.9% of healthy controls (P ¼ .04). The memory fMRI laterality index was obtained in all healthy controls
and 92% of patients. The verbal memory laterality index was bilateral (24.3%) more frequently than the language laterality index
(7.69%) in patients with left temporal lobe epilepsy. Atypical verbal memory was greater in patients with left temporal lobe epilepsy
(56.8%) than in healthy controls (36.4%), and the proportion of bilateral laterality indexes (53.3%) was larger than right laterality indexes
(46.7%). Atypical verbal memory might be associated with higher cognitive scores in patients. No relevant differences were seen in
the hippocampal anterior-posterior index according to memory impairment.

CONCLUSIONS: The adapted Rey Auditory Verbal Learning Test paradigm fMRI might support verbal memory lateralization.
Temporal lobe epilepsy laterality influences hippocampal memory laterality indexes. Left temporal lobe epilepsy has shown a higher
proportion of atypical verbal memory compared with language, potentially to memory functional reorganization.

ABBREVIATIONS: AVLT ¼ Rey Auditory Verbal Learning Test; APi ¼ hippocampal anterior-posterior index; ATLR ¼ anterior temporal lobe resection; HC ¼
healthy controls; IQR ¼ interquartile range; LI ¼ laterality index; LMI ¼ immediate Logical Memory; LMII ¼ delayed Logical Memory; SISCOM ¼ substraction of
ictal and interictal SPECT coregistered to MR Imaging; VMI ¼ immediate Visual Reproduction; VMII ¼ delayed Visual Reproduction; TLE ¼ temporal lobe epilepsy

Refractory mesial temporal lobe epilepsy (TLE) usually concurs
with progressive cognitive impairment.1-3 Material-specific

memory dysfunction has been associated with left and right

temporal lobe lesions. Verbal memory processes were hindered by
left-sided lesions, whereas visuospatial memory deficits were related
to right TLE.4 Focal epilepsies arising in eloquent areas or in the vi-
cinity of the dominant hemisphere have been associated with cere-
bral plasticity, such as reorganization of adjacent or even distant
and contralateral cortical areas to maintain function.5 Factors such
as the age of seizure onset, seizure frequency, the presence of hippo-
campal sclerosis, the duration of the disease, and antiseizure medi-
cation may play a relevant role in cognitive function.6,7 Lack of
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cognitive dysfunction in TLE may also occur, even when patients
had similar clinical features to those who do have cognitive deficits.

The left hippocampus has often been associated with verbal
memory encoding.8 Its relationship to the seizure-onset zone has
been regarded as a determinant factor in changes in verbal mem-
ory function.9 From a network perspective, hippocampal sclerosis
has been associated with a dysfunction of long-range network con-
nections.10 Neuropsychological testing has been the main diagnos-
tic tool to evaluate memory function before anterior temporal lobe
resection (ATLR); however, it is operator-dependent and does not
provide information about the underlying functional anatomy.11

fMRI has become a helpful tool to investigate cognitive processes
and to predict memory deficits before ATLR.12

To date, memory fMRI studies have methodologic differences,
particularly regarding the memory task itself, with complex para-
digms difficult to apply on an everyday clinical basis for patients
with epilepsy.13 Cognition evaluation in patients with epilepsy is
increasingly a multidisciplinary team effort.14 However, neuro-
psychological tests cannot lateralize memory function before sur-
gical intervention and do not provide information on functional
anatomy. fMRI could be a useful noninvasive tool to identify the
lateralization and localization of memory functions before surgi-
cal intervention in individual patients with TLE.15-19 Prior studies
have found that preoperative posterior fMRI activation in the ip-
silateral hippocampus during memory encoding was associated
with better memory outcome after ATLR.20

In this study, we examined the use of a simple and robust
paradigm based on a well-established neuropsychological test on
fMRI for verbal memory laterality outcome. We hypothesize that
by using this list-learning paradigm we could obtain results in lat-
eralization similar to those in the neuropsychological assessment,
incorporating the functional anterior-posterior distribution of
the hippocampal formation activity. Our main aim was to test
this adapted paradigm for evaluating differences in memory hip-
pocampal anterior-posterior indexes (APis) and laterality indexes
(LIs) between healthy controls (HC) and patients with right and
left TLE and to search for associations and comparisons in per-
formance with neuropsychological test scores.

MATERIALS AND METHODS
Design and Patients
This was a prospective study of consecutive patients with TLE who
were evaluated for presurgical assessment at our multidisciplinary

Patient Management Conference. Pati-
ents underwent language and memory
fMRI based on clinical needs, particu-
larly when there was reasonable doubt
about language distribution. Participants
were scanned between December 2018
andMarch 2020.

We included 50 patients with an age
range between 18 and 65 years who
underwent a presurgical evaluation for
potential epilepsy surgery with a neuro-
psychological assessment. Participants
were excluded from the study if diag-
nosed with neuropsychiatric disorders,

were unable to tolerate the fMRI, or when artifacts invalidated
the analysis. We also studied 23 HC with no history of neurologic
or psychiatric disease using the same paradigm. One subject was
excluded because of MR imaging artifacts.

The study was approved by the Ethics Committee of the
Hospital Clinic of Barcelona. Informed consent was obtained from
all participants in the study. Patients underwent a video-electroen-
cephalography, structural MR imaging, and, additionally in some
cases, FDG-PET scan and SISCOM, which established seizure
onset location and lateralization. Neuropsychological assessment
was obtained for all patients but only for 13 of the 22 HC due to
the test being canceled during the pandemic restrictions.

MR Imaging
All scans were performed on a 3T Magnetom Tim Trio (Siemens)
scanner or Prisma Fit scanner (Siemens), at the Magnetic
Resonance Image Core Facility at August Pi i Sunyer Biomedical
Research Institute located in the Diagnostic Imaging Center at
Hospital Clinic of Barcelona using a 32- or 64-channel head coil.
Each subject underwent a 3D structural high-resolution T1-
weighted MPRAGE sequence with a 7.48-minute acquisition,
which consisted of a set of 240 adjacent sagittal images with an
isometric voxel size of 1 � 1 � 1 mm. A spoiled gradient-echo
sequence (TR, 2.30 s; TE, 2.98 s; number of excitations, 1; flip
angle, 9°; FOV, 256� 256) was used to coregister with the fMRI
activation maps.

fMRI images were acquired in the axial plane with an echo-
planar sequence. For language lateralization, we used 3 different
paradigms; and for verbal memory lateralization, a single para-
digm: 1) language tasks: TR, 3.00 s; TE, 0.03 s; flip angle, 90°; pixel
matrix, 3� 3mm; section thickness, 3mm; 2) memory tasks: TR,
2.00 s; TE, 0.21 s; flip angle, 90°; pixel matrix, 3.8� 3.8mm; sec-
tion thickness, 3mm.

Paradigms. Before a scanning session, an explanation of the
memory and language tasks was given to patients. Outside the
scanner, for quality assurance, participants were asked about how
well they comprehended and performed the commands of the
undergone tasks. Paradigms were all block design and are dis-
played in Fig 1 and the Online Supplemental Data.

Verbal Memory Paradigm. We used an adapted version of the
Rey Auditory Verbal Learning Test (AVLT)21 that evaluates both

FIG 1. Verbal memory paradigm. E indicates encoding; R, retrieval; Min, minutes.
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encoding and retrieval verbal memory with the aim of achieving
a sensitive LI of hippocampal involvement. The control task con-
sisted of the patient hearing a list of incomprehensible words
(passive listening), followed by an understandable list of 15 words
that the patient must memorize, and silent periods in which the
patient must recall as many words from the list as possible.
Stimuli were presented in 3 blocks, alternating 30 seconds of the
control task (incomprehensible words), followed by 4 cycles con-
sisting of 20 seconds of the encoding task (memorizing the list of
words) and 20 seconds of retrieval (recalling the list of words)
(Fig 1).

We used 3 different block design paradigms to lateralize lan-
guage activation: a phonemic verbal fluency task, a semantic
verbal fluency task, and an auditory comprehension task (Online
Supplemental Data).

All images were processed and analyzed using Statistical
Parametric Mapping (SPM12; http://www.fil.ion.ucl.ac.uk/spm/
software/spm12) and the MAGIC fMRI toolbox,23 an in-house
application developed with MATLAB 2017b (MathWorks) (Online
Supplemental Data).

LI for Language and Verbal Memory
Language or verbal memory lateralization was considered typical
when the LI was left-lateralized and atypical when it was bilateral
or right-lateralized. To determine language lateralization in the
case of different results among the 3 language paradigms, we
took lateralization from the 2 concordant paradigms.

Activation was classified as “left-sided” if the LI was.0.2,
“right-sided” if it was ,0.2, and bilateral when the LI ranged
between 0.2 and�0.2 (Online Supplemental Data).

Anterior-Posterior Index of the Hippocampus
The APi frames the difference between voxel count in the ante-
rior and posterior parts of the hippocampus. The anterior and
posterior segmentation was defined by identifying the section on
the Montreal Neurological Institute space where the last part of
the uncal apex is appreciated.21 Anterior activation was classified
if the APi was.0.2; and posterior activation, if the APi was,0.2.
Whole-hippocampal activation was established when the APi fell
between 0.2 and�0.2.

Neuropsychological Assessment
Participants underwent a comprehensive neuropsychological assess-
ment with a median time lapse from MR imaging of 8months.
Verbal memory was assessed with the AVLT using total learning
and delayed recall to evaluate the patient’s ability to encode, consoli-
date, and retrieve verbal information.21 T scores for each test and
for each subject were calculated on the basis of the normative con-
trol group’s means and SDs. Participants with scores of #1.5 SD
were classified as neurologically impaired.

Wechsler Adult Intelligence Scale-3rd Edition22 and subsets
from the Wechsler Memory Scale III such as the immediate
Logical Memory (LMI), delayed Logical Memory (LMII), immedi-
ate (VMI) and delayed (VMII) Visual Reproduction, and executive
functions22 were used for the evaluation (Online Supplemental
Data). Naming functions by the Boston Naming Test (BNT)23

were also carried out.

Statistics
The statistical analysis was performed using STATA/IC 14.2
(StataCorp).

A descriptive analysis of the variables collected was performed.
Qualitative variables were expressed as a percentage, and the quan-
titative variables, using standard deviation (SD) or median (inter-
quartile range [IQR]) if they had a normal distribution.

Demographic data and volumetric findings are reported as
number (percentage) or median and IQR. To check the impact of
the TLE side in the LI, we evaluated it using the Kruskal-Wallis 1-
way ANOVA test (x 2 [2]) followed by post hoc analysis with
Bonferroni correction (t), and we also used a multivariate ANOVA
for influential variables. An analysis of the neuropsychological test
scores and the verbal memory LI was performed using the x 2 test
or Fisher exact test. Quantitative variables were compared using
the Student t test, the Mann Whitney U test, or the Kruskal-Wallis
1-way ANOVA test (x 2 [2]) when appropriate.

A first-level analysis was performed by fitting a general linear
model on a voxelwise basis to model the brain activation of each
condition. Condition-specific effects were modeled by creating a
boxcar function convolved with a canonical hemodynamic
response function. Additionally, motion parameters were entered
as regressors of no interest. A criterion for statistically significant
activation was set at a threshold of P , .001, and a family-wise
error cluster threshold of P , .05 was applied to correct for mul-
tiple comparisons (Online Supplemental Data).

RESULTS
Clinical and Neuropsychological Profiles
The Table shows clinical variables and the characteristics of the
sample. Twenty-three patients had unilateral hippocampal sclero-
sis, of which 18 (78.3%) were on the left.

Intelligence quotients of patients ranged from above average
to below average, with no significant differences between groups
(P ¼ .92). Of 50 patients, 19 (38%) showed low-average intelli-
gent quotient; 18 (36%), an average intelligence quotient; 12
(24%), above-average intelligence quotient; and 1 (2%), below-av-
erage intelligence quotient. HC showed predominantly average
scores in 6 (46.1%) participants with 5 (38.5%) having above-av-
erage and 2 (15.4%) low-average scores.

Logical memory, visual reproduction, verbal memory learning
and recall, attention, and mental flexibility were significantly
lower in patients with TLE compared with HC (P, .05) (Online
Supplemental Data). Severely impaired verbal learning was more
frequent in patients compared with HC (Pearson x 2 [2] ¼ 10.7;
Fisher exact test, P ¼ .003). Verbal memory encoding (t ¼ 3.58,
P ¼ .002) and retrieval (t ¼ 2.73, P ¼ .025) were significantly
worse in left TLE compared with HC but not significantly differ-
ent from right TLE.

In verbal learning encoding, 29 (58%) patients scored �1 SD
or below, and 21 (42%) patients between �1 SD and 11 SD. HC
showed significantly higher verbal learning scores (median, 47;
IQR 6.1) than patients with left TLE (median, 36.2; IQR, 17.3)
(t ¼ 3.58, P ¼ .002), while patients with right TLE (median, 39.9;
IQR, 12.0) showed no significant differences compared with HC
(t ¼ 1.79; P ¼ .218). Delayed recall was also significantly lower in
left TLE (median, 40.47; IQR, 17.32) than in HC (median, 52.86;

AJNR Am J Neuroradiol 43:1445–52 Oct 2022 www.ajnr.org 1447

http://www.fil.ion.ucl.ac.uk/spm/software/spm12
http://www.fil.ion.ucl.ac.uk/spm/software/spm12


IQR, 14.64) (t ¼ 2.73, P ¼ .025), while no significant differences
were found between HC and patients with right TLE (t ¼ 1.75,
P¼ .235).

fMRI Language Lateralization Profiles
Forty-nine patients showed activation during the language fMRI
tasks. One patient did not show activation in any of the 3 paradigms.

The LI was achieved in .94% of patients and HC for the 3
verbal tasks (phonemic verbal fluency, 98% HC/95% patients).
Atypical language occurred more frequently in patients (32 of 49
[65.3%]) than in HC (2/22 [9.1%]) (P¼ .04) (Fig 2A).

In both phonemic verbal fluency and semantic verbal fluency
tasks, the LI was significantly different depending on handedness
only for left TLE. Patients with left TLE who were left-handed
had a significantly higher proportion of atypical language (x 2 ¼
6.62; Fisher exact test, P ¼ .002), but no differences were seen in
right TLE or HC regardless of handedness. For the auditory com-
prehension task this effect was not seen.

Compared with atypical activation, patients with left TLE with
typical language showed significantly lower scores in LMI, LMII,
VMI, VMII, verbal learning, and Boston Naming Test subtests of
the neuropsychological assessment (Online Supplemental Data).

fMRI Verbal Memory Lateralization Profiles
For the verbal memory task, LI was seen in all (100%) HC and 46
of 50 (92.0%) patients. Three patients with left TLE and 1 patient
with right TLE did not show hippocampal activation. Of the
4 patients who did not show activation, 3 were left-handed.
According to language distribution, we found no hippocampal
activation in 2 patients with typical and 2 patients with atypical
language. The proportion of patients with each hippocampal acti-
vation distribution and handedness is described in the Online
Supplemental Data.

Typical verbal memory was seen in a higher proportion of HC
(14/22, 63.6%), compared with patients (21/46, 45.6%). Atypical
verbal memory in left TLE (16/37, 56.8%) was greater compared
with right TLE (4/9, 44.4%). In patients with atypical verbal mem-
ory, the right LI was more frequent than bilateral LI. However, the
proportion of bilateral LI was twice as high in patients with left
TLE than in those with right TLE (Fig 2B and Fig 3A).

fMRI Verbal Memory Lateralization Profile in Typical and Atypical
Language.Of 21 HC with typical language, 13/20 (65.0%) demon-
strated typical memory lateralization. The verbal memory LI was
obtained in 30/32 (93.7%) patients with typical language. Typical
verbal memory was seen in 12/30 (40%) of them (Fig 3B). In
patients with left TLE, atypical memory was more frequent (15/
25; 60.0%). In patients with left TLE with atypical memory, the
proportion of bilateral LIs (8/15, 53.3%) was higher than right LIs
(7/15, 46.7%).

Only 2 HC showed atypical language. One of them had typical
verbal memory, and the other showed atypical verbal memory
(right LI). The verbal memory LI was obtained in 15/17 (88.2%)
patients with atypical language. Typical verbal memory was seen
in 8/15 (53.3%) of them. In patients with left TLE, 11/15 (73.3%),
atypical memory was more frequent (6/11, 54.5%). In left TLE
with atypical memory, the proportion of right LI (5/11, 45.5%)
was higher than bilateral LI (1/11, 9%).

APi Distribution. The APi was obtained in 19/22 (86.0%) HC and
in 46/50 (92.0%) patients. Accounting for both hippocampi, the
APi was seen in 20/22 (90.9%) HC and 43/46 (93.5%) patients.
Both hippocampi showed activation in 35/40 (87.5%) patients
with left TLE and in 8/10 (80%) with right TLE.

The distribution of the APi in both hippocampi according to
HC or patients with left TLE and right TLE is shown in Fig 2B.

Participant characteristics

All Patients (n = 50) LTLE (n = 40) RTLE (n = 10) HC (n = 22) P Value
Sex
Female 32 (64%) 25 (62.5%) 7 (70%) 14 (63.6%) ..05
Male 18 (36%) 15 (37.5%) 3 (30%) 8 (36.4%)
Seizures
FAS 7 (14%) 6 (15%) 1 (10%) NA
FIAS 45 (90%) 36 (90%) 9 (90%) NA
FBTCS 7 (14%) 5 (12.5%) 2 (20%) NA
FIAS frequency per mo (mean) 5.5 (SD, 6.1) 6 (SD, 6.5) 4 (SD, 3.4) NA
FBTCS frequency per mo (mean) 0.8 (SD, 2.0) 0.35 (SD, 0.95) 0.3 (SD, 1.0) NA
Age and duration (mean) (yr)
Age at scan 37 (SD, 13) 37 (SD, 13) 35 (SD, 13) 34 (SD, 11) ..05
Age at seizure onset 14 (SD, 10) 14 (SD, 10) 15 (SD, 6) NA
Epilepsy duration at scan 23 (SD, 15) 23 (SD, 16) 20 (SD, 12) NA
Pathologya

HS 23 (46%) 18 (45%) 5 (50%) NA
Cavernoma 3 (6%) 2 (5%) 1 (10%) NA
DNT 1 (2%) 0 (0%) 1 (10%) NA
Focal cortical dysplasia 7 (14%) 7 (17.5%) 0 (0%) NA
Gliosis 2 (4%) 1 (2.5%) 1 (10%) NA
Other 6 (12%) 6 (15%) 0 (0%) NA
No abnormality 11 (22%) 8 (20%) 3 (30%) NA

Note:—FAS indicates focal aware seizures; FIAS, focal with impaired awareness seizures; FBTCS, focal to bilateral tonic-clonic seizures; DNT, dysembryoplastic neuroepi-
thelial tumor; HS, hippocampal sclerosis; LTLE, left TLE; NA, not applicable; RTLE, right TLE. Significant (P ,.05) difference compared with controls.
a Location of the lesions are detailed in supplementary material table S.
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In the left hippocampus, the posterior APi was the most fre-
quent pattern both in HC and those with left TLE, while posterior
and whole activation was most frequently seen in those with right
TLE with an equal proportion. In the right hippocampus, ante-
rior activation was most frequently observed in those with right
TLE compared with HC and those with left TLE (Fig 2B).

We evaluated potential associations of the anterior-posterior
distribution and handedness, age at seizure onset, duration of
epilepsy, and learning or delayed verbal recall, but no significant
association was found (P. .05). We found a significant associa-
tion between age and the APi, the older the patient the more
anterior activation (b ¼ 0.014, P ¼ .03). The APi was signifi-
cantly different in the left and right hippocampi of patients with
severely impaired verbal learning, but not different in patients
with moderate and slight impairment.

Association of Language and Verbal Memory fMRI with
Neuropsychological Performance
Patients with atypical language scored �0.5 SD or below their age-
matched peers in 12 (70.6%) cases, between �0.5 and10.5 SDs in
4 (23.5%) cases, and10.5 SD or above in 1 (5.9%) case.

The Online Supplemental Data show neuropsychological tests
scores related to typical and atypical verbal memory according to
HC and patients with left and right TLE. Immediate and delayed
logical memory, visual reproduction, and naming scores (BNT)
were significantly lower in patients with left TLE with typical verbal
memory compared with HC. LMII and VMI were also significantly
lower in patients with right TLE with typical verbal memory com-
pared with HC. Patients with left TLE with atypical verbal memory
showed a tendency toward higher scores in every subtest of the
Wechsler Memory Scale, but significance was not achieved.

HC and patients with left TLE with a bilateral verbal memory LI
showed a nonsignificant tendency toward higher scores in verbal
memory encoding and retrieval compared with those participants
who hadmore unilateral lateralization.

Patients with left TLE showed a nonsignificant tendency toward
bilateral memory independent of verbal memory impairment
(Fig 2C). No significant differences were seen in APis in memory
impairment (Online Supplemental Data).

The proportion of patients with right-handedness was signifi-
cantly lower in those with atypical language (x ¼ 11.40; Fisher
exact test, P ¼ .001), but it was not significantly different in

FIG 2. A, LI . B, APi. C, Verbal memory LI according to verbal learning impairment of patients and HC.
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patients with atypical memory (x ¼ 0.61; Fisher exact test, P ¼
.568).

DISCUSSION
ATLR is the most established treatment for drug-refractory TLE.24

A surgical approach in refractory TLE has been associated with a
5-year increase in life expectancy.25 Prediction of cognitive decline
after ATLR is essential to counsel patients regarding potential
memory loss. To our knowledge, there is not a highly sensitive
verbal learning paradigm standardized to use during memory
fMRI. This prospective study focused on testing a verbal memory
paradigm based on an established memory test to evaluate differ-
ences in memory LI and its association with neuropsychological
impairment and language. The AVLT-adapted paradigm was able
to elicit hippocampal activation in 100% of HC and 92% of
patients. Our results suggest a distinctive redistribution of verbal
memory and language systems in left TLE.

Verbal Memory Paradigm in Epilepsy
American and European task forces from the American College of
Radiology and European Society of Neuroradiology have worked
diligently to standardize the use of language fMRI in clinical prac-
tice.26 However, the nature of memory is complex, and activation
depends on the task, paradigm design, data acquisition, and analy-
sis. Tasks have varied across memory fMRI studies, leading to
unsuccessful result replication. Thus, a prominent center such as
UCL-Queen Square has used a task that involves making a judg-
ment on whether each presented stimuli is pleasant, with an event-
related analysis. We found that an AVLT-adapted paradigm based
on word encoding or a recall task and analyzed with a blocked anal-
ysis elicited hippocampal activation. Event-related analysis was
associated with a more reliable activation of anterior hippocampal
activity.27 However, this approach is less powerful at detecting acti-
vation, more vulnerable to hemodynamic response function, time-

consuming, and more demanding for patients and staff in a clinical
setting.

Language and Verbal Memory Lateralization and Clinical
Repercussions
Dominant TLE has been associated with extensive effects on the
language systems. Patients have been associated with higher atyp-
ical language representation.28,29 In our study, atypical language
occurred significantly more often in patients than in HC, similar
to results in previous work (34.7% versus 9%).5 In left TLE, lan-
guage was more lateralized than verbal memory, which was more
bilateral. Patients with atypical language and slight verbal mem-
ory impairment showed a more frequent right verbal memory LI
compared with a more bilateral LI in moderately and severely
impaired patients. Memory and language systems seem to differ
in their functional redistribution when affected by the epilepto-
genic network in TLE.30 Our findings agreed with the hypothesis
that temporal pathology might first affect close areas, leading to
more dysfunction during tasks specifically relying on them.31

Also, patients with TLE were associated with reduced flexibility
and increased intra- and interregional communication involved
in the cognitive task.32 These findings might suggest functional
regulation to other regions capable of better meeting the current
cognitive goal. Prior reports described a tendency of a left-
to-right shift of language activation in left-hemisphere pathol-
ogy.33,34 Atypical dominance in adults with left-hemispheric
lesions was associated with both poorer35 and better cognitive
abilities.29,36 We found that patients with left TLE and better
memory scores showed a more atypical activation in comparison
with those with right TLE and HC. Also, verbal learning and
delayed recall were significantly lower in left TLE compared
with right TLE and HC. Hand dominance did not significantly
influence the memory LI compared to the language LI with the
semantic and phonemic fluency tasks.

APi
A posterior hippocampal remnant might support postoperative
memory in patients with TLE37 We found that half of the patients
with left TLE showed predominant posterior hippocampal activa-
tion in both the left and right hippocampi. Prior work described
distinct connections of hippocampal functionally. The anterior hip-
pocampus is connected to the entorhinal cortex, temporal pole, and
orbitofrontal cortex and is associated with verbal memory. The
posterior hippocampus is linked to memory retrieval and polysy-
naptic-pathway propagation.38-41 The posterior remnant of the ipsi-
lateral hippocampus, rather than the functional reserve of the
contralateral hippocampus, was designated as the relevant structure
for maintaining verbal memory function after ATLR.23,35,41 In addi-
tion, it was postulated that patients with left TLE with retained
verbal memory function had an adaptive functional reorganization
mediated by the right temporal lobe to keep higher memory
scores.6,27,37,41 In our sample, patients with left TLE showed a
higher proportion of whole activation in the right hippocampus
compared with HC, which could be related to complex functional
network plasticity with increased intrahemispheric connectivity
that extends to the contralateral hippocampus. Additionally,
patients with right TLE also showed a high proportion of whole

FIG 3. A, Atypical verbal memory was greater in patients with left
TLE (56.8%) than in HC (36.4%). B, The verbal memory LI was bilateral
(24.3%) more frequently than the language LI (7.7%) in patients with
left TLE. The scale on the right indicates the percentage of the over-
lapping activation of the group (first-level analysis, P ¼ .01), in which
100% represents a zone activated in the whole group. For visual pur-
poses, the zones with activation in ,5% of the group were consid-
ered noise and excluded. Warmer colors indicate higher overlapping,
and darker colors, lesser overlapping. R indicates right.
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activation and a higher proportion of posterior activation in the left
compared with the right hippocampus. We found a tendency to-
ward higher verbal learning scores in patients with a more posterior
activation, which favors this hypothesis.

Neurophysiologic connectivity studies during a cognitive task
found significant reductions of high-frequency oscillations rates in
epileptic hippocampi.42 We hypothesize that a complete verbal
memory transfer to the contralateral hippocampus might be asso-
ciated with less severe memory impairment. This hypothesis could
explain why some patients with TLE have memory impairment,
while others do not. Complete transfer might increase the chance
of preserving memory function after epilepsy surgery.

Limitations
Memory fMRI in the temporal lobe is prone to geometric distor-
tions and blood oxygen level–dependent signal drop-out related to
susceptibility of the echo-planar imaging sequence and to the field
strength of the magnet, fMRI pulse sequence, and the level of
cooperation and education of the participants.43 We used a block
design approach to maximize signal changes. One limitation is the
small number of patients with right TLE and that half of them
were left-handed because scanning was based on clinical uncer-
tainty of language distribution, which might bias results. Also, the
acquisition time is relatively long for patients with cognitive decline
and might cause fatigue that could influence performance.
Additionally, all neuropsychological test scores were collected for
patients but were available for a proportion of healthy controls.
Other factors such as the amount of interictal activity on the day of
testing or antiseizure medication might also have had an impact.
This is a single-center study, moderate in size, and it only addresses
patients with TLE. Larger databases of patients with epilepsy with
temporal and extratemporal epilepsy with various pathologies
would provide with a deeper knowledge.

CONCLUSIONS
The AVLT-adapted paradigm was able to elicit hippocampal acti-
vation. The laterality of a dysfunctional hippocampus in TLE
induces specific processes of functional reorganization that affect

verbal memory and language systems differently. Left TLE shows

a higher proportion of bilateral LI in verbal memory compared

with language, potentially secondary to reorganization in memory

function, which happens more frequently than language function.

That may lead to a discrepancy between language and memory

laterality, which could potentially be relevant for predicting mem-

ory function after surgery. Right and especially bilateral memory

activation patterns are much more frequent in patients with left

TLE compared with HC and are generally associated with better

memory function. Future studies will clarify whether this para-

digm could be used to predict memory function after surgery.
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ORIGINAL RESEARCH
FUNCTIONAL

Adaptive Language Mapping Paradigms for Presurgical
Language Mapping

E. Diachek, V.L. Morgan, and S.M. Wilson

ABSTRACT

BACKGROUND AND PURPOSE: Functional MR imaging is widely used for preoperative language assessment in candidates for resective
neurosurgery. Language mapping paradigms that are adaptive to participant performance have the potential to engage the language
network more robustly and consistently, resulting in more accurate functional maps. The aim of the current study was to compare
two adaptive paradigms with the recommended language mapping paradigms that constitute the current standard of care.

MATERIALS AND METHODS: Seventy-three patients undergoing fMRI for language lateralization and/or localization completed an
adaptive semantic matching paradigm, an adaptive phonological judgment paradigm, and two standard paradigms: sentence com-
pletion and word generation. The paradigms were compared in terms of the degree to which they yielded lateralized language
maps and the extent of activation in frontal, temporal, and parietal language regions.

RESULTS: The adaptive semantic paradigm resulted in the most strongly lateralized activation maps, the greatest extent of frontal
and temporal activations, and the greatest proportion of overall satisfactory language maps. The adaptive phonological paradigm
identified anterior inferior parietal phonological encoding regions in most patients, unlike any of the other paradigms.

CONCLUSIONS: The adaptive language mapping paradigms investigated have several psychometric advantages compared with cur-
rently recommended paradigms. Adoption of these paradigms could increase the likelihood of obtaining satisfactory language
maps in each individual patient.

ABBREVIATION: LI ¼ lateralization index

fMRI is widely used for presurgical language mapping in patients
who are candidates for resective surgery for epilepsy, brain

tumors, and vascular malformations.1-3 One goal of presurgical
language mapping is to determine language lateralization, and
fMRI compares favorably with the invasive Wada test for this pur-
pose.4-7 A second goal is to identify indispensable language regions
to aid in tailoring surgical margins; fMRI is also widely used for
this purpose,3 though its validity has not been established.8 Many

different paradigms are used for language mapping (eg, sentence
completion, word generation, and so forth), and numerous studies
have compared the validity and reliability of various sets of para-
digms.1,9-13 In 2017, a task force of American Society of Functional
Neuroradiology members reviewed this literature and recom-
mended sentence completion and word generation as the first two
tasks that should be performed in adult patients.2 However, this
recommendation was based primarily on practical considerations,
including widespread existing use, rather than a detailed assess-
ment of the psychometric properties of different paradigms that
have been proposed.

Recently, we have described a pair of semantic and phonological
language mapping paradigms that are adaptive to patient perform-
ance; that is, the difficulty of the tasks is dynamically modulated on
the basis of the patient’s responses.13-15 The motivation for devel-
oping these adaptive paradigms was to perform language mapping
in individuals with aphasia, whose language deficits may preclude
performance of many tasks used in clinical practice. We found that
the adaptive tasks could be performed successfully by most indi-
viduals with aphasia and had superior psychometric properties
compared with several other tasks in individuals with aphasia and
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neurologically healthy controls.13-15 The adaptive nature of the
tasks entails that they remain challenging yet feasible at all times,
thus tightly constraining participants’ cognitive states, resulting in
robust recruitment of the language network and good test-retest
reproducibility.

The aim of the present study was to investigate the utility of
these adaptive semantic and phonological language mapping para-
digms for presurgical language mapping. Most candidates for
resective surgery have no language deficits or mild language defi-
cits, but occasionally, patients present with moderate or even
severe aphasia. The ability of the adaptive paradigms to reliably
identify language areas in patients with and without language defi-
cits suggests that they have strong potential to be appropriate for
this population. We administered both paradigms, along with the
currently recommended sentence completion and word genera-
tion paradigms, to map language regions in patients with epilepsy,
brain tumors, or vascular malformations who were referred for
presurgical language mapping. We operationalized success as the
ability of each paradigm to yield lateralized language maps that
included activation of known frontal, temporal, and anterior parie-
tal language regions.

MATERIALS AND METHODS
Patients
All patients referred for presurgical language mapping at
Vanderbilt University Medical Center between September 2019
and December 2021 were considered for inclusion. During this
time period (and continuing), it was our practice to perform all 4
language mapping paradigms whenever possible for clinical
purposes.

A total of 73 patients provided written informed consent to
participate in the study. Demographic information is provided in
Table 1. Patients were diagnosed with epilepsy (n ¼ 55), tumor
(n ¼ 16), AVM (n ¼ 1), or a cavernous malformation (n ¼ 1).
Forty-two of 73 patients (58%) reported some degree of language
impairment. Language deficits were mild in most cases. The sam-
ple was consecutive for the first half of the study period and consti-
tuted approximately every second patient during the second half of
the study period, with inclusion determined by scheduling and not
by any patient factor. No patients declined consent. A minority of
patients were not asked to consent because language mapping was

expected to be based on ,4 paradigms due to time constraints;
this was most often the case when extensive motor mapping was
required as well.

The study was approved by the institutional review board at
Vanderbilt University Medical Center.

Language Mapping Paradigms
Each of the 4 paradigms involved a simple 2-condition block
design with 6 blocks per condition and 20 seconds per block, for a
total scan time of exactly 4 minutes.

The adaptive semantic paradigm has been described in detail
previously,13 but in brief, there were 2 conditions: a semantic
matching task and a perceptual matching task. In the semantic
matching condition, participants saw 2 words in the middle of
the screen, one above the other, and were instructed to press a
button if the words were semantically related (eg, boy-girl) and to
do nothing if the words were unrelated (eg, walnut-bicycle). In
the perceptual matching condition, participants saw 2 strings of
symbols in the middle of the screen, one above the other, and
were instructed to press a button if the 2 strings were identical
(eg, [DHdæϞ-DHdæϞ]) and to do nothing if they were different
(eg, [DHdæϞ-ϞDƕƘD]). Each condition had 7 levels of diffi-
culty, and participants progressed to the next level every time
they made 2 consecutive correct responses and stepped back 2
levels every time they made an error. Difficulty was modulated in
the semantic condition by manipulating word frequency, con-
creteness, length, age of acquisition, degree of semantic related-
ness, and presentation rate and, in the perceptual condition, by
manipulating the degree of similarity of mismatching items and
presentation rate.

The adaptive phonological paradigm has also been described
previously.15 The language condition was a rhyme judgment task
in which participants saw 2 pseudowords in the middle of the
screen, one above the other, and were instructed to press a button
if the pseudowords rhymed (eg, mulky-tulkie) and to do nothing if
they did not (eg, shofy-sheffy). Difficulty was modulated by manip-
ulating pseudoword length, orthographic transparency, stress pat-
tern, and presentation rate. The perceptual control condition was
the same as for the semantic paradigm.

Both adaptive paradigms were implemented in Matlab
(MathWorks) using Psychtoolbox16,17 and are freely available
online at https://langneurosci.org/alm.

Table 1: Characteristics of the 73 participants
Age (mean) (range) (yr) 38.6 (SD, 12.6) (20–70)
Sex 32 Male; 41 female
Handednessa 57 Right-handed; 6 left-handed; 10 mixed (of whom 6 write with right and 4

write with left); mean laterality quotient: 68.8 (SD, 59.4)
Education (mean) (range) (yr) 13.7 (SD, 2.5) (range, 8–19)
Race 58 White; 10 black; 1 Asian; 4 did not state
Native speaker 71 Native; 2 fluent but non-native
Etiology Epilepsy 55

Tumor 16
Arteriovenous malformation 1
Cavernous malformation 1

Duration of etiology (mean) (range) 3170 (SD, 3722) days (range, 6 days to 39 yr)
Language deficit 42 (58%) Yes; 31 (42%) no

a Handedness was assessed with the 4-item modification of the Edinburgh Handedness Inventory by Veale.29
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The sentence completion paradigm was implemented as recom-
mended by the American Society of Functional Neuroradiology,2

and the stimuli were downloaded from their Web site (https://www.
asfnr.org/paradigms). In the language condition, participants saw 4
sentences per block (5 seconds each) with a blank space instead of
the final word and were instructed to silently think of one or more
words that could fit into the blank. In the control condition, partici-
pants saw scrambled letters matching the sentences in the number
of characters and placement of spaces and were instructed to do
nothing.

The word generation paradigm was also presented as recom-
mended,2 with the stimuli provided. In the language condition,
participants saw a letter in the middle of the screen (2 per block, 10
seconds each) and were instructed to think of as many words as
possible that start with that letter. In the control condition, partici-
pants saw symbols in the middle of the screen and were instructed
to do nothing.

Before scanning, patients were trained on all 4 paradigms by 1
of the 3 authors. Training items were not repeated in the scanning
session. For the adaptive paradigms, each trial type was demon-
strated and discussed; then patients practiced a few blocks with
actual task timing and adaptive features.13,15 The sentence com-
pletion and word generation paradigms were practiced out loud
to ensure task compliance; then the patient was instructed to per-
form the tasks silently in the scanner. In the scanner, the order of
the 4 paradigms was counterbalanced across participants, to
ensure that results were not confounded by presentation order.
We cycled through 4 presentation orders so that each of the 4
paradigms was equally likely to be performed first, second, third,
or fourth.

Neuroimaging
MR imaging data were acquired on a Philips Achieva 3T scanner
(n = 57) or a Philips Ingenia Elition 3T scanner (n = 16) (Philips
Healthcare) with 32-channel head coils at Vanderbilt University
Medical Center. All paradigms were controlled by a laptop com-
puter (Thinkpad T490s; Lenovo) running Matlab (Mathworks)
Version R2019a and Psychtoolbox Version 3.0.16.16,17 Visual stim-
uli were presented using a projector and a screen in front of the
bore (n ¼ 57) or on a monitor positioned behind the bore (n ¼
16), either of which patients viewed through a mirror mounted on
the head coil. In the adaptive paradigms, patients responded on an
MR imaging–compatible button box connected to the laptop.

For each of the 4 language mapping paradigms, sequences of
T2*-weighted blood oxygen level–dependent echo-planar images
were collected with the following parameters: 120 volumes1 5
initial volumes discarded; 35 or 36 axial slices in interleaved
order; slice thickness¼ 3.5mm with a 0.5-mm gap; FOV ¼
240 � 240mm; matrix ¼ 64� 64; TR ¼ 2000ms; TE ¼ 35ms;
flip angle ¼ 78°; sensitivity-encoding factor ¼ 2; voxel size ¼
3.75� 3.75� 4mm.

For anatomic reference, T1-weighted (voxel size ¼ 1� 1 �
1mm) and FLAIR images that were coplanar with the functional
images (voxel size¼ 0.5� 0.5� 4mm) were also acquired.

The imaging data were processed using standard methods as
described previously.13,15 The functional data were first prepro-
cessed with AFNI: Slice timing and head motion were corrected,
then the data were detrended and smoothed with a 6-mm full
width at half maximum Gaussian kernel. Next, independent-com-
ponent analysis was performed using the FSL tool MELODIC.
Noise components were manually identified and removed using
fsl_regfilt. All paradigms were modeled with boxcar functions con-
volved with a hemodynamic response function and fit to the data
with the FMRISTAT program fmrilm. The 6 head-motion param-
eters were included as covariates, as were time-series from white
matter and CSF regions to account for nonspecific global fluctua-
tions and 3 cubic spline temporal trends. The T1-weighted ana-
tomic images were warped to Montreal Neurological Institute space
using unified segmentation in SPM12. Functional images were core-
gistered with structural images via coplanar FLAIR images using SPM
and warped to Montreal Neurological Institute space. Individual acti-
vation maps were thresholded with a 5% relative threshold18 and a
minimum cluster extent of 2cm3, as described previously.13,15

To compare the paradigms in terms of their ability to reveal
hemispheric dominance, we calculated lateralization indices (LIs)
in an extensive bilateral ROI (Fig 1) comprising the inferior, mid-
dle, and superior frontal gyri, supplementary motor area, precen-
tral and postcentral gyri, all of the lateral parietal lobe, and all of
the temporal lobe (lateral and medial) except for the dorsal (audi-
tory) part of the superior temporal gyrus. This same a priori ROI
has been used previously.13

Frontal, temporal, and anterior parietal language ROIs were
defined to assess the sensitivity for detection of activation in these
3 language regions (Fig 1). These ROIs were defined in the domi-
nant hemisphere, according to our clinical judgment of language
lateralization based on all 4 paradigms, or in the left hemisphere in
patients with bilateral language. Regions were deemed activated
when there was $4 cm3 activation within the region. The frontal
ROI was defined as the inferior frontal gyrus, as defined previ-
ously13,15 on the basis of the Automated Anatomical Labelling
atlas.19 The temporal ROI was defined previously13,15 as the ventral
part of the superior temporal gyrus, the middle temporal gyrus,
and the angular gyrus; in this study, this ROI was expanded to also
include the lateral and posterior parts of the inferior temporal and
fusiform gyri (jxj $ 38, y # �38). The anterior parietal ROI was
defined as the supramarginal gyrus and the inferior parietal lobule,
as previously defined;15 a language region within this territory has
been shown to be critical for phonological encoding.15,20-23

Language maps were defined as satisfactory when they met 3
conditions: 1) jLIj $ 0.25, in the correct direction or for patients

FIG 1. ROIs. LIs were calculated on the basis of activation throughout
the wide region shown in blue (or any of the other colors), while sen-
sitivity was determined on the basis of activations in frontal (red),
temporal (green), and anterior parietal (yellow) language regions.

AJNR Am J Neuroradiol 43:1453–59 Oct 2022 www.ajnr.org 1455

https://www.asfnr.org/paradigms
https://www.asfnr.org/paradigms


with bilateral language,�0.25, LI,0.25; these cutoffs are based on
those proposed by Janecek et al;5 2) frontal activationof $4 cm3 in
the dominant hemisphere (left hemisphere for patients with bilateral
language); and 3) temporal activationof $4cm3 in the dominant
hemisphere (left hemisphere for patients with bilateral language).

Test-retest reproducibility was assessed in a preliminary man-
ner by splitting each run in half, analyzing the 2 halves separately,
and calculating the Dice coefficient of similarity24 between the 2
resultant activation maps. Head motion was compared between
paradigms by calculating the mean framewise displacement for
each run.

LIs, activation extents, Dice coefficients, and head-motion meas-
ures were compared among paradigms using repeated measures

ANOVAs and post hoc paired t tests.
The proportions of satisfactory language
maps were compared with a x 2 test, fol-
lowed by post hoc Fisher exact tests.

RESULTS
The mean accuracy on the adaptive
semantic task was 84.1% (SD, 5.0%)
(range, 58.3%–95.0%), indicating that
all patients performed the task above
chance. Accuracy on the adaptive phono-
logical task was 77.8% (SD, 9.5%) (range,
33.3%–91.1%), indicating that most but
not all patients performed the task above
chance. The mean difficulty level of items
presented was 4.1 (SD, 2.8) (on a 7-point
scale) (range, 1.7–6.1) for the semantic
task and 2.8 (SD, 1.1) (range, 1.2–6.2) for
the phonological task; these means are
about 1 point lower than previously
observed in neurologically healthy indi-
viduals.15 Because the sentence comple-

tion and word generation paradigms were performed covertly, it
was not possible to evaluate performance, but all patients were able
to perform both paradigms during prescan training.

On the basis of our clinical judgments, taking into account all
4 paradigms, language was localized to the left hemisphere in 67
patients, localized to the right hemisphere in 4 patients, and bilat-
erally distributed in 2 patients. The brain regions activated by
each of the 4 paradigms are shown in Fig 2, in which activations
for the 4 patients with right-lateralized language have been mir-
ror-reversed around the midline. All 4 paradigms yielded exten-
sive activation in the inferior frontal lobe. In the posterior
temporal lobe, the most robust language activation was observed
for the adaptive semantic paradigm, followed by the sentence
completion paradigm. In contrast, the adaptive phonological para-
digm activated temporal language areas in many but not all
patients, while the word generation paradigm yielded temporal
activation in even fewer patients. The anterior parietal region was
activated by the adaptive phonological paradigm in most patients,
but rarely by the other 3 paradigms. Finally, all 4 paradigms acti-
vated the contralateral cerebellum.

All 4 paradigms revealed satisfactory lateralization determina-
tions (ie, jLIj $ 0.25, in the correct direction) in most patients
(adaptive semantic: 72 of 73; adaptive phonological: 67 of 73; sen-
tence completion: 71 of 73; word generation: 69 of 73) (Fig 3).
However, the 4 paradigms did differ in the degree to which lan-
guage activations were lateralized (F(3,216) ¼ 12.029, P , .001).
Note that for the 4 patients with right-lateralized language, LIs were
negated in the statistical analysis (but not in the figure). Post hoc
tests indicated that the adaptive semantic paradigm (mean jLIj ¼
0.80 6 0.25) yielded higher LIs than the other 3 paradigms (all, t
(72)$ 3.05; all P # .003). The adaptive phonological paradigm
(mean jLIj ¼ 0.68 [SD, 0.31]) did not differ from the 2 standard
paradigms (all P $ .060), while the sentence completion paradigm
(mean jLIj ¼ 0.71 [SD, 0.25]) yielded higher absolute LIs than the
word generation paradigm (mean jLIj ¼ 0.60 [SD, 0.27], P¼ .003).

FIG 2. Activation maps for each paradigm. The color map indicates the number of individual
patients with activation, with a whole-brain ROI, relative threshold of 5%, and minimum cluster
extent of 2 cm3. Activation maps for patients with right-hemisphere dominance were flipped for
these maps. A, Adaptive semantic. B, Adaptive phonological. C, Sentence completion. D, Word
generation.

FIG 3. Lateralization indices by paradigm. Violin plots show the distri-
bution of patients. Red dots indicate patients with right-hemisphere
language, and blue dots indicate patients with bilateral language later-
alization. Teal dotted lines show cutoffs for lateralization categories.
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All 4 paradigms activated the frontal language region of the
dominant hemisphere in most patients (adaptive semantic: 73 of
73; adaptive phonological: 70 of 73; sentence completion: 72 of
73; word generation: 72 of 73) (Fig 4A). However, the 4 para-
digms differed in the extent of dominant-hemisphere frontal acti-
vation (F(3,216) ¼ 12.43, P, .001). Post hoc tests indicated that
the adaptive semantic paradigm produced the greatest extent of
activation (all P# .005), followed by the adaptive phonological
paradigm (all P # .031), then the 2 standard paradigms, which
did not differ from each other (P ¼ .83).

The 4 paradigms differed markedly in their capacity to activate
the dominant-hemisphere temporal language region (adaptive
semantic: 72 of 73; adaptive phonological: 52 of 73; sentence com-
pletion: 64 of 73; word generation: 37 of 73) (Fig 4B). The differ-
ences in the extent of activation in this region were statistically
significant (F(3,216) ¼ 90.06, P , .001). Post hoc tests indicated
that the adaptive semantic paradigm produced the greatest extent
of activation (all P , .001), followed by the sentence completion
paradigm (all P , .001), then the adaptive phonological paradigm
(P, .001), and finally, the word generation paradigm.

The 4 paradigms also differed markedly in their capacity to
activate the dominant-hemisphere anterior parietal language
region involved in phonological encoding (adaptive semantic: 7
of 73; adaptive phonological: 48 of 73; sentence completion: 9 of
73; word generation: 22 of 73) (Fig 4C). The differences in the
extent of activation in this region were statistically significant
(F(3,216) ¼ 70.12, P, .001). Post hoc tests indicated that the
adaptive phonological paradigm produced the greatest extent of
activation (all P , .001), followed by the word generation para-
digm (all P , .001), then the sentence completion paradigm
(P¼ .031), and last, the adaptive semantic paradigm.

Finally, the paradigms were compared in terms of the number of
patients for whom overall satisfactory language maps were obtained,
ie, correctly lateralized with dominant-hemisphere frontal and tem-
poral activations each exceeding 4 cm3. These proportions differed
significantly across the 4 paradigms (x 2[3] ¼ 50.14, P, .001)
(Table 2). The adaptive semantic paradigm met these 3 criteria in
the most patients (71 of 73, 97%), followed by the sentence comple-
tion paradigm (63 of 73, 86%), the adaptive phonological paradigm
(49 of 73, 67%), and the word generation paradigm (37 of 73, 51%).
All pair-wise differences were significant (Fisher exact test, all
P # .031), except for the difference between the phonological and
word generation paradigms (P¼ .064).

Neither test-retest reliability (F(3,216) ¼ 1.99, P ¼ .12) nor
head motion (F(3, 216) ¼ 0.97, P ¼ .41) differed across the 4
paradigms. The relative performance of the 4 paradigms was

Table 2: Proportions of patients with satisfactory language
maps

Paradigm Proportion Percentage
Adaptive semantic 71 of 73 97%
Adaptive phonological 49 of 73 67%
Sentence completion 63 of 73 86%
Word generation 37 of 73 51%

FIG 4. Sensitivity for identifying language regions in the dominant
hemisphere. Violin plots show the extent of activation in each region
for each paradigm. Red dots indicate patients with right-hemisphere
language, and blue dots indicate patients with bilateral language lateral-
ization. Horizontal lines show means. Teal dotted lines show cutoffs
for assessment of sensitivity. A, Inferior frontal language region. B,

Posterior temporal language region. C, Anterior parietal language
region.
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maintained across different choices of analysis parameters,
including ROIs, absolute or relative voxelwise thresholds, and
cluster-extent thresholds (Online Supplemental Data).

DISCUSSION
Our data indicate that the adaptive semantic paradigm has the
strongest psychometric properties of the 4 paradigms investigated,
and for most purposes, it is most likely to result in satisfactory
maps of individual patient language networks. For determination
of language lateralization and for identification of the frontal lan-
guage region of the dominant hemisphere, all 4 paradigms per-
formed well in most patients, and the advantages of the adaptive
semantic paradigm, though statistically significant, were modest.
However, for identification of the temporal language region of the
dominant hemisphere, the adaptive semantic paradigm performed
markedly better than the other 3 paradigms, and consequently, it
was the paradigm most likely to produce language maps that were
satisfactory overall.

In our clinical practice, we continue to use all 4 paradigms
whenever possible. A panel of tasks provides multiple fallback
possibilities, and several studies have demonstrated the advan-
tages of panels of tasks relative to single tasks.11,25,26 However,
there are often situations in which time is limited and paradigms
must be prioritized over one another. For example, patients who
are at risk of experiencing a seizure in the scanner or patients
who are claustrophobic may not be able to complete a full panel
of tasks. On the basis of our data, we recommend that the adapt-
ive semantic paradigm be administered first, so if a patient cannot
complete a full panel of tasks for any reason, the likelihood of
obtaining a satisfactory language map is maximized.

The only exception is in patients with tumors or epileptogenic
foci in the parietal lobe, for whom there is an interest in localizing
language regions with respect to the intended resection site. The
adaptive phonological paradigm excelled at activating the ante-
rior parietal language region, which is involved in phonological
encoding.20-23 This region was activated by this paradigm in
about two-thirds of the patients, greatly exceeding the other 3
paradigms, which usually do not reveal this language region.
Parietal resections are relatively uncommon relative to temporal
and frontal resections, but they are certainly sometimes indicated.
In these patients, the adaptive phonological paradigm should be
prioritized. Because sensitivity for this region was only 66%, we
recommend that the paradigm be repeated more than once
because it is likely that additional data would increase sensitiv-
ity.15 Other paradigms such as syllable counting, which also acti-
vates this region, could also be considered.15,20

There are several design factors that may account for the good
performance of the adaptive paradigms. First, the adaptive nature
of the tasks ensures that participants are always performing tasks
that are challenging, yet within their abilities. This feature means
that the language network is strongly driven during the language
condition, while other brain regions are robustly recruited during
the control condition, thus maximizing differences between the
conditions. Second, the control conditions are tightly matched to
the language conditions for task demands, thus avoiding spurious
activations due to visual processing, decision-making, and so
forth. Third, the combination of active decision-making and

comprehension is well-suited to activating both frontal and tem-
poral language areas in the case of the semantic task,27 while
reading and phonological encoding of pseudowords place a heavy
load on the phonological system in the case of the phonological
task.15 Another advantage of the adaptive tasks is that they allow
observation of responses and assessment of accuracy, which can
be helpful in the interpretation of atypical activation maps.

There are two practical considerations in using the adaptive
paradigms. First, an MR imaging–compatible button box is
required to collect the responses that are used to select subsequent
stimuli. Second, the adaptive language mapping software depends
on Matlab and Psychtoolbox, the former being expensive and the
latter requiring modest technical expertise to install correctly. A
stand-alone version of the adaptive language mapping software is
a priority for future work.

The present study has one noteworthy limitation, which is
that successful language mapping was defined relative to expected
patterns (lateralization and identification of known language
regions), rather than with reference to clinical outcomes after sur-
gery.28 Studies of outcomes in relation to alternative methods of
localizing eloquent regions are generally difficult to perform
because it would not be ethical to resect brain regions that one
method (but perhaps not another) indicated were critical for lan-
guage function. Therefore, the present evidence may be the
strongest that is feasible to obtain in practice.

CONCLUSIONS
We found that the adaptive semantic paradigm is most likely to yield
satisfactory language maps compared with the other paradigms
investigated, and we, therefore, recommend this paradigm in most
circumstances. When parietal localization is of particular concern, we
recommend the adaptive phonological paradigm. If there is sufficient
time, then we recommend that a panel of all 4 paradigms be used.
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Sagittal Angle of the Trigeminal Nerve at the Porus
Trigeminus: A Novel Measurement to Distinguish Different

Causes of Classic Trigeminal Neuralgia
B.F. Branstetter, N. Reddy, K. Patel, and R. Sekula

ABSTRACT

BACKGROUND AND PURPOSE: Classic trigeminal neuralgia is a clinical syndrome of facial pain, most often attributable to vascular
compression of the proximal cisternal segment of the trigeminal nerve and treatable with microvascular decompression of the
nerve. Some patients, however, meet all clinical criteria for classic trigeminal neuralgia yet do not respond to microvascular decom-
pression. Because the reasons for surgical failure are not well understood, the aim of this study was to determine if a subset of
patients with classic trigeminal neuralgia could be distinguished by measuring the angle of the trigeminal nerve in the sagittal plane
as the nerve traverses the porus trigeminus.

MATERIALS AND METHODS: We retrospectively identified patients with either classic trigeminal neuralgia (n ¼ 300) or hemifacial
spasm (n ¼ 300) who had undergone MR imaging, including 3-plane steady-state free precession imaging. Patients with hemifacial
spasm served as controls. On sagittal steady-state free precession images, we measured the angle of each trigeminal nerve as it
crosses through the porus trigeminus into the Meckel cave (SATNaPT). In patients with classic trigeminal neuralgia, we separated
the nerves into symptomatic and asymptomatic sides. We compared these 3 groups using the Student t test.

RESULTS: Control patients had a mean SATNaPT of 170° (SD, 11°) with a normal distribution. The contralateral asymptomatic nerve
in patients with classic trigeminal neuralgia had the same distribution of angles. The symptomatic nerves in patients with classic tri-
geminal neuralgia had a bimodal distribution; 83% of patients fell into the same distribution as the asymptomatic nerves, but the
other 15% had an average angle of 143° (SD, 7°). This difference was statistically significant (P , .0001).

CONCLUSIONS: Patients with the clinical syndrome of classic trigeminal neuralgia fell into 2 categories based on the radiologic
measurement of the SATNaPT. Most patients had an anatomically normal nerve that was affected by vascular compression, but
17% of these patients had aberrant anatomy that may cause or contribute to their clinical presentation. Further study is needed to
determine whether this subset of patients should receive a different surgery to better address their underlying anatomic abnormal-
ity. The SATNaPT measurement should be included in every MR imaging interpretation performed on patients with classic trigemi-
nal neuralgia.

ABBREVIATIONS: cTN ¼ classic trigeminal neuralgia; HFS ¼ hemifacial spasm; MVD = microvascular decompression; SATNaPT ¼ sagittal angle of the trigem-
inal nerve at the porus trigeminus; SSFP ¼ steady-state free precession

Trigeminal neuralgia is a syndrome of pain in the distribution
of the trigeminal nerve. Although trigeminal neuralgia can

be caused by diseases such as multiple sclerosis or tumors, the
most common form is classic trigeminal neuralgia (cTN). The
International Headache Society has established objective criteria
for the diagnosis of cTN, including paroxysms that last from a

fraction of a second to 2minutes; severe intensity of pain; electric,
stabbing, or sharp pain; and episodes precipitated by innocuous
stimuli to the face.1

In 80%–90% of patients, cTN is associated with arterial com-
pression of the trigeminal nerve.2,3 A tortuous artery, most fre-
quently the superior cerebellar artery, abuts (and often distorts or
displaces) the trigeminal nerve near its root entry point.4

Although not well-understood, pulsations from the artery pre-
sumably irritate the adjacent nerve, causing the characteristic
pain syndrome.

Voltage-gated sodium channel blockers such as carbamazepine
and oxcarbazepine are considered first-line therapy for cTN.1

Unfortunately, most patients progress despite medical therapy and
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eventually require surgery. The surgical procedure of choice is
microvascular decompression (MVD), in which the compressive
artery is isolated from the trigeminal nerve and an interpositional
pledget is placed between the artery and nerve to prevent further
injury. MVD has a high success rate when performed on patients
who meet all the criteria for cTN.2,5,6

MR imaging of the cranial nerves using high-resolution T2-
weighted sequences is the technique of choice for imaging patients
with cTN before surgery.4 The offending artery is identified, and the
degree of compression in quantified. This process is useful not only
for surgical planning, but it also conveys prognostic information.2,7

Some patients meet all the criteria for cTN yet still do not
respond to surgical therapy. Although the degree of neurovascular
compression and response to medication help predict which
patients will respond to MVD,7,8 there may be other anatomic dif-
ferences between responders and nonresponders that could predict
surgical success or suggest alternative treatments. In particular,
some patients have bony distortions of their skull base that result in
superior displacement of the porus trigeminus (the opening between
the prepontine cistern and the Meckel cave). This aberrant anatomy
displaces the trigeminal nerve upward, forming an acute angle
between the cisternal and cavernous portions of the nerve when
viewed in the sagittal plane. We refer to this angle as the sagittal
angle of the trigeminal nerve at the porus trigeminus (SATNaPT).

The purpose to this study was to establish normal measurements
for the SATNaPT in asymptomatic individuals and to determine
whether the SATNaPT differs between asymptomatic individuals
and patients with cTN.

MATERIALS AND METHODS
The institutional review board of University of Pittsburgh approved
this study as performed on retrospective data and thus waived
informed consent.

Patient Selection
From the surgical registry at the University of Pittsburgh, we
identified 300 consecutive patients with cTN who had undergone
MR imaging before surgery. We then identified 300 consecutive

patients with hemifacial spasm (HFS)
who had undergone MR imaging. All
patients in the registry were screened
for facial nerve and trigeminal nerve
symptoms; patients with both were
excluded from this study. Because the
patients with HFS had no symptoms at-
tributable to their trigeminal nerves,
they served as controls for measure-
ment of the trigeminal nerves. We
recorded age, sex, and symptom lat-
erality for all patients. All patients
were imaged between 2013 and 2018
at a single academic hospital. Patients
were excluded (and not counted to-
ward the total of 300 patients) if they
had been previously treated with
MVD or if motion artifacts prevented
measurement.

Imaging Protocol
Our MR imaging protocol for patients with presumed vascular
compression of the cranial nerves consists of sagittal T1 and axial
FLAIR images through the entire brain. Balanced steady-state
free precession (SSFP) images with dual excitation, which are of-
ten referred to by vendor acronyms such as FIESTA or CISS, are
performed in the axial, coronal, and sagittal planes through the
cranial nerves. We do not rely on reformatted images because we
have found them to be less reliable than multiplanar imaging,
allowing us to use a single protocol for evaluating compression of
the trigeminal, facial, and glossopharyngeal nerves. The SSFP
sequences use optimized TR and TE (usually about 5.5 and
2 ms), a flip angle of 65°, FOV of 18 cm, matrix of 384� 256, 1.0-
mm section thickness, 0.5-mm section interval, and NEX of 2.

Measurements
The images were evaluated by a single dedicated head and neck
radiologist with 20 years of experience in practice. On a single sag-
ittal SSFP image, the angle between the trunk of the trigeminal
nerve (in the prepontine cistern) and the uppermost branch of the
trigeminal nerve (within the Meckel cave) was measured (Fig 1).
This constitutes the SATNaPT. Each trigeminal nerve angle was
measured separately on each patient using the angle measurement
tool in the PACS. The observer was blinded to the patients’ symp-
toms and the scans were presented in random order.

Statistical Analysis
We analyzed 3 groups of nerves: asymptomatic nerves in control
patients, asymptomatic (contralateral) nerves in patients with
cTN, and symptomatic nerves in patients with cTN. Normal dis-
tribution of data was confirmed, and normal (bell-shaped) curves
were fitted to the histogram of angles in each population. For pop-
ulations with a bimodal distribution, the least-squares method
was used to optimize a sum of 2 normal curves. In anticipation of
similar normal distributions between left and right ears as well as
between control patients and uninvolved ears in patients with tri-
geminal neuralgia, equivalence testing was used to demonstrate

FIG 1. Sample measurements of the SATNaPT. Sagittal SSFP MR images show a normal angle of
166° (A) and a decreased angle of 120° (B). The angle measurements are shown below the nerves
to avoid obscuring the anatomy.
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similarities among these groups.9 The Student t test was used to
demonstrate pair-wise differences between those with affected tri-
geminal nerves and the other groups.

RESULTS
We accrued 306 patients with HFS as controls; 6 were excluded
because of excessive motion artifacts on their scans. Of the remain-
ing 300 controls, 88 (29%) were men and 212 (71%) were women,
with an average age of 56 years (range, 20�88 years). We accrued
331 patients with cTN; 13 were excluded for motion artifacts and
18 were excluded because they had prior MVD surgery. Of the
remaining 300 patients, 116 (39%) were men and 184 (61%) were
women, with an average age of 63 years (range, 23–87 years).
Although some patients had bilateral symptoms, 1 side was always
dominant and that side was considered symptomatic for our
analyses.

In the healthy population, the SATNaPT has an average value
of 170°. It follows a normal distribution with an SD of 11° (Fig 2).
Equivalence testing showed no differences based on sex, age
(dichotomized to the median), or side (left/right), using D ¼ 10°.
The asymptomatic (contralateral) nerves of patients with cTN also
have an average SATNaPT of 170° (SD, 11°). There was no statisti-
cal difference between the SATNaPT for controls and the asymp-
tomatic nerves of patients with cTN (P¼ .48).

The symptomatic nerves in patients with cTN followed a
bimodal distribution (Fig 2); 83% of patients had the larger peak,
which had an average SATNaPT of 170° (SD, 10°) (similar to that
in controls). The remaining 17% of patients had an average
SATNaPT of 143° (SD, 7°). The symptomatic nerves differed

significantly from the nerves in control patients and also the con-
tralateral asymptomatic nerves in patients with cTN (P, .0001).

DISCUSSION
We have identified 2 distinct groups of patients who present with
cTN. These 2 groups are distinguishable by the anatomy of the tri-
geminal nerve as it passes through the porus trigeminus. Most
patients have normal trigeminal nerve anatomy, and their symp-
toms are attributable to vascular compression in the traditional
model popularized by Jannetta.10

However, about one-fifth of patients have aberrant anatomy

with a decreased SATNaPT. It is unclear how this underlying anat-

omy, which is rare in the asymptomatic population, contributes to

the symptoms of cTN. One possibility is that the trigeminal nerve

becomes stretched as it extends over an elevated porus trigeminus;

this stretching may inherently injure the nerve or may make it

more susceptible to vascular compression. It is unclear whether

patients with a decreased SATNaPT are less likely to respond to

MVD; this is an area for further research that may provide insight

into the role that the SATNaPT plays in the pathogenesis of cTN.
This study is limited by its single-institution design, in which

all measurements were made by a single experienced radiologist.
We did not attempt to assess interobserver variability. Another
potential criticism of this work is that severe displacement of the
cisternal segment of the trigeminal nerve by a compressing artery
could result in a decreased SATNaPT, in which case the effect on
the SATNaPT would be a consequence of vascular compression
rather than a cause of disease. Subjective evaluation of the

FIG 2. Histogram of SATNaPT in different patient populations. The horizontal axis angle is measured in 5° intervals. The vertical axis is the per-
centage of patients. A best-fit normal curve is also shown for each histogram. Note that all curves are similar except the cTN curve, which has a
bimodal distribution in which 17% of the nerves form a separate population with decreased SATNaPT. Asympt indicates the contralateral asymp-
tomatic nerve in patients with cTN; Control, patient scanned for other reasons; Combined, all asymptomatic nerves (control plus Asympt).
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patients in our series does not support this theory because the
degree of nerve displacement was mild or absent in most patients
with a decreased SATNaPT.

It is difficult to define a precise threshold for an “abnormal”
SATNaPT because there is overlap between the patients with a
normal SATNaPT and those with a decreased SATNaPT.
Outcome analysis is needed to define an optimal cutoff point for
prediction of surgical success. However, a value below 150°
should prompt concern.

It is possible that patients with a decreased SATNaPT would
benefit from additional or different surgery at the time of MVD.
Further study is needed on the rates of coexistence between
radiologic vascular compression and decreased SATNaPT and on
outcomes for these groups of patients.

CONCLUSIONS
Patients with the clinical syndrome of cTN fall into 2 categories
based on the radiologic measurement of the SATNaPT. Most
patients have an anatomically normal nerve that is affected by
vascular compression, but 17% of these patients have aberrant
anatomy that may cause or contribute to their clinical presenta-
tion. Further study is needed to determine whether this subset of
patients should undergo different surgery to better address their
underlying anatomic abnormality. Radiologists should be aware
of this potentially important anatomic variant and should know
how to measure the SATNaPT.

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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Correlation between Histopathology and Signal Loss on
Spin-Echo T2-Weighted MR Images of the Inner Ear:

Distinguishing Artifacts from Anatomy
B.K. Ward, A. Mair, N. Nagururu, M. Bauer, and B. Büki

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging of the inner ear on heavily T2-weighted sequences frequently has areas of signal loss in
the vestibule. The aim of the present study was to correlate the anatomic structures of the vestibule with areas of low signal
intensity.

MATERIALS AND METHODS: We reviewed T2-weighted spin-echo MR imaging studies of the internal auditory canal from 27 cases
and cataloged signal intensity variations in the vestibulum of inner ears. Using a histologic preparation of a fully mounted human
ear, we prepared 3D reconstructions showing the regions of sensory epithelia (semicircular canal cristae, utricular, and saccular mac-
ulae). Regions of low signal intensity were reconstructed in 3D, categorized by appearance, and compared with the 3D histologic
preparation.

RESULTS: The region corresponding to the lateral semicircular canal crista showed signal loss in most studies (94%). In the utricle, a
focus of signal loss occurred in the anterior-cranial portion of the utricle and corresponded to the location of the utricular macula
and associated nerve on histopathologic specimens (63% of studies). Additional areas of low signal were observed in the vestibule,
corresponding to the fluid-filled endolymphatic space and not to a solid anatomic structure.

CONCLUSIONS: Small foci of signal loss within the inner ear vestibule on T2-weighted spin-echo images correlate with anatomic
structures, including the lateral semicircular canal crista and the utricular macula. More posterior intensity variations in the endo-
lymphatic space are likely artifacts, potentially representing fluid flow within the endolymph caused by magneto-hydrodynamic
Lorentz forces.

MR imaging of the temporal bone and lateral skull base has
become common practice in the work-up of many clinical

conditions, including sensorineural hearing loss, cholesteatoma,
and infections of the lateral skull base. Increasingly, attention is
being directed to the inner ear, for example in decisions about
cochlear implant candidacy and in patients with Ménière dis-
ease.1-3 The inner ear has been difficult to image with MR

imaging techniques due to its small size and environment, which
includes a mixture of tissues of different proton densities, leading
to susceptibility artifacts.4 T2*-weighted sequences using either
gradient-echo (eg, CISS) or FIESTA are used at many centers but
are prone to banding artifacts.5 Other centers have used 3D fast
spin-echo sequences (T2-weighted sampling perfection with
application-optimized contrasts by using flip angle evolution
[SPACE; Siemens]), which are less prone to magnetic susceptibil-
ity artifacts.6

In T2-weighted images generated using SPACE sequences, the
labyrinthine fluids have a high signal intensity in sharp contrast
with the low signal intensity of the surrounding bone of the otic
capsule. The vestibule, however, is not entirely homogeneous, often
showing patchy or filamentous areas of lower signal intensity. In
the internal auditory canal, areas of low signal intensity on SPACE
sequences are considered anatomic structures such as nerves and
blood vessels. The increasing attention paid to inner ear structures
on T2-weighted sequences prompted us to assess these areas of
reduced signal intensity in the context of labyrinthine anatomy.
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Our aim in this retrospective study was to classify these foci of
low signal intensity within the vestibulum according to their topog-
raphy and to determine whether they correspond to anatomic
structures.

MATERIALS AND METHODS
Research Design and Patients/
Subjects
In this retrospective study, we reviewed
T2-weighted SPACE sequence MR ima-
ges from patients who were examined at
the Department of Otolaryngology, Karl
Landsteiner University Hospital Krems,
Krems an der Donau, Austria, between
January 1, 2019, and June 30, 2020.
The study had been authorized by the
Bioethics Committee of Lower Austria
(GS4-EK-4/676–2020). All patients were
older than 18 years of age, and in all
cases, the radiologic evaluation showed
normal high signal intensity represent-
ing the fluid-filled spaces of the inner
ear, including the cochlea, vestibule, and
semicircular canals.

MR Imaging Data Acquisition and
Processing
The SPACE technique consists of a 3D-
fast (turbo) spin-echo acquisition using
very long echo-train lengths (typically
100–250 echoes), ultrashort echo spac-
ing (typically 3–4 ms), nonselective refo-
cusing pulses, and reduced flip angles.
The examinations used a Magnetom
Verio 3T MR imaging system (Siemens)
with the following sequence parameters:
TR, 1000ms; TE, 135ms; section thick-
ness, 0.5mm; bandwidth, 289Hz/pixel;
flip angle, 120°; echo spacing, 6.84ms.

The MR imaging SPACE sequences
were evaluated independently by 2 inves-
tigators for foci of low signal intensity in
the vestibule without any processing
using the DICOM viewer MagicView
DANUBE (Siemens). Images were exp-
orted as JPEGs, and a scalar volume was
created using Slicer (Version 4.10.2;
http://www.slicer.org). The areas of low
signal intensity in the vestibule were
manually defined and registered in
Slicer. The MR images were then three-
dimensionally reconstructed (as illus-
trated in Fig 1A).

Processing of the Histology
Sections
One normal ear (left side) from the tem-
poral bone collection of the Otopathology

Laboratory at the Massachusetts Eye and Ear Infirmary was exam-
ined (National Institute on Deafness and Other Communication
Disorders National Temporal Bone Registry; institutional review
board ethical commission permission number: 92–04-017X). The

FIG 1. Demonstration of a morphologic fitting procedure, which was applied to search for corre-
lations between MR images and anatomy observed in histologic sections. A, Inner ear fluid-filled
spaces (right ear) as seen in the SPACE images were reconstructed in 3D (the 3D reconstruction
has been mirrored to fit the anatomy of the left ear). Red: Note 2 landmarks in the MR images: an
indentation in the region of the lateral canal crista (green arrow) and a diamond-shaped area of
low signal (blue arrow). B, 3D reconstruction of the histologic sections (left ear) showing the lat-
eral canal crista (LC), utricular macula (UM), and saccular macula (S). C, The two 3D reconstructions
(MR imaging and histology) are fitted together according to their outer (perilymphatic) fluid
boundary. D, Results of the fitting (green: histologic endolymphatic space of the utricle and semi-
circular canals). E, The composite fitted MR imaging and histologic 3D compartments are re-sec-
tioned in the plane of the MR imaging sections to create a virtual MR image based on histology in
which the regions with low signal intensity are embedded. In this image, the indentation in the
region of the lateral canal crista on MR imaging (red) is colocalized with the same structure from
histology (blue) and the diamond-shaped area shown in red projected more cranially to the utric-
ular macula (blue).
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donor was a 71-year-old man, and the specimen was acquired
14 hours postmortem. The ear was horizontally sectioned (ie, in
the axial plane) with a section thickness of 20mm with every sec-
tion stained with H&E and mounted. The histologic slides were
scanned using an Aperio AT2 scanner and viewed using Aperio
ImageScope (Leica Biosystems). The ROIs were captured using a
resolution of 3264 � 1836 and stored in JPEG format. Anatomic
details such as the lateral canal crista, utricular macula, and saccu-
lar macula were manually defined and registered in Slicer. The
440 images were manually aligned using Fiji ImageJ (National
Institutes of Health, Bethesda) and three-dimensionally recon-
structed using Slicer 7 (as illustrated in Fig 1B). By means of
Blender 2.82 (https://www.blender.org/download/releases/2-82/),
a composite 3D model of the temporal bone histology including
membranous spaces was built and virtually re-sectioned in the
plane of the MR image sections. This process was necessary
because the histologic sections are much thinner than the MR
image slices, and the radiologic plane differed from the plane of
the histologic sections.

Preliminary Fitting of the MR Images to the Histology
After the 3D reconstruction of the histologic sections was com-
pleted, the 3D MR imaging and 3D histology were scaled and fit.
Using Blender, the location of the areas of low signal intensity on
MR imaging were compared with the anatomic details from the
reconstructed histology of the inner ear (Fig 1). After patterns of
low signal intensity were identified, to focus on normal anatomy,
we excluded patients with a diagnosis of a peripheral vestibular
disorder from the final analysis.

Statistical Methods
The frequency of observation of areas of low signal intensity was
compared between the left and right inner ears using a Fisher
exact test. Statistical analyses were performed using Graph
Pad Prism, Version 5.03 for Windows (GraphPad Software). A P
value, .05 was considered statistically significant.

RESULTS
Originally 43 cases were identified that met the inclusion criteria.
After a preliminary examination of the MR images for regions of
low signal intensity, 5 patterns of low signal intensity in the vesti-
bule were identified (Fig 2): 1) a focus near the anterior takeoff of
the lateral semicircular canal; 2) the anterior-cranial part of the
vestibule we called the utricular root; 3) a rhomboid or diamond-
shaped filamentous area of decreased signal within the middle
portion of the vestibule; 4) a focus near the saccule (saccular
region); and 5) a focus in the posterior vestibule. The MR imaging
SPACE sequences were evaluated independently by 2 investigators
and the interrater agreement for identifying the regions of low sig-
nal intensity for the 2 examiners was 97.9% (Cohen k ¼ 0.907).

After the classification of these ROIs, 5 cases with the clinical
diagnosis of vestibular neuritis, 3 cases with Ménière disease, and
8 cases with benign paroxysmal positional vertigo were excluded
from the analysis because we intended to focus on normal periph-
eral vestibular anatomy. Ultimately, scans from 27 patients (13
women, 14 men) were processed (average age, 63 years; range,
35–89 years). Clinical diagnoses were hypertensive crisis (n ¼ 3),
idiopathic sudden hearing loss (n ¼ 12), tinnitus (n ¼ 2), central
downbeat nystagmus (n ¼ 1), minor cerebral hemorrhage

FIG 2. Landmarks identified in the MR images (upper row) and in the histologic images (middle row; red: foci of low intensity from the MR imag-
ing projected into the histologic section after the 3D fitting procedure). Red: MR imaging hypointensities reconstructed in 3D. Dark blue: utricu-
lar macula. Transparent green: endolymphatic space. Light blue, saccule (for an explanation also see D). Lower row: Schematic drawing depicting
the 5 areas of interest. A, Lateral canal crista. B, Utricular root region. C, Utricular “diamond.” D, Focus of low intensity in the saccular region. E,
Focus of low intensity in the posterior vestibulum. Red: ROIs, statistically evaluated.
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(n¼ 1), subependymal tumor (n¼ 1), migraine (n¼ 1), transient
ischemic attack (n ¼ 2), trigeminal neuralgia (n ¼ 1), syncope
(n¼ 2), and vestibular schwannoma (n¼ 1).

The Table shows the frequency of the areas of low signal inten-
sity for the left and right inner ears. The indentation caused by
low signal intensity near the anterior takeoff of the lateral semicir-
cular canal corresponded, on histology, to the lateral semicircular
canal crista and was found in 93% of the right ears and in 96% of
the left ears (Fig 2A). A signal loss adjacent to the anterior-supe-
rior part of the bony vestibule corresponded to the attachment or
“root” of the utricular macula and could be seen in 63% of both
left and right inner ears (Fig 2B). The remaining 3 areas of low sig-
nal intensity within the vestibule did not correspond to solid ana-
tomic structures on the histologic specimen. The rhomboid or
diamond-shaped area of reduced signal in the middle of the vesti-
bule was observed with variable frequency for the inner ears on
both sides, being significantly more commonly seen in the right
inner ear than in the left (85% versus 48%, significant by the
Fisher exact test; the 2-tailed P value ¼ .0084) (Fig 2C). The low
signal around the anatomic location of the saccule was not found
in the final group of examined ears. The regions of low signal in-
tensity were decided before excluding cases of peripheral vestibu-
lar disorders (Materials and Methods). There was 1 right ear in
which a focus of low signal intensity was seen in this saccular
region, and this case was excluded because of the diagnosis of ipsi-
lateral benign paroxysmal positional vertigo (Fig 2D). In the more
posterior-caudal region of the vestibule a small, round focus of
low signal intensity was seen in 93% of right ears and 74% of the
left inner ears (not significantly different by the Fisher exact test;
the 2-tailed P value ¼ .1415) (Fig 2E). The diamond-shaped area
of low signal in the middle of the vestibule and the small round
gray area in the posterior-caudal vestibule projected into the fluid-
filled endolymphatic spaces on histology (Fig 2C, -D).

DISCUSSION
In this study, by comparing conventional spin-echo T2-weighted
images with a detailed 3D histologic reconstruction of inner ear
anatomy, we found 2 inner ear anatomic structures that can be
identified frequently by reduced signal intensity and 2 areas of
low signal that do not correspond to a solid anatomic structure.
An indentation is found consistently on both right and left inner
ears at the anterior attachment of the lateral semicircular canal to
the vestibule, corresponding to the anatomic position of the lat-
eral semicircular canal crista. More medially and somewhat
caudal from the crista, foci of low signal intensity were observed
in more than half of the cases on both sides approximately at the
anatomic position of the root of the utricular macula. The bulk of

the utricular root spreads over 400 mm
along the z-axis (ie, 20 histologic slices),
and the section thickness of the MR
images was 500mm, which means that
this tiny tissue mass protruding into
the fluid-filled vestibule may have been
missed due to partial volume averaging,
with the high signal intensity of the sur-
rounding fluid perhaps accounting for
its being found only in 63% of the ears.

The frequency by which the root of the utricular macula could be
seen was exactly the same on the left and right sides, supporting
the hypothesis that the signal loss corresponds to an anatomic
structure.

The additional 2 areas of low signal intensity within the vesti-
bule did not correlate with solid anatomic structures but rather
corresponded to regions of the endolymph-filled space of the ves-
tibule on histology. The inner ear houses a thin membranous laby-
rinth that contains potassium-enriched fluid called endolymph
and is surrounded by sodium-enriched perilymph. The sensory
epithelia of the inner ear are located within the endolymph-filled
space of the membranous labyrinth. The composition of these flu-
ids is like water, indicating that endolymph and perilymph ought
to have similar proton density and therefore a similar signal inten-
sity on T2-weighted spin-echo images. The loss of signal within
this space is likely an artifact.

An advantage of T2-weighted spin-echo sequences like
SPACE over T2*-weighted gradient-echo sequences is fewer mag-
netic susceptibility artifacts.8 T2-weighted TSE sequences like
SPACE, however, are especially susceptible to movement arti-
facts.9 The imaging characteristics of CSF cause it to manifest as
intense signal on T2-weighted images.10 The loss of signal,
caused, for instance, when protons in fluid move during image
acquisition, is called a flow void. Although considered an artifact,
flow void has been used to examine the movement of the CSF in
cases with normal-pressure hydrocephalus.11-14 Areas of low sig-
nal intensity within the CSF can be caused by CSF flow-related
phenomena and are divided into 2 categories: time-of-flight
(TOF) effects and phase-related effects from turbulent flow, with
turbulent flow creating greater loss of signal.10

Previously, the inner ear was modelled as a closed system with
relatively little fluid flow. Increasingly, however, attention is being
paid to flow phenomena in the inner ear.15 In 2011, Roberts et al16

discovered that healthy humans have a beating of the eyes called
nystagmus in MR imaging machines of at least 3T. They reported
nystagmus in all (n ¼ 10) of their healthy human volunteers with
the effect being greater at 7T than at 3T magnetic fields. The
authors proposed that the effect is caused by a magneto-hydrody-
namic Lorentz force occurring in the inner ear vestibule, induced
by the interaction of normal ionic currents entering utricle hair
cells and the strong static magnetic field of the MR imaging
machine.16,17 The Lorentz force has been attributed primarily to the
ionic currents within endolymph associated with the utricle, though
the effect would not be on the utricle macula and hair cells them-
selves but through the movement of the endolymph into the nearby
openings of the lateral and superior semicircular canals, pushing on
the cupulae and producing a nystagmus.17 The nystagmus effect

Frequency of foci of low signal intensity among vestibular ROIs

ROIs (No.)
Lateral

Semicircular
Canal Crista

Utricular
Root
Region

Utricular
“Diamond”

Saccular
Region

Posterior
Vestibular
Region

Right side 25/27 (93%) 17/27 (63%) 23/27 (85%) 0/27 (0%) 25/27 (93%)
Left side 26/27 (96%) 17/27 (63%) 13/27a (48%) 0/27 (0%) 20/27 (74%)

a Significant difference between left and right sides (Fisher exact test, 2-tailed P value ¼ .0084).
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persists the entire time the person lies within the static magnetic
field, physiology that could only occur if there was a continuous
fluid flow constantly displacing the semicircular canal cupulae. On
the 3D reconstruction in this study, additional foci of low signal
were located within the endolymph space, both cranial to the utric-
ular root and in the posterior vestibule, the first of which corre-
sponds directly to the location of endolymphatic fluid vortices that
could cause the nystagmus observed in MR imaging machines.

We hypothesized that the 2 foci of low signal within the vesti-
bule that do not correlate with anatomic structures are caused by
local endolymph movement. Low signal from TOF effects occurs
in spin-echo imaging like SPACE sequences when protons do not
experience both the initial radiofrequency pulse and the subse-
quent radiofrequency refocusing pulse. Turbulent flow results in a
broader spectrum of proton velocities and a wide range of flow
directions that are not seen in laminar flow. The varied flow veloc-
ities and directions result in more rapid dephasing and signal loss,
termed “intravoxel dephasing.”10,18 TOF effects are also more pro-
nounced (lower signal) with faster proton velocity, thinner slices,
longer TEs, and an imaging plane perpendicular to flow.10 In our
case, the section thickness was 0.5mm; the TE was long at 135ms;
and the imaging plane was perpendicular to the hypothetic flow
direction (Fig 3). The frequency of these putative flow void arti-
facts was different between the ears on the left and right sides,
potentially related to the mirrored anatomy across the ears, yet
with the identical direction of flow based on the mechanism of the
Lorentz force. These factors all may have augmented the flow arti-
facts even with a relatively slow-but-turbulent flow in the vestibule.

A limitation of the study is that only
1 normal cadaveric temporal bone was
fully processed and reconstructed to
compare with the MR images of the
study population. Observations from the
cadaver may not correlate perfectly with
findings in the imaged patients. The spa-
tial resolution of a 3D reconstructed,
fully processed cadaveric specimen
exceeds that of standard histologic prep-
arations, and due to the time-intensive
process of digitizing and manually align-
ing the specimen, few fully processed
specimens have been reported in the lit-
erature.19,20 Nevertheless, on the basis of
the appearance of normal labyrinthine
fluid spaces from other lower-resolution
specimens, we are confident that the
specimen used in this study represents a
typical distribution of the different scalar
volumes in a normal specimen.

In this study, we excluded cases in
which pathology may have affected the
peripheral vestibular system. The aim
was to describe the findings in the nor-
mal inner ear; however, the included
participants all had a clinical indica-
tion for the imaging study that may
have affected the frequency of the

observed findings. Nevertheless, the findings may have implica-
tions for patients who could demonstrate different patterns of
low signal intensity, as in the single case in which low signal was
seen near the saccule in an individual with ipsilateral benign
paroxysmal positional vertigo but in none of the cases without a
peripheral vestibular disorder. In cases with utricular endolym-
phatic hydrops, flow void artifacts may appear differently com-
pared with normal ears. Changes in inner ear signal intensity,
for instance in cases with dysfunction of the utricular macula
(vestibular neuritis) or intralabyrinthine schwannoma, could
benefit from more precise localization of affected inner ear
structures. More precise localization of signal abnormalities can
aid clinicians treating patients with inner ear abnormalities.

CONCLUSIONS
In this study, we identified foci of low signal intensity in the vesti-
bule in T2-weighted spin-echo MR images. While some areas of
low signal corresponded on histology to structures like the lateral
semicircular canal crista and the utricular macula, others corre-
sponded to the fluid-filled endolymphatic space of the utricle. We
hypothesize that these latter areas are artifacts caused by fluid
movements in the endolymphatic space and could result from
magneto-hydrodynamic Lorentz forces.
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ORIGINAL RESEARCH
HEAD & NECK

Exploratory Study of the Brain Response in Facial Synkinesis
after Bell Palsy with Systematic Review and Meta-analysis of

the Literature
N.A. Krane, M. Loyo, J. Pollock, M. Hill, C.Z. Johnson, and A.A. Stevens

ABSTRACT

BACKGROUND: Facial synkinesis, characterized by unintentional facial movements paired with intentional movements, is a debilitat-
ing sequela of Bell palsy.

PURPOSE:Our aim was to determine whether persistent peripheral nerve changes arising from Bell palsy result in persistent altered
brain function in motor pathways in synkinesis.

DATA SOURCES: A literature search using terms related to facial paralysis, Bell palsy, synkinesis, and fMRI through May 2021 was
conducted in MEDLINE and EMBASE. Additionally, an fMRI study examined lip and eyeblink movements in 2 groups: individuals
who fully recovered following Bell palsy and individuals who developed synkinesis.

STUDY SELECTION: Task-based data of the whole brain that required lip movements in healthy controls were extracted from 7
publications. Three studies contributed similar whole-brain analyses in acute Bell palsy.

DATA ANALYSIS: The meta-analysis of fMRI in healthy control and Bell palsy groups determined common clusters of activation
within each group using activation likelihood estimates. A separate fMRI study used multivariate general linear modeling to identify
changes associated with synkinesis in smiling and blinking tasks.

DATA SYNTHESIS: A region of the precentral gyrus contralateral to the paretic side of the face was hypoactive in synkinesis during
lip movements compared with controls. This region was centered in a cluster of activation identified in the meta-analysis of the
healthy controls but absent from individuals with Bell palsy.

LIMITATIONS: The meta-analysis relied on a small set of studies. The small sample of subjects with synkinesis limited the power of
the fMRI analysis.

CONCLUSIONS: Premotor pathways show persistent functional changes in synkinesis first identifiable in acute Bell palsy.

ABBREVIATIONS: ALE ¼ activation likelihood estimate; BLINK ¼ eye blinking; BP ¼ Bell palsy; HC ¼ healthy controls; PoC ¼ postcentral gyrus; PrC ¼ pre-
central gyrus; SMILE ¼ smiling; REST ¼ rest blocks

Facial synkinesis is characterized by unintentional facial move-
ments occurring simultaneously with intentional movements

and develops weeks or months after facial nerve injury, most com-

monly following Bell palsy (BP). Periocular, midface, perioral,

chin, and neck muscles can all be affected by synkinesis. Most

commonly, facial synkinesis manifests as inadvertent lip move-

ment during blinking or unintentional eye closure with smiling

(Online Supplemental Data). The smile is frequently affected;

patients often have uncoordinated activation of oral elevators and

depressors, resulting in a lack of oral commissure elevation. The

resulting asymmetric appearance of the face and uncoordinated fa-

cial movements impair facial expressions and conveyance of emo-

tions, thereby negatively impacting a patient’s social life, work life,

and self-image, which may lead to social isolation.1

Although the initial lesion in BP localizes outside the CNS, there
is evidence that injury extends to the facial nucleus in the pontine
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brainstem, resulting in disorganized motor neuron axonal projections
and loss of somatotopic organization.2,3 In animal models, injury of
the facial nerve results in loss of somatotopic organization of the facial
nucleus.2 The degree of somatotopic reorganization depends on the
degree of injury and may contribute to abnormal recovery from BP
and the development of synkinesis.4,5 Furthermore, synkinesis is
thought to occur secondary to both aberrant peripheral nerve regen-
eration and neuronal reorganization in the facial nucleus following re-
covery from the original facial nerve injury.6 CNS alterations may,
therefore, reflect compensatory mechanisms compounding the pe-
ripheral nerve abnormality that patients with synkinesis experience,
but this idea has not yet been explored.

Although there are data indicating that CNS changes occur in
patients with BP in the acute phase of illness,7-9 which may persist
in some brain regions following recovery,9 there are scarce data on
the changes in the brain due to synkinesis.10 In this study, we used
fMRI during motor tasks that elicit facial synkinesis to characterize
the brain changes associated with synkinesis. We first performed a
meta-analysis of fMRI studies of facial movements in healthy con-
trols (HC) and individuals scanned during acute BP to identify
brain regions where there was convergent validation of brain activity
specifically related to lip movements. Then, using fMRI to study fa-
cial movements in participants with synkinesis and those who had
fully recovered following BP (control), we tested whether activation
differences between the synkinesis and control groups converged on
the regions identified in the meta-analysis. We hypothesized that
synkinesis reflects persistent alterations in brain somatomotor path-
ways reported to be affected by BP; therefore, areas consistent with
BP-related changes may also be affected in synkinesis.

MATERIALS AND METHODS
Systematic Review
A literature search using the Medical Subject Headings search
terms, “facial paralysis,” “bells palsy,” “facial nerve disease,” “facial
nerve paralysis,” “synkinesis,” “facial nerve,” “MR imaging,” “brain
mapping,” “fmri,” “hemifacial,” was conducted from 1990 to May
5, 2020, to identify articles published in MEDLINE and EMBASE.
Articles with only abstracts available, nonhuman studies, and non-
English articles were excluded. Three independent investigators
(N.A.K, M.L, and A.A.S.) reviewed the articles and collected data
on standardized forms following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines. Inclusion crite-
ria required studies that performed whole-brain analyses, used
tasks requiring lip movement (smiling or lip pursing), and were
contrasted to a resting condition; included participants with a his-
tory of BP and/or healthy individuals; and included BP participants
imaged during the acute phase of illness. Studies were excluded if
they were performed using a priori ROI-based analyses, rather
than whole-brain analysis. While ROI-based studies are typically
well-justified as a way to control statistical power and test specific
hypotheses,9,11 they cannot be used in the meta-analysis because
they introduce spatial biases associated with the selected brain
regions.

Whole-Brain Meta-analysis
The meta-analysis of fMRI studies of facial movements in HC and
BP groups was performed using the GingerALE software (Versions

3.0.2; http://www.brainmap.org).12-14 This approach estimates the
above-chance probability of spatial clustering of activation loci
from separate experiments compared with a random distribution
across the spatial extent of the brain.13 The activation likelihood
estimate (ALE) determines the spatial consistency across studies an-
alyzed. The activation peaks of each study are modeled as spatial
Gaussian distributions weighted by the sample size of the study.
The distributions across studies estimate the modeled activation at
each voxel.14 The resulting ALE is compared with a probability of a
null distribution generated by a permutation test (1000 permuta-
tions).14 ALE maps are thresholded using a cluster-level family-wise
error and a cluster-size threshold to reduce the probability of false-
positive clusters.

Data in the included studies from the meta-analysis were con-
verted into the Montreal Neurological Institute Colin27 template
(http://neuro.debian.net/pkgs/mni-colin27-nifti.html) coordinate
space. Data from BP groups were aligned so that the paretic side
was on the left side of the body. For the studies that reported
alignment of the paretic side of the face on the right, the left/right
x-coordinates were flipped (positive-negative) for consistency.

Exploratory fMRI Study Methods
The study was approved by the Oregon Health & Science
University institutional review board. Participants were identi-
fied for recruitment by searching the electronic medical record
for International Classification of Diseases codes consistent
with the diagnosis of BP.

Participants
Individuals were screened for eligibility on the basis of the follow-
ing criteria: .1 year from the onset of BP and 18 years of age or
older. Participants were excluded if pregnant, lacked decision-mak-
ing capacity, were unable to safely undergo MR imaging, and/or
had a history of viral skin lesions, epilepsy, dementia, brain tumors,
multiple sclerosis, or stroke. Two groups of participants were
enrolled: individuals with synkinesis following BP and a control
group who fully recovered following BP.

All participants provided informed consent and underwent clin-
ical assessment of their facial function, including photography/vid-
eography to capture the face at rest and during smiling and eye
blinking. Photographs and videos were evaluated to assess facial
function using the electronic clinician-graded facial function scale
(eFACE; https://eface.ai/).15 eFACE provides reliable and reproduc-
ible measurements of facial function and disfigurement in those
with facial paralysis.15 Additionally, participants completed the
Synkinesis Assessment Questionnaire, a validated patient-graded
instrument designed to assess facial synkinesis.16 Hand dominance
was assessed by the Edinburgh Handedness Inventory.17

Image Acquisition
Scanning took place at OHSU’s Advanced Imaging Research Center
using a 3T Magnetom Prisma whole-body scanner (Siemens), fitted
with a 32-channel head coil. A T1-weighted MPRAGE anatomic
scan was acquired with the following parameters: TR/TE ¼ 2.4 sec/
2.22ms, TI ¼ 1.0 sec, flip angle ¼ 8°, matrix ¼ 320 � 300, FOV ¼
320 � 300, section orientation ¼ sagittal, voxel size ¼ 1.0 � 1.0 �
0.8mm. fMRI data consisted of 4–6 EPI blood oxygen level–
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dependent scans. Scans were acquired with the following parame-
ters: TR/TE ¼ 2000/30ms, flip angle ¼ 90°, slices ¼ 35, in-plane
resolution¼ 2� 2mm, section thickness¼ 2 mm, volumes¼ 140,
acquisition time¼ 4 minutes 46 seconds.

Participants practiced and then performed a series of motor
tasks during fMRI acquisition. Each scan contained alternating
blocks of bilateral eye blinking (BLINK) and smiling (SMILE) sepa-
rated by rest blocks (REST). These specific movements were chosen
given the high likelihood of involvement of the smile and/or ble-
pharospasm in facial synkinesis. Each block was 16 seconds long
and repeated 5 times during each scan. A recorded message pre-
sented through MR imaging–compatible in-ear speakers (http://
www.sensimetrics.com, model S-15) spoke “ready” 2 seconds before
the onset of each block and then repeated the gesture to be executed
(SMILE or BLINK) at 0.5Hz during the task blocks to maintain a
similar cadence between all participants. A “rest” command was
presented at the beginning of the REST block.

The fMRI data were preprocessed and analyzed using the
Analysis of Functional Neuro Images (AFNI) software suite (https://
afni.nimh.nih.gov/). Slices from each volume were temporally
aligned to account for differences in section time acquisition, motion
corrected by realigning each volume to the minimum outlier volume
from each fMRI time-series, and then aligned to the high-resolution
anatomic volume. All runs were concatenated and voxel intensities
were normalized and spatially smoothed with a 5.0-mm Gaussian
filter. The 6 motion estimates and their derivatives were entered as
nuisance regressors into the model. Volume-to-volume displace-
ments of .0.3mm in each time-series were censored in the

regression model. The “ready” and
“REST” signals were included as nui-
sance variables. The regressors for
SMILE and BLINK were separately
modelled with a canonical hemody-
namic response function convolved
with the task blocks. The data were
aligned to the Montreal Neurological
Institute 152_2009c template using lin-
ear and nonlinear warps to permit
group-level data analysis. Synkinesis
data were aligned with the synkinetic
side on the left of the body.

Statistical analyses of the fMRI data
were first performed at the subject-level
and then entered into a group-level anal-
ysis using a linear mixed-effects analysis
with 1 between-groups (control, synki-
nesis) factor and 1 (SMILE, BLINK)
within-groups factor.18 A spatial thresh-
old filter of 100 contiguous voxels was
applied, and the family-wise error signifi-
cance threshold was set to P, .005.

RESULTS
Systematic Review and Whole-
Brain Meta-analysis
Following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses

guidelines, 14 articles were identified for full review (Online
Supplemental Data). For the final meta-analysis, task-based data
involving smiling were extracted from 7 publications, of which 5
studies included HC groups (Buendia et al;19 Calistri et al;20

Hesselmann et al;21 Song et al;11 Wang et al22) with a total com-
bined sample size of 103 participants and 33 separate foci reported.
Three studies contributed whole-brain analysis of acute BP partici-
pants (Calistri et al;20 Klingner et al;23 Klingner et al24) with a total
combined sample of 78 BP participants and 60 foci reported across
paretic and nonparetic sides (Online Supplemental Data).

The meta-analyses for the HC and BP studies were performed
separately. In the HC group analysis, we identified 4 major clusters
associated with lip movements (Fig 1 and Online Supplemental
Data): 1) the left hemisphere comprising foci in the precentral
gyrus (PrC) and postcentral gyrus (PoC); 2) along the medial wall
of the prefrontal cortex; and 3) the left hemisphere, analogous to
the first cluster, including the PrC and PoC; and 4) the right
cerebellum.

The BP meta-analysis showed substantial overlap with the HC
group in the left hemisphere (Fig 1 and Online Supplemental
Data) ipsilateral to the paretic side, including the PrC and extend-
ing anteriorly into the middle frontal gyrus. The second cluster
was detected along the medial wall of the prefrontal cortex, simi-
lar to the findings in the HC studies. A third cluster lay anterior
and inferior to the second cluster in the anterior cingulate gyrus.

A random-effects conjunction analysis of ALE maps14 from the
HC and BP groups indicated consistency between the groups along
the medial wall of the frontal lobe (Online Supplemental Data). A

FIG 1. ALE of the foci for HC studies (blue) from the 5 separate studies (n ¼ 103) and BP studies
(red) from 3 separate studies (n ¼ 78). Yellow arrows indicate the location of significant ALE in the
cerebellum of the HC group. Yellow chevrons indicate significant ALE in the left precentral gyrus,
exclusively in the HC analysis. The lower row shows the same results on glass brains. Numbers indi-
cate Montreal Neurological Institute z-coordinates. Left (L) is on left. R indicates right.
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second volume of conjunction appeared in the left hemisphere at
the junction of the PrC and PoC (Online Supplemental Data). A
contrast analysis performed to identify differences between the
groups detected no significant differences between clusters.
Nevertheless, we noted in the BP group analysis no detection of a
cluster in the right PrC and PoC areas, as was observed in the HC
analysis.

Results of the fMRI Study
A total of 14 subjects, all right-handed, were included in the study;
7 subjects (1 woman) in the control group (61 [SD, 12] years of
age) and 7 subjects (6 women) in the synkinesis group (60 [SD,
15] years of age). The control mean Synkinesis Assessment
Questionnaire was 23.2 (SD, 4.77), compared with 73.3 (SD, 20.16)
(P, .01) in synkinesis, consistent with facial synkinesis. The mean
eFACE synkinesis score was 99.0 (SD, 1.91) in the control group
and 70.6 (SD, 16.1) in the synkinesis group (P, .01), while the
mean eFACE dynamic score was 97.9 (SD, 1.78) in the control
group and 77.0 (16.1) in the synkinesis group (P ¼ .02), confirm-
ing synkinesis and asymmetry with movement in the synkinesis
group.

Using fMRI, the SMILE task produced greater signal change
than BLINK bilaterally in the somatomotor areas, with activation
foci centered on the central sulcus and the BLINK task producing
greater signal change in the medial occipital cortex in areas
corresponding to primary and secondary visual areas (Online
Supplemental Data). The control group demonstrated greater acti-
vation across both SMILE and BLINK tasks in the medial supple-
mentary motor cortex (Online Supplemental Data).

A single cluster associated with a group by task interaction
was detected in the right PrC extending into the central sulcus,
contralateral to the synkinetic side of the face (Fig 2). The interac-
tion effect was examined by extracting b coefficients from the
right PrC cluster for each subject, revealing that the synkinesis
group had significantly lower signal in the SMILE condition

compared with controls (Wilcoxon sum rank test: W ¼ 42, P ¼
.026) but did not differ under the BLINK condition (W ¼ 28,
P ¼ .710) (Fig 2). No clusters associated with the BLINK task dif-
fered between the 2 groups.

DISCUSSION
Facial paralysis and synkinesis following BP alter the functional
brain response in similar somatomotor cortical areas. A meta-anal-
ysis to identify common areas of activation by lip movements in
healthy individuals and individuals with acute BP revealed that the
PrC area active in HC studies was absent contralateral to the paretic
side of the face in BP. In the fMRI study of synkinesis, the same
PrC location contralateral to the synkinetic side of the face had sig-
nificantly decreased signal, but only during the SMILE task (Online
Supplemental Data and Figs 1 and 2). This finding in synkinesis
suggests that that PrC changes are linked with aberrant nerve fiber
regeneration and facial nucleus changes thought to be responsible
for disorganized facial movements.6 Together with the meta-analy-
sis of BP, the data suggest that synkinesis may reflect chronic
changes in the PrC associated with the early effects of acute BP
shown in prior studies, while hypoactivity in the Supplementary
Motor Area (SMA) may reflect generalized chronic changes.

Previous fMRI studies of acute BP using both whole-brain
and ROI analyses characterized changes in the brain during
mouth movements as decreased signal in the somatomotor areas
contralateral to the paretic side of the face.7,23 Smit et al9 demon-
strated that as recovery progressed following BP, activation
increased in the somatomotor region contralateral to the affected
side of the face. However, in synkinesis, the hypoactivity in the
PrC appeared to persist (Fig 2 and Online Supplemental Data).
Changes in the CNS arising from peripheral nerve damage have
been documented in several sensory pathways; for example,
phantom limb sensations in upper limb amputation alter contra-
lateral somatomotor areas25 and tinnitus affects the organization

FIG 2. A, Significant group (control, synkinesis) by condition (SMILE, BLINK) interaction (P, .005) (red). The ROI falls in the precentral gyrus and
central sulcus in the right hemisphere contralateral to the synkinetic side of the face (Montreal Neurological Institute coordinates: x ¼ 55, y ¼
7, z ¼ 35). HC clusters from the meta-analysis are shown for reference (blue). B, Boxplots of the regression coefficients for the SMILE condition
and BLINK condition by group.

AJNR Am J Neuroradiol 43:1470–75 Oct 2022 www.ajnr.org 1473



of auditory cortical fields.26 In these cases, there is evidence of
remodeling within somatotopic sensory areas27 and in auditory
cortical and subcortical pathways,28 respectively. A study of the
effects of movement restriction for 2 weeks using casting of a
healthy arm led to decreased connectivity between the ipsilateral
and contralateral somatomotor areas, which returned to normal
following removal of the cast.29 Similarly, there is evidence to
support CNS involvement and cortical changes in BP, a disorder
secondary to pure peripheral motor deafferentation without an
effect on sensory afferents7-9,11,23 and the restoration of signal fol-
lowing recovery from BP.9 The results of the meta-analysis and
synkinesis study indicate that the contralateral PrC in BP and
synkinesis may be a common node; how the changes seen in the
PrC during acute BP are linked to the aberrant innervation of fa-
cial musculature in synkinesis remains unclear. The PrC sits at
the apex of the motor system, and its hypoactivity may reflect
functional changes at multiple levels of the motor pathway.9,22,24

The study has several limitations. While there appears to be
continuity between changes observed in the PrC from the BP
meta-analysis and the fMRI study evaluating synkinesis, how this
hypoactivity relates to peripheral changes and synkinesis is
unknown. Additionally, the meta-analysis relied on a small set of
studies that qualified for the analysis. Therefore, the relatively
weak power of the analysis likely underestimated the brain loca-
tions affected by acute BP. The failure to detect significant activa-
tion clusters that differed between the BP and HC groups was
also likely a reflection of the small sample sizes of the studies. The
fMRI study also relied on a small sample and had limited statisti-
cal power. Consequently, changes in other cortical and subcorti-
cal areas may not have been detected. Additionally, the task
design of simple lip movements and blinking provided a test of
changes in hemodynamic function linked to these facial gestures
and was consistent with prior studies of BP, providing a first step
in examining the effects of synkinesis.

CONCLUSIONS
Premotor pathways show persistent functional changes in synkine-
sis, some of which are first identifiable in acute BP. The changes
observed in the brains of participants with synkinesis likely reflect
a confluence of neurophysiologic and behavioral adaptations to
synkinesis. Understanding the CNS response to peripheral nerve
injury and its sequelae can lead to improved clinical practices that
enhance adaptation.

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

Imaging Characteristics of CNS Neuroblastoma-FOXR2:
A Retrospective and Multi-Institutional Description of 25

Cases
A.Tietze, K. Mankad, M.H. Lequin, L. Ivarsson, D. Mirsky, A. Jaju, M. Kool, K.V. Hoff, B. Bison, and U. Löbel

ABSTRACT

BACKGROUND AND PURPOSE: The 5th edition of the World Health Organization Classification of CNS tumors defines the CNS
neuroblastoma FOXR2 in the group of embryonal tumors. Published clinical outcomes tend to suggest a favorable outcome after
resection, craniospinal irradiation, and chemotherapy. This multicenter study aimed to describe imaging features of CNS neuroblas-
toma-FOXR2, which have been poorly characterized thus far.

MATERIALS AND METHODS:On the basis of a previously published cohort of tumors molecularly classified as CNS neuroblastoma-
FOXR2, patients with available imaging data were identified. The imaging features on preoperative MR imaging and CT data were
recorded by 8 experienced pediatric neuroradiologists in consensus review meetings.

RESULTS: Twenty-five patients were evaluated (13 girls; median age, 4.5 years). The tumors were often large (mean, 115 [ SD, 83] mL),
showed no (24%) or limited (60%) perilesional edema, demonstrated heterogeneous enhancement, were often calcified and/or
hemorrhagic (52%), were always T2WI-hyperintense to GM, and commonly had cystic and/or necrotic components (96%). The
mean ADC values were low (687.8 [SD 136.3] � 10�6 mm2/s). The tumors were always supratentorial. Metastases were infrequent
(20%) and, when present, were of nodular appearance and leptomeningeal.

CONCLUSIONS: In our cohort, CNS neuroblastoma FOXR2 tumors showed imaging features suggesting high-grade malignancy and,
at the same time, showed characteristics of less aggressive behavior. There are important differential diagnoses, but the results of
this study may assist in considering this diagnosis preoperatively.

ABBREVIATIONS: ATRT ¼ atypical teratoid/rhabdoid tumors; CNS NB-FOXR2 ¼ CNS neuroblastoma FOXR2-activated; CNS-PNET ¼ primitive neuroecto-
dermal tumors of the CNS; ETMR ¼ embryonal tumor with multilayered rosettes; ITD ¼ internal tandem duplication; WHO ¼ World Health Organization

In the recent 5th edition of the World Health Organization
(WHO) Classification of CNS Tumors, published in 2021,1 the

CNS neuroblastoma FOXR2-activated (CNS NB-FOXR2) has
been included as a new entity in the group of embryonal tumors

that are highly malignant CNS tumors mainly occurring in chil-
dren, adolescents, or young adults.2 In the 2016 update of the
WHO Classification, the embryonal tumors had emerged from
the primitive neuroectodermal tumors of the CNS (CNS-PNET),
which were replaced after an increasing number of molecular
markers and genetic alterations had substantially advanced diag-
nostic specificity. In their important re-analysis of previously
diagnosed CNS-PNET using DNA methylation profiles, Sturm
et al3 were able to show that this group of tumors is highly heter-
ogeneous, consisting of many known entities, eg, medulloblas-
toma, embryonal tumor with multilayered rosettes (ETMR), or
atypical teratoid/rhabdoid tumors (ATRT) among others. In
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addition, DNA methylation analyses revealed several new tumor
types in this group, one of which is the CNS NB-FOXR2.

Available clinical data so far suggest that favorable rates of
overall survival can be achieved for patients with CNS NB-
FOXR2 when treated with surgical resection, craniospinal irradia-
tion, and chemotherapy.4,5 Imaging characteristics suggesting the
diagnosis are currently based on the description of single
patients,6,7 and to the best of our knowledge, larger series are not
yet available. The reason is undoubtedly the increasingly detailed
tumor classification, which results in a low incidence of con-
firmed cases in single centers and makes international collabora-
tion essential to pool imaging data.

The aim of this article was to describe the imaging characteris-
tics of CNS NB-FOXR2 based on an international patient cohort
and, at the same, establish a practical approach to collect and
evaluate larger series across multiple centers.

MATERIALS AND METHODS
The cohort is based on a previously published cohort of pathol-
ogy samples with the original diagnosis of CNS-PNET, which
was subsequently molecularly reclassified as CNS NB-FOXR2.4

This study was evaluated and approved by the ethics board of the
coordinating institutions. Molecular diagnosis was confirmed by
DNA methylation classification (Version 11b4 or higher; www.
molecularneuropathology.org) in each included case.8 Informed
consent was obtained by the patients or legal representatives at
the time of the initial study or registry inclusion, or for some cen-
ters, the requirement for informed consent was waived. Imaging
data for 2 of the cases have been published previously.6

The image evaluation team consisted of at least 1 local neurora-
diologist. Consensus decisions were made in joint online meetings
on a weekly basis for 12weeks regarding the following characteris-
tics on pseudonymized images: 1) location, 2) cortical and/or WM
involvement, 3) assumed tumor origin, 4) calvarial involvement,
5) approximation of volume (calculated [transverse � craniocau-
dal� anterior-posterior diameter]/2), 6) strength of enhancement
compared with the choroid plexus (none, mild, intermediate,
strong), 7) extent of enhancement (in categories: 0%, 0%–25%,
25%–50%, 50%–75%, 75%–100%, or 100% of the solid tumor
component), 8) T2WI intensity compared with unaffected cortex,
9) susceptibility indicating calcification and/or hemorrhage on
gradient-echo imaging (T2* or SWI, potentially further specified
by CT, T1WI, T2WI), 10) average ADCminimum, ADCmean,
ADCmaximum values (6SD), in an ROI, 0.14–0.65 cm2 in size, in
visually determined areas with the lowest values, 11) multifocal-
ity, 12) multilobulated appearance, 13) the presence/extent of
perifocal edema (in categories: none, , 25% of the perimeter,
25%–75%, 100%), 14) the presence of nonsolid components
(thin-walled cysts and/or necrotic regions defined as having
irregular and thick borders), 15) extent of nonsolid components
(in categories: 0%, 0%–25%, 25%–50%, 50%–75%, 75%–100%, or
100% of solid-to-entire tumor), 16) the presence and extent of
hydrocephalus (in categories: none, mild with ventricular dila-
tion, moderate with ventricular dilation and periventricular
edema, and severe with additional sulcal effacement),9 and 17)
laminar and/or nodular intracranial and/or spinal metastases.
Results of arterial spin-labeling perfusion-weighted imaging or

MRS were reported when available. Descriptive statistics were
used to describe the data including median/interquartile range
for non-normally distributed data and mean (SD) for normally
distributed nominal data. All other variables were reported as
percentages.

RESULTS
Patients
MR imaging data were available for 25 treatment-naïve patients
(13 girls) with CNS NB-FOXR2 diagnosed between 2003 and 2021.
The median age was 4.5 years (interquartile range, 3.1–9 years;
range, 1.4–16 years).

Imaging
MR imaging data consisted of T1WI, T2WI, FLAIR, and con-
trast-enhanced T1WI for all patients, gradient-echo imaging (T2*
or SWI) for 14 patients, and DWI for 21 patients. Arterial spin-
labeling PWI and single-voxel MRS (short TE) were available for
1 patient. All MR images were acquired before total/partial/sub-
total tumor resection or treatment initiation. In a single patient,
MR imaging was performed after the insertion of an external ven-
tricular drain; all other patients were treatment-naïve. Four
patients had a baseline CT scan.

Imaging Features
Results are summarized in the Online Supplemental Data, and
representative imaging features in selected patients are shown in
Fig 1. Further examples are available in the Online Supplemental
Data, and all results are given as Online Supplemental Data. The
brain regions most frequently affected were the frontal lobe
(72%), followed by the parietal (44%) and temporal (36%) lobes,
as well as the basal ganglia (32%). Typically, .1 region was
involved. In most cases (80%), 1 or 2 anatomic compartments
were involved, mostly the frontal lobe with or without the basal
ganglia/thalami. In most cases, the tumor directly abutted the
ventricular system without normal tissue seen between the tumor
and the ventricular wall. Often, the ventricular wall was infiltrated
(64%; Fig 1A). In 60% of cases, the right hemisphere was affected.
The WM was always infiltrated. In 80% of cases, there was also
infiltration of the cortex, while in 20%, the cortex was merely
compressed. Generally, we found it difficult to determine the ori-
gins of the tumors owing to their large sizes, but assuming that
the epicenter of the tumor usually reflects the origin, 52%
appeared to originate in the WM, and 32%, in the cortex. In only
8% of cases, did the tumors seem to originate from the deep GM
and/or the WM of the internal capsule. None of the cases
occurred in the brainstem or the infratentorial compartment.

Calvarial remodeling was found in 48%, associated with calva-
rial signal changes in 33%. The average tumor size was 115 (SD,
83)mL and was often larger in the 48% of cases with associated
skull remodeling and scalloping (148 [SD, 68] mL) compared
with cases without remodeling (85 [SD, 87] mL; Fig 1G).

In most cases, solid tumor components showed intermediate-
but-inhomogeneous enhancement as well as peripheral enhance-
ment of necrotic elements (Fig 1E, -F) or cyst walls. Dural infil-
tration was noted in 2 cases.
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In all cases, the solid component was at least in some parts
T2WI hyperintense compared with normal cortex but was increas-
ingly heterogeneous in larger tumors (T2WI hyper-, iso-, and
hypointense; Fig 1A, -B).

Signal loss was noted in 43% of
cases with available SWI or T2* data
(Fig 1C). It was not possible to confi-
dently determine the cause of increased
susceptibility (hemorrhage versus calci-
fication) even if phase images were
available. However, in 3 patients, calci-
fications were unequivocally identified
by CT, and in 1 patient, associated fluid
levels confirmed the presence of hem-
orrhage on MR imaging. Altogether in
48% of cases, calcifications or hemor-
rhages or both were diagnosed on the
basis of a combination of T1WI,
T2WI, T2*, SWI, and the B0 series of
DWI data.

ADC values varied considerably
between and within tumors (Fig 1D),
but generally low values were probed
in the solid portion, with an average
ADCmean of 687.8 (SD, 136.3)� 10�6

mm2/s.
Most tumors showed a multilobu-

lated appearance (64%; Fig 1A–F), and
20% were multifocal. Perifocal edema
was not particularly pronounced and, at
most, of intermediate degree. Almost all
tumors had nonsolid parts (Fig 1A, -B
and E, -F) except the second smallest,
which had a volume of only 10.5mL.
Unequivocal necrosis with thick, irregu-
lar, enhancing walls was diagnosed in
16% of cases (Fig 1A, -E); cysts, in 25%;
and both, in another 25%.

Intracranial metastases were detected in 5 patients (20%), char-
acterized by nodular leptomeningeal disease. One of these patients
(a 4.5-year-old boy) also showed intraspinal dissemination.

High lipid and lactate peaks were noted in the enhancing part of
the tumor with available MRS (single-voxel, short TE). Enhancing
and nonenhancing tumor components showed a decrease in the
NAA/Cr ratio (0.8 and 0.96, respectively) and an increase in Cho/
NAA (3.12 and 1.74, respectively) and Cho/Cr (2.5 and 1.66,
respectively) ratios. CBF was elevated on arterial spin-labeling data
in the same patients.

The tumor of 1 patient, a 5-year-old boy presenting with seiz-
ures, was initially suspected to represent focal cortical dysplasia
based on MR imaging findings (Fig 2A). He was treated for epi-
lepsy under regular MR imaging surveillance. After 8 months,
interval growth was noted (Fig 2B), prompting total resection. A
CNS NB-FOXR2 tumor was diagnosed, whereas the diagnosis of a
focal cortical dysplasia was dismissed.

DISCUSSION
CNS NB-FOXR2 has recently been added as a tumor type in the
2021 WHO Classification of CNS tumors. Therefore, only a few
case series describing its imaging features exist.6,7,10-13 In our
international cohort of 25 patients, we found that these were

FIG 1. Typical imaging characteristics of CNS NB-FOXR2 in different patients (A, A 2.5-year-old
girl; B, G, H, A 3-year-old girl; C, A 4.2-year-old girl; D, A 16-year-old boy; E, A 4-year-old boy; F, A
2.7-year-old boy). Most tumors were characterized by T2WI signal heterogeneity but always con-
tained hyperintense regions compared with cortical GM (A and B). In most, no or-limited perile-
sional edema (arrow in A) was found. When gradient-echo images (T2*, SWI) were available,
signal loss was detected in about half of the cases (C). An example of nodular, leptomeningeal
metastases at the foramen of Monro is shown in D (black arrow). In general, ADC values were rel-
atively low. An example is given in E: ADCmean in a ROI placed within the solid tumor component
is 660 � 10�6 mm2/s (ADCminimum, 550 � 10�6 mm2/s, ADCmaximum, 760 � 10�6 mm2/s). Contrast
enhancement on T1WI was mostly mild to-intermediate compared with the choroid plexus and
seen in larger parts of the solid component (F). Nonsolid tumor components with thick, irregular
borders were often noted representing necrotic regions (F). The main tumor load was often
located in the WM with compression (arrowhead in A) or infiltration (star in F) of the overlying
cortex, or it appeared to originate from the cortex (B). Skull remodeling was detected in about
half of the cases (arrow on CT in G), often associated with bony signal changes (arrowhead, H).

FIG 2. Axial FLAIR of a 4.5-year-old boy presenting with seizures.
Initially, a focal cortical dysplasia of the right frontal lobe was pro-
posed (A). The follow-up MR imaging 8months later shows disease
progression (arrow in B). After resection, the diagnosis of a CNS NB-
FOXR2 was made, whereas the diagnosis of a focal cortical dysplasia
was dismissed.
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supratentorial, often large, multilobulated tumors with little-or-
no perifocal edema. Tumors nearly always showed a mix of solid
and cystic/necrotic components. Involvement of the cortex was
present in most cases, and the WM was involved in all patients.
Lesions showed intermediate and inhomogeneous contrast
enhancement and high vascularity with the presence of hemor-
rhage and/or calcifications. The epicenter of the tumor appeared
to be in the periventricular and subcortical WM or the cortex. In
almost half of the cases, the adjacent skull was remodeled with
thinning of the inner table, and in some cases, pathologic signal
changes in the affected bone were present. The T2WI intensity in
the solid parts was heterogeneous, but always hyperintense to
GM. The ADC values were relatively low but fluctuated consider-
ably within the solid components. Multifocality and dissemina-
tion were seen, but rarely.

CNS NB-FOXR2 tumors in our cohort showed several imaging
features suggesting a high-grade malignancy, such as low ADC
values, large volumes, and necrosis. However, they also showed
characteristics of less aggressive tumors, including relative T2WI
hyperintensity, little perifocal edema, and remodeling of the skull.
Imaging characteristics described in our study are not specific,
and ependymoma and other embryonal tumors such as ETMR,
CNS tumor with BCOR internal tandem duplication (CNS
BCOR-ITD), and ATRT need to be considered in the differential
diagnosis. Of these tumors, CNS NB-FOXR2 is the only type that,
to the best of our knowledge, has exclusively presented in a supra-
tentorial location, whereas the other tumor types can develop
infratentorially with varying frequencies.4,10,11,13-19 In addition,
patient age may help with differentiation because the median age
at diagnosis for patients with CNS NB-FOXR2 is 5 years (range,
1–20 years), while patients rarely present within the first 2 years
of life.4 In contrast, patients with ATRT are typically younger
than 2 years of age, with 33% younger than 1 year of age at diag-
nosis.20 ETMR usually presents in the first 4 years of life,4,21,22

and the median age for presentation with CNS BCOR-ITD is 4
years (range, 0.6–22 years). The presentation age for supratentorial
ependymomas is highly dependent on the molecular subtype.
Supratentorial ependymoma, YAP1 fusion–positive, occurs at a me-
dian age of 1.4 years,23 while ZFTA fusion–positive ependymoma
presents at a median age of 8 years (largely overlapping with tumors
previously diagnosed as ependymoma, RELA-fused).23,24

The discrepancy between restricted diffusion, usually attrib-
uted to high cellularity, and high signal on T2WI that is typically
seen in low-proliferative processes has previously been desc-
ribed in ATRT.14 High cellularity is, however, only one of several
causes for restricted diffusion. The microenvironment, neuropil
density, cell size, or nuclear volume fraction may contribute to
low ADC values, possibly without necessarily decreasing the
T2WI signal.25 With the current data, we are not able to specify
these contributions in more detail. Skull remodeling was found in
nearly half of our patients. While this is a relatively common fea-
ture in low-grade CNS tumors, we found additional calvarial sig-
nal changes in some of these cases, which has also been described
at initial diagnosis in ATRT19 but appears to be rare in other pe-
diatric high-grade tumors.

Only 1 previously published case can be compared with our
series7 because the 2 patients described previously by Holsten et al6

are included in our cohort. However, because the focus of the case
report by Furuta et al7 was not primarily on imaging characteristics,
the comparison remains limited. Furuta et al also found a relatively
large, partially enhancing, centrally necrotic tumor with scattered
calcification but, in their case, with extensive perilesional edema.

As stated previously, some of the cases we included represent
a subcohort of a previously published pathology series of retro-
spectively re-classified CNS NB-FOXR2 tumors.4 In this study of
307 tumors with an initial diagnosis of CNS-PNET, 36 (12%)
were classified as CNS NB-FOXR2 by DNA methylation profiling
in this series. In a pooled cohort of 63 patients with CNS NB-
FOXR2, which included additionally identified cases, the 5-year
progression-free survival and overall survival was 63% and 85%.4

The frequency of relapses was lowest among patients treated with
surgical resection and craniospinal irradiation combined with
chemotherapy. This finding is in agreement with another pub-
lished series that includes overlapping patients.5

We did not use the Visually AcceSAble Rembrandt Images
(VASARI) criteria26 for our assessments because the criteria were
not judged fit for our purpose, too detailed in some respects, and
not pediatric-specific.

Due to the retrospective nature of our study, the imaging data
were sometimes incomplete (eg, missing DWI and T2*/SWI se-
ries). While CT images were especially helpful in verifying calcifi-
cations or bony changes, they were only available for 4 patients.
In addition, advanced MR imaging may have been useful to char-
acterize the tumors in more detail, eg, by shedding some light on
neo-angiogenesis with PWI or on metabolic and microstructural
changes by MRS or advanced diffusion-weighted techniques, but
the multi-institutional approach and the long inclusion period of
.18 years due to the rarity of these tumors precluded the avail-
ability of these imaging techniques in this study.

The integrated diagnosis of molecular andmorphologic features
in CNS tumor diagnostics has radically changed the classification
system. The knowledge of an increasing number of molecular pro-
files and the revision of previous classification groups has entailed
and will entail a far more detailed taxonomy. Multicenter collabo-
ration becomes pivotal as cases become rarer, and tumor entities
will have to be phenotyped through consensus reading. Our experi-
ence with weekly joint online meetings was excellent to achieve this
objective.

CONCLUSIONS
We described typical imaging characteristics of CNS NB-FOXR2
tumors in a multicenter series of 25 patients, the largest to date.
Our findings contribute further to the description of new tumor
types included in the 5th edition of the WHO Classification of CNS
tumors. Important work lies ahead of radiologists to describe and
possibly differentiate these emerging entities. Because an increasing
subdivision will inevitably be accompanied by fewer cases per cen-
ter, further multi-institutional reviews will be needed in the future.
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Fine, Vascular Network Formation in Patients with Vein of
Galen Aneurysmal Malformation

T. Shigematsu, M.J. Bazil, J.T. Fifi, and A. Berenstein

ABSTRACT

BACKGROUND AND PURPOSE: A vein of Galen aneurysmal malformation is known to present with recruitment of dural feeders
and, in our cohort, a fine, vascular network formation. The vessels we have observed differ from dural vascular recruitment in that
they produce a hairlike, collateral network of vessels. We reviewed treatment courses of vein of Galen aneurysmal malformation
treatments in a series of 36 cases that displayed a fine, vascular network formation.

MATERIALS AND METHODS:We retrospectively analyzed 36 cases of vein of Galen aneurysmal malformation, including tectal/tha-
lamic AVMs, treated at our center from January 2004 to September 2021, and reviewed fine, vascular network formations in the
subarachnoid space and subependymal zone alongside the vein of Galen aneurysmal malformation.

RESULTS: Patients at first endovascular treatment ranged from neonates to 157months (median age, 4.3months). Patients with preinter-
ventional fine, vascular network formations were significantly older at the initial angiogram than patients with postinterventional fine,
vascular network formations (P, .05). On average, for 20 control choroidal/mural vein of Galen aneurysmal malformations whose treat-
ment course had been completed and in which no plexiform network was visualized, a mean of 2.63 (SD, 1.64) treatments were required
to achieve a radiographic cure. For the 36 choroidal/mural vein of Galen aneurysmal malformations whose treatment course had been
completed and in which a fine, vascular network formation was visualized, a mean of 5.94 (SD, 2.73) treatments were required to achieve
a radiographic cure (P, .01).

CONCLUSIONS: Development of a fine, vascular network formation is an acquired and reversible phenomenon that differs from
typical dural vessel recruitment, given the hairlike nature of the network and its rapid onset postinterventionally. It typically
resolves after completion of treatment, and this resolution correlates with closure of the vein. We recommend that neurointerven-
tionalists avoid delays in treatment wherever possible to reduce the likelihood of a fine, vascular network formation.

ABBREVIATIONS: FVN ¼ fine, vascular network; FVNF ¼ fine, vascular network formation; SAS ¼ subarachnoid space; SEZ ¼ subependymal zone; TAE ¼
transarterial embolization; TVE ¼ transvenous embolization; VGAM ¼ vein of Galen aneurysmal malformation; VOG ¼ vein of Galen

Vein of Galen aneurysmal malformation (VGAM) occurs in
early embryonic development and accounts for a minor frac-

tion of all vascular malformations, but a far greater portion of neo-
natal and pediatric vascular malformations.1-3 A VGAM develops
between 6 and 11 weeks of gestation. While most VGAMs are
diagnosed antenatally or as neonates, some patients survive to
adulthood relatively asymptomatic and present with hemorrhage
or other manifestations.4-8 VGAMs entail a dilated vein of Galen

(VOG), but the true fistula occurs between the persistent prosen-
cephalic vein of Markowski (the mature VOG precursor) and the
arterial limbic system (pericallosal arcade and anterior-posterior
choroidal arteries).

A VGAM is characterized as either choroidal and mural.9-11

Choroidal VGAMs are more common in the neonatal period and

are more complex, with a larger number of high-flow fistulas; in
our experience, they are more likely to produce medically untreat-
able, high-cardiac-output failure. Additionally, Lasjaunias et al11

reported that a choroidal-type VGAM “is encountered in most neo-
nates with low clinical scores.” It is supplied by numerous feeder

vessels from the limbic system (pericallosal arcade, choroidal
arteries, and occasionally thalamoperforating/transmesencephalic

arteries).12 These vessels mostly converge at the anterior portion of
the median prosencephalic vein. Mural VGAMs contain fistulas at
the inferolateral margin in the wall of the median prosencephalic
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vein.5 Mural VGAMs manifest later in infancy as macrocephaly,

hydrocephalus, or delayed cognitive development (especially if asso-
ciated with venous occlusions/thrombosis). A smaller number of

feeders and greater outflow obstruction has often led to a more

drastic dilation of the median prosencephalic vein in our experi-

ence. Cardiac failure is milder than in the choroidal subtype, and

cardiomegaly may be asymptomatic.9,11

Endovascular embolization is a criterion standard treatment
for VGAM.2,13-16 Embolization is generally staged during several
sessions. Embolization aims to safely reduce the risk of cardiac
failure, venous hypertension, and hydrocephalus by closing AVFs
at the arteriovenous junction, contributing to the lesion. If
untreated or if arterial feeders are closed without closing the ve-
nous shunt, dramatic remodeling can occur, such as the formation
of a “fine,” vascular network that reaches the arteriovenous shunts,
which further supply the lesion. This finding has been noted as
recruitment of dural feeders and a general, collateral network in
other publications:17-21 We describe a dynamic progression of
feeders in the subependymal zone (SEZ) and the subarachnoid
space (SAS) as a reversible, physiologic phenomenon dependent
on flow demand, low venous pressure, and/or tissue ischemia.

A previous study from our practice assessed dural recruitment
and contribution to VGAM fistulas.22 We built on these findings
with a further analysis of a larger cohort to assess a fine, vascular
network formation (FVNF) in the SAS/SEZ. The vessels we have
observed accompanying initial imaging or arising with time in
cases of a VGAM differ from dural recruitment in that they pro-
duce a hairlike, collateral network of vessels. We reviewed treat-
ment courses of patients with VGAMs in a series of 36 cases that
had FVNF shunting into the lesion. Some of these cases presented
with an FVNF in pretreatment imaging. In these cases, the FVNF
may cause confusion by resembling a “true” thalamic AVM

(Online Supplemental Data). In some cases, initial imaging in the
neonate period shows high-flow AVFs; then at 3-month follow-
up, it shows an FVNF. We also observed this phenomenon after
coil embolization of feeders that failed to close the AVF and on
follow-up after the primary stage of embolization with liquid em-
bolic agents (n-BCA), with incomplete closure of these AVFs. We
have seen regression of the FVNF after proper closure of the arte-
riovenous shunt without embolization of the FVNF itself. This
represents a delayed anatomic change related to the hemodynamic
demands of the high flow. We discuss the significance of these
observations, their influence on the treatment paradigm our prac-
tice uses for incidences of VGAMs with visible FVNFs, the various
presentations that our practice has encountered, the locations of
FVNF feeders, and correlations with resolution of the VGAM and
FVNF therein.

MATERIALS AND METHODS
This study was approved by the appropriate institutional review
board. All imaging was reviewed by neuroendovascular surgery
attending physicians (T.S., J.T.F., A.B.). We retrospectively ana-
lyzed 156 consecutive cases of all VGAMs, including tectal/tha-
lamic AVMs, treated at our center from January 2004 to
September 2021 (Fig 1A). We selected patients whose treatment
course was completed and ended in complete or near-complete
occlusion (.95%) for a total of 88 patients. We included only
patients whose treatment course and imaging series were com-
plete, to demonstrate the difference between closure of the mal-
formation and amelioration of the FVNF. Of these, we extracted
64 cases whose complete treatment course was performed at our
practice rather than at multiple institutions. We defined tectal or
thalamic AVMs as those without obvious large feeders or fistulas
(which often resemble but are distinctly not a VGAM) to ensure

FIG 1. Patient inclusion flow chart and FVNF geography. Patients were considered if they presented to our practice with an AVM between
January 2004 and August 2021. Exclusion criteria included incomplete courses of treatment, treatment at centers outside our practice, tectal/
thalamic AVM, or no observable FVNF. A, An FVNF was generalized as being present in either the thalamus, the cisternal space surrounding the
VOG, or both with a description of laterality (B). VOGM indicates vein of galen malformation.
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that no VGAMs were excluded. We excluded tectal/thalamic
AVMs for a total of 56 choroidal or mural-type VGAMs. We
gathered information from clinical case records and MR imag-
ing/angiography on presentation and during follow-up. We
recorded patient demographics, presentation, and the patient’s
timeline to cure. MR imaging was used to identify anatomic loca-
tions of the FVNF. A FVNF was defined as the hairlike, hypervas-
cular, collateral network around the VGAM on angiography and
T2 MR imaging. The findings were analyzed to aid discussion of
the FVNF in the SAS/SEZ alongside the VGAM.

RESULTS
Among the 56 cases selected for detailed review, we identified 36
patients with SAS/SEZ FVNFs (Fig 1). We present 36 cases of
VGAMs that we evaluated on the basis of the FVNF, a classifica-
tion, treatment strategy, anatomic location, patient demographics,
and procedure quantity required to achieve complete obliteration
of the malformation.

Overall FVNF Cohort
Ages at the time of the first endovascular treatment ranged from
neonate to 157 months (mean age, 12.1 months; median age,
4.3months). In 16 patients (44.4%), the vascular network was iden-
tified on the initial angiogram and drained into the VOG (Figs 2A
and 3A). In 20 patients (55.6%), the FVNF was observed after the
initial angiogram (Fig 4A, Online Supplemental Data). The cohort
of patients with FVNFs before intervention was significantly older
at the initial angiogram compared with the patients who developed
these networks after $1 session of endovascular embolization
(mean, 12 [SD, 40.1]months versus 4.0 [SD, 5.4]months; P, .05).
We compared the 20 VGAMs for which no FVNF had been visual-
ized (Fig 1) with our FVNF cohort on the basis of the treatment
number. On average, for the 20 choroidal/mural VGAMs whose
treatment course had been completed and in which no plexiform
network was visualized, a mean of 2.63 (SD, 1.64) treatments were
required to achieve a radiographic cure. For the 36 choroidal/mural
VGAMs whose treatment course had been completed and in which

FIG 2. Angiogram. Anterior-posterior (A–D) and lateral (E–H) views of the angiogram and T2-weighted MR imaging (I–L) of case 4. We show a
progressive diminution of the FVNF at the thalamus and quadrigeminal cistern (B–D, F and G, J–L) observed after initial treatment (A, E, I). This
reduction was achieved through staged embolization of feeder vessels to the VGAM from 4.2 to 10 to 20 to 40months. The yellow arrows indi-
cate location of FVNF on AP and Lateral view of cerebral angiography sections. The red circle indicates the location of FVNF on axial MRI plane.
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an FVNF was visualized, a mean of 5.94 (SD, 2.73) treatments were
required to achieve a radiographic cure (P, .01).

Patients were categorized into left, right, or bilateral subarach-
noid/thalamic fine, vascular networks (FVNs) (Fig 1B). The FVNF
was localized to either the left, right, or bilateral thalamus in 2 cases,
the cisternal space surrounding the VOG in 16 cases, and both for
18 cases. We also noted 3 patterns of FVN expansion/regression
during the treatment course of our cohort: 1) progressive decrease
in the FVNF after initial presentation (20/36; 55.56%), 2) an origi-
nal increase in the FVNF after initial presentation followed by
progressive decrease (7/36; 19.44%), and 3) cycling of increases
and decreases in the FVNF after initial presentation followed by
eventual cure (9/36; 25%).

Demonstrative Cases
Subject 4, who was first imaged via cerebral angiography at 4.2
months and was found to have a mural VGAM, underwent
staged embolization therapy (Fig 2). No FVNF was initially

observed around the dilated VOG (Fig 2A, -E, -I). Six months
following this initial imaging and subsequent embolization, we
discovered an obvious, novel FVN in the right thalamus and
quadrigeminal cistern (Fig 2B, -F, -J). We were able to success-
fully regress this FVN through staged, transarterial emboliza-
tion, and we observed continuing regression at the 19-month
follow-up (Fig 2C, -G, -K). After complete obliteration of the fis-
tulas dilating the VOG (cured), we no longer found visible
FVNs as evidenced by images obtained at a 40-month follow-up
(Fig 2D, -H, -L).

Subject 23, initially imaged at 16.4months and found to have a
choroidal VGAM, presented with an observable FVNF on the ini-
tial imaging series (Fig 3A, -F, -K). On the angiography/MR imag-
ing at 3 months (Fig 3B, -C, -G, -H, -L) and 15months (Fig 3D, -I,
-M) after the first procedure, during the staged embolization that
followed, the FVN receded little by little. After the complete oblit-
eration of the VGAM had been achieved, no FVN was seen at the
final follow-up at 6 years of age (Fig 3E, -J, -N).

FIG 3. Angiogram. Anterior-posterior (A–E) and lateral (F–J) views of the angiogram and T2-weighted MR imaging (K–N) of case 23. We show a pro-
gressive diminution of the FVNF bilaterally at the thalamus with a bias for the right side (B–E, G–J, K–M) observed after initial treatment (A and F).
This reduction was achieved through staged embolization of feeder vessels to the VGAM staged from 0.5 to 3 to 20 to 72months.
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Subject 22 presented to our practice with a choroidal VGAM
and a nascent FVNF on initial screening (Fig 4G). This patient pre-
sented to our practice at 5 years of age with an FVNF localized to
the posterior right hypothalamus and quadrigeminal cistern. The
diagnostic angiogram and MR imaging that preceded the initial
embolization revealed an FVNF. The first session of embolization
treatment was planned for only 4 months following the original
consultation, yet the imaging performed on arrival to the angio-
suite revealed an up-regulation of the FVNF (Fig 4A, -D, -H).
Fortunately, it seemed that the observed FVNF regressed after 2
stages of transarterial embolization at 10months (Fig 4B, -E,- I)
and was completely absent after total occlusion of the VGAM fistu-
las (Fig 4C, 4F, 4J) at 6 years post-initial imaging.

Subject 30 presented to our practice as a neonate, imaged via
CT 1 day postnatal, with a choroidal VGAM without observable
FVNF (Online Supplemental Data). At 5 months of age, after a sin-
gle embolization, we identified an FVNF in the right thalamus and
SAS (Online Supplemental Data). After 4 embolization treatments,

we found an initial regression of the plexiform network (Online
Supplemental Data), which had abated entirely by the tenth treat-
ment, at which point closure of the vein had been achieved (Online
Supplemental Data).

DISCUSSION
Summary of Findings
Most of our cohort had FVNFs identified on a follow-up angio-
gram following a stage or multiple stages of embolization therapy.
Those who presented with an FVNF at the initial angiography
were significantly older at presentation than those whose FVNF
was identified during a follow-up angiography. Even after removal
of a large outlier (case 31) from the initial FVNF presentation
group, we still observed a significantly higher mean age at presen-
tation compared with the postinterventional group. We reasoned
that this finding may be due to the “secondary” nature of the
FVNF. Case 31 experienced a delay in treatment until just older
than 13 years of age because the VGAM diagnosis occurred in a

FIG 4. Angiogram. Anterior-posterior (A–C) and lateral (D–F) views of the angiogram and T2-weighted MR imaging (G–J) of case 22. We show an
up-regulation (H) and waning (B and C, E and F, I and J) of a plexiform network centered around the right hypothalamus and quadrigeminal cistern.
The FVNF observed at 4months post-initial consultation was rectified with staged embolization and obliterated by the 6-year follow-up (C, F, J).
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work-up to determine the cause of headaches. This was the first of
our findings that suggested that one should not delay treatment,
particularly considering the greater treatment burden identified in
the cohort with FVNF at initial presentation. The importance of this
observation can be seen in cases 4 and 30 (Fig 2 and Online
Supplemental Data) in which theMR imaging/MRA in the neonatal
period clearly showed an AVF angioarchitecture, whereas the MR
imaging and angiography at 6 and 5months of age, respectively,
clearly showed the acquired FVNF in the thalamic region. We
found that those with an FVNF required more treatment to achieve
cure than those without an FVNF. Unsurprisingly, a significant
association was observed between the choroidal VGAM subtype
and presentation of the FVNF relative to a mural VGAM (4/14 mu-
ral versus 32/42 choroidal; P, .01). The anatomic locations of the
observed FVNFs were mainly centered around the thalamus, sur-
rounding the SAS and/or the quadrigeminal cistern; they were usu-
ally attached or very close to the dilated the venous sac of the VOG.

VGAM Treatments
A FVNF poses a number of challenges to diagnosis and treatment
of VGAMs, specifically, due to the difficulty of differentiating a tec-
tal/thalamic or traditional VGAM surrounded by an FVN (Online
Supplemental Data). On identification of an FVNF, our strategy is
still to embolize the fistulous connections where feeders communi-
cate with the vein. Focus is placed on penetrating the embolic mate-
rial through to the vein to ensure closure of the fistula; occasionally,
multiple fistulas may be targeted through 1 injection rather than
each individual abnormal feeder vessel. The ideal strategy in our
practice is cannulation of the primary feeder of the malformation,
as close to the fistula as possible, and injection of highly concen-
trated n-BCA glue (70%–90%). After multiple rounds of staged
embolization, remaining feeders become considerably less dilated
and are difficult to distinguish from the observed FVNF. In this pat-
tern, we use low-concentrate n-BCA (40%–50%) from an identifia-
ble, proximal feeder and occlude the venous component of the
fistula. SEZ/SAS FVNFs cause no symptoms in our patients; subse-
quently, we describe a clinical focus on embolization of major
feeders rather than FVNFs. Most important, the expansion of the
FVNF after beginning staged transarterial embolization (TAE)
leaves only transvenous embolization (TVE) or TAE through the
fine vasculature as endovascular treatment options. These are both
technically difficult options and, in areas such as the thalamus, carry
a higher risk of stroke. While our practice has begun to favor a TVE
approach using the Chapot pressure cooker technique after multi-
ple rounds of TAE, a large FVNF can lead us to decide against this
otherwise effective approach due to the possible increased risk of
hemorrhage.23 Indeed, a member of our TVE cohort with extensive
FVNFs at the time of treatment experienced a hemorrhage in the
SAS surrounding the malformation adjacent to the FVNF (Online
Supplemental Data).

FVNF and Shunt Formation
Members of our research group published a case series on dural
arteriovenous shunt formation secondary to VGAM.22 They
noted that the FVNF occurred in 26/87 patients in 3 distinct pat-
terns: 1) feeders arising predominantly from pial vessels, 2)
feeders arising from both pial and dural vessels, and 3) feeders

arising predominantly from the dural vessels. In the 2 latter cases,
they posited that “angiogenic stimuli from the partially throm-
bosed Galenic venous pouch located in the SAS and in near direct
contact with the dura baring the thin arachnoid results in an
angiogenic response from the dura.” We suspect that proangio-
genic stimuli from the local vascular environment may play a role
in recruiting vessels to the malformation, which should be inves-
tigated further. We are pursuing this hypothesis further by organ-
izing a large-scale, multiomics analysis of the VGAM at our
practice. Contrary to our observations, in other forms of AVM, it
is often observed that increased vascularization occurs as a result
of incomplete or staged embolization.1 As a result, we believe that
the physiology of VGAM may be unique among AVMs and
should be examined further in the form of a multiomics analysis.

Patterns of FVNF
We chiefly observed 2 patterns of FVNF with VGAM: 1) an
FVNF that was present at the initial diagnostic angiogram and
MR imaging, diminishing with time as the shunts are closed, and
2) an FVNF that developed during the staged embolization treat-
ment course of the patient. We believe the latter to be due likely
to incomplete shunt occlusion or shunt increase. It may also be
related to increases in flow and/or tissue ischemia secondary to
arterial insufficiency or venous hypertension, resulting in tissue
hypoperfusion. If properly treated, this FVNF will diminish with
time and regress with closure of the malformation.

CONCLUSIONS
Development of an SEZ/SAS FVNF is common during the multi-
session treatment of the VGAM. We believe this is an acquired
and reversible phenomenon that differs from typical dural vessel
recruitment, given the hairlike nature of the network and its rapid
onset in cases in which it is not observed at initial imaging postin-
terventionally. This finding is limited by the resolution of cur-
rently available imaging modalities and will require a future
pathologic study to validate. These networks regress and progress
as we treat the VGAM, targeting the venous side of the fistula. It
typically resolves after completion of treatment, and this resolu-
tion correlates with closure of the vein. We recommend that neu-
rointerventionalists avoid delays in treatment wherever possible
to lower the likelihood of an FVNF. In cases in which an FVNF
appears spontaneously, we recommend treating the VGAM with
staged TAE without embolizing individual FVNF feeders, which
tend to resolve after closure of the vein.

Ethics Approval
This study was approved by the Mount Sinai Hospital institu-
tional review board with a consent waiver under IRB STUDY 21–
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Disclosure forms provided by the authors are available with the full text and
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ORIGINAL RESEARCH
PEDIATRICS

Refining the Neuroimaging Definition of the Dandy-Walker
Phenotype

M.T. Whitehead, M.J. Barkovich, J. Sidpra, C.A. Alves, D.M. Mirsky, Ö. Öztekin, D. Bhattacharya, L.T. Lucato,
S. Sudhakar, A. Taranath, S. Andronikou, S.P. Prabhu, K.A. Aldinger, P. Haldipur, K.J. Millen, A.J. Barkovich,

E. Boltshauser, W.B. Dobyns, and K. Mankad

ABSTRACT

BACKGROUND AND PURPOSE: The traditionally described Dandy-Walker malformation comprises a range of cerebellar and poste-
rior fossa abnormalities with variable clinical severity. We aimed to establish updated imaging criteria for Dandy-Walker malforma-
tion on the basis of cerebellar development.

MATERIALS AND METHODS: In this multicenter study, retrospective MR imaging examinations from fetuses and children previously diag-
nosed with Dandy-Walker malformation or vermian hypoplasia were re-evaluated, using the choroid plexus/tela choroidea location and
the fastigial recess shape to differentiate Dandy-Walker malformation from vermian hypoplasia. Multiple additional measures of the pos-
terior fossa and cerebellum were also obtained and compared between Dandy-Walker malformation and other diagnoses.

RESULTS: Four hundred forty-six examinations were analyzed (174 fetal and 272 postnatal). The most common diagnoses were
Dandy-Walker malformation (78%), vermian hypoplasia (14%), vermian hypoplasia with Blake pouch cyst (9%), and Blake pouch cyst
(4%). Most measures were significant differentiators of Dandy-Walker malformation from non-Dandy-Walker malformation both
pre- and postnatally (P, .01); the tegmentovermian and fastigial recess angles were the most significant quantitative measures.
Posterior fossa perimeter and vascular injury evidence were not significant differentiators pre- or postnatally (P. .3). The superior
posterior fossa angle, torcular location, and vermian height differentiated groups postnatally (P, .01), but not prenatally (P. .07).

CONCLUSIONS: As confirmed by objective measures, the modern Dandy-Walker malformation phenotype is best defined by infe-
rior predominant vermian hypoplasia, an enlarged tegmentovermian angle, inferolateral displacement of the tela choroidea/choroid
plexus, an obtuse fastigial recess, and an unpaired caudal lobule. Posterior fossa size and torcular location should be eliminated
from the diagnostic criteria. This refined phenotype may help guide future study of the numerous etiologies and varied clinical
outcomes.

ABBREVIATIONS: BPC ¼ Blake’s pouch cyst; DWM ¼ Dandy-Walker malformation; RL ¼ rhombic lip; TTC ¼ taenia–tela choroidea complex; TVA ¼ teg-
mentovermian angle; VH ¼ vermian hypoplasia

The traditionally described Dandy-Walker malformation (DWM)
comprises a range of structural abnormalities involving the

cerebellum and posterior cranial fossa.1 While classic imaging fea-
tures are firmly established, the inclusion and exclusion criteria used
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to define less typical imaging patterns are inexact, both in
theory and in practice. Indeed, though “Dandy-Walker vari-
ant,” a term that was introduced as a means of describing
milder phenotypes, has been strongly discouraged due to mis-
use, it still appears regularly in the literature and in the clinical
practice of institutions around the world.2-4 Although one
could advocate abandoning the eponym altogether, we instead
designate DWM as a structural phenotype as a way to suc-
cinctly define its complex-but-specific anatomic composition.
DWM is indeterminant in etiology when isolated and may be
acquired or genetic.5,6 Thus, its causes, risk factors, prognoses,
and outcomes will remain enigmatic, and counseling challenges
will linger until its neuroimaging phenotype is better defined
and issues pertaining to classification/categorization and ascer-
tainment bias are resolved.

Recently recognized features that can help distinguish DWM
from its mimics, including the tail sign,7 choroid plexus/tela cho-
roidea location,6,8,9 and fastigial recess shape,10,11 have not yet
been incorporated into the diagnostic criteria. On the other hand,
as we demonstrate here, posterior fossa enlargement and torcular
location should probably be discarded because these are variable
in and are not specific for DWM.

Using the choroid plexus/tela choroidea location and fastigial
recess shape, together with conventional qualitative and quantita-
tive cerebellar and posterior fossa measures, we retrospectively
evaluated a large series of fetal and postnatal brain MRIs from
children determined to have DWM at initial imaging to achieve
the following: 1) refining the phenotypic imaging criteria for
DWM; 2) estimating the diagnostic accuracy of historical MR
imaging examinations; and, 3) using our refined criteria of DWM
(tail sign, choroid plexus/tela choroidea location, and fastigial
recess angle) to compare DWM and non-DWM groups with
regard to conventional qualitative and quantitative cerebellar and
posterior fossa measures.

MATERIALS AND METHODS
This 11-center international study was conducted after site-specific
institutional review board approval. Written informed consent was
waived due to the retrospective nature of the study. Institution-
specific radiology information systems were searched for all fetal
and postnatal pediatric (19 years of age or younger) brain MR
imaging examinations with radiology reports containing the terms
“Dandy-Walker” and/or “vermian hypoplasia.” An additional 21
postnatal MRIs from patients with DWM included in a previous
study were also included.5 Examinations were manually reviewed
to confirm the diagnoses. After excluding incomplete examina-
tions, examinations with severe motion artifacts, and those with-
out posterior fossa anomalies or malformations, each case was
evaluated for the following (to the extent allowed by the tech-
nique): indication, magnet and imaging parameters, vermian
size/morphology, fastigial recess angle, posterior fossa size/mor-
phology, choroid plexus and taenia–tela choroidea complex
(TTC) location, torcular location, evidence of prior injury (hem-
orrhage and/or encephalomalacia), brainstem abnormalities, and
supratentorial findings. Specific vermian measures included the
following: anterior-posterior diameter (millimeter), height (milli-
meter), lobe number, vermian ratio, tail sign, fastigial recess

angle, and tegmentovermian angle (TVA).5,7,11-17 On the basis of
recent histopathologic studies of normal human vermian embryo-
logic development, the vermian ratio was considered abnormal
when the collective size of the posterior and central lobes was less
than approximately twice the size of the anterior lobe using a line
drawn from the fastigial point to the primary fissure (Online
Supplemental Data).10,11

Specific posterior fossa assessments included the following: tor-
cular location, posterior fossa perimeter (millimeter), superior pos-
terior fossa angle, falx cerebelli abnormalities (absent, truncated, or
multiplied), and cisterna magna depth (millimeter).12,13,18 Given
the technical and motion-related challenges inherent in fetal MR
imaging, measurements were obtained on the images that best
approximated conventional imaging planes. If certain measure-
ments could not be obtained accurately in a particular case, those
data were excluded. Age, sex, history of prematurity, twinning his-
tory, shunt history, and known genetic abnormalities were obtained
from the medical record where available.

All cases were independently reviewed by senior neuroradiolo-
gists at each participating institution. To ensure standardization
across centers, a board-certified pediatric neuroradiologist (K.M.)
with 14 years of posttraining experience independently reviewed all
anonymized images to verify the diagnosis, qualitative and quanti-
tative measures, and the reporting of additional brainstem malfor-
mations. Discrepancies in qualitative and quantitative measures
and the reporting of additional brainstem malformations were
resolved via independent review by a third author (J.S.).

Working definitions for this study were based on literature
review and group consensus (Online Supplemental Data). DWM
was defined by vermian hypoplasia with an inferior severity gradi-
ent, vermian under-rotation with an increased TVA, an enlarged
fourth ventricle with an obtuse fastigial recess, an unpaired caudal
lobule (tail sign when visible), and inferior and/or lateral disp-
lacement of the TTC and/or the choroid plexus when visible
(Figure) (Online Supplemental Data).6,10,11 “Vermian hypoplasia”
was defined as global reduction in vermian volume without vermian
ratio reduction, lobe deficit, fissural enlargement, fastigial recess
angle blunting, or inferolateral TTC/choroid plexus displacement.
“Inferior vermian hypoplasia” was defined as inferior-predominant
vermian hypoplasia, a decreased vermian ratio with/without lobe
reduction, an acute fastigial recess angle, and lack of inferolateral
TTC/choroid plexus displacement (Online Supplemental Data).
Blake pouch cyst (BPC) was defined by a normally sized vermis,
enlarged TVA, and TTC/choroid plexus location at the inferome-
dial cerebellar margin (when visible). We compared the original
and updated diagnoses on the basis of this classification scheme.

Imaging Technique
Sixty-eight patients (15%) were scanned at 3T (60 postnatal; 8 fe-
tal), and the other 339 patients (173 postnatal; 166 fetal) were
scanned at 1.5T. Due to the number of participating centers and
the several decades of imaging included in the patient cohort,
there was significant heterogeneity in terms of scanner manufac-
turer, sequences acquired, and imaging parameters. Minimum
postnatal MR imaging sequences for inclusion were sagittal
T1WI and axial T2WI, all with #5-mm section thicknesses.
Additional sequences including T2 FLAIR, SWI, DWI/DTI, and
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gradient recalled-echo were reviewed in most cases (when avail-
able). Multiplanar single-shot FSE/TSE sequences with section
thickness ranging from 2 to 5mm were acquired in all fetal MR
imaging examinations.

Statistical Analysis
The Mann-Whitney U test was performed to evaluate differences
in continuous variables between the DWM and non-DWM
groups. The x2 test was used for categoric variables. Receiver oper-
ating characteristic curves and concordance statistics comparing
the DWM and non-DWM groups were generated for the continu-
ous variables in both the prenatal and postnatal groups. An opti-
mized linear model for discriminating DWM from non-DWM
groups was created by the stepwise Akaike information criterion
optimization in both the prenatal and postnatal cohorts. Receiver
operating characteristic curves and concordance statistics were
generated for both the empirically generated and stepwise Akaike
information criterion–optimized linear models. Missing data were
encountered at random, and corresponding patients were dis-
carded from subsequent, associated statistical analyses. Statistical
analyses were performed using R Version 4.1.1 (http://www.r-
project.org/) and approved by a consulting statistician.

RESULTS
Four hundred seventy-six brain MR imaging examinations were
evaluated. Thirty examinations were excluded due to insufficient
image quality and/or deficient data, leaving 446 examinations
(fetal: n ¼ 174, 39.0%; median gestational age/interquartile

range/range ¼ 21.9 weeks/6.2 weeks/17–39 weeks, male/female ¼
1:1.0; postnatal: n ¼ 272 [61.0%]; median age/interquartile range¼
190 days/1472 days, male/female ¼ 1:1.2) from 407 patients.
Thirty-nine patients were imaged both prenatally and postnatally.
Of these, 9 (23.1%) diagnoses were revised postnatally though no
single diagnosis was significantly affected. Most patients had either
DWM (78%, n ¼ 329) (Online Supplemental Data) or vermian
hypoplasia (VH; 13.9%, n ¼ 62) (Online Supplemental Data) as
would be expected on the basis of the method of case acquisition.
However, a minority of cases were re-classified as either BPS (n ¼
16, 3.6%) or concurrent VH and BPC (n ¼ 39, 8.7%) (Online
Supplemental Data).

Seventy-five percent (n ¼ 129) of fetal MR imaging cases and
73% (n¼ 200) of postnatal examinations had DWM. The remaining
were diagnosed with VH (fetal: n ¼ 12, 6.9%; postnatal: n ¼ 50,
18.3%), BPC (fetal: n ¼ 8, 4.6%; postnatal: n ¼ 8, 2.9%), and VH
with BPC (fetal: n¼ 24, 13.9%; postnatal: n¼ 15, 5.5%). The original
diagnosis was updated/re-classified in 96 (21.5%) cases (fetal: n¼ 42,
24%; postnatal: n¼ 54, 19%) on the basis of our revised DWM crite-
ria. There were no discrepancies identified in the updated diagnosis
using our consensus criteria, and all diagnoses were equally misdiag-
nosed. Ventricular shunts were present in 43/273 (15.7%) postnatal
examinations: Forty of 43 (93%) had DWM, 2 had VH, and 1 had
VH with BPC. One hundred ten (23.1%) patients were found to
have a genetic anomaly or abnormality; however, genetic informa-
tion was available in only a minority of cases.

Most of the analyzed variables were found to be significant
differentiators of DWM from non-DWM both prenatally and

FIGURE. Dandy-Walker phenotype: MR imaging criteria. Balanced steady-state sequence (0.8-mm section thickness, 0.4-mm section spacing) in
the sagittal (A), parasagittal (B), and axial (C) planes and coronal T2WI (1-mm section thickness, 0-mm section spacing, D) and axial T1WI (1-mm sec-
tion thickness, 0-mm section spacing, E) from a neonate show inferior predominant VH, an enlarged tegmentovermian angle at 35° (thick-lined
angle, A), an obtuse fastigial angle at 119° (thin-lined angle, A), an unpaired caudal lobe (ie, tail-sign; thin arrow, A), and inferolateral displacement
of the taenia–tela choroidea complex and choroid plexus distant from the vermis (thick arrows, B–E). Similar findings are seen in the same
patient on fetal MR imaging at 22weeks’ gestational age in sagittal (F) and parasagittal single-shot T2WI (3-mm section thickness, 0-mm section
spacing, G). Note a normal torcular position (stars); the torcular position is variable in all forms of posterior fossa abnormalities/anomalies and
should not be considered in isolation as an interpretive criterion in the differential diagnosis.
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postnatally (Online Supplemental Data). Posterior fossa perime-
ter and evidence of prior vascular injury were not significant dif-
ferentiators of DWM and non-DWM phenotypes prenatally or
postnatally (Online Supplemental Data). Superior posterior fossa
angle, torcular location, and VH differentiated groups postnatally
but not prenatally.

In the postnatal cohort, using TVA alone to differentiate
patients with DWM from those without DWM resulted in a con-
cordance (C) statistic of 0.901 (Online Supplemental Data). A lin-
ear model using TVA and patient age resulted in C-statistics of
0.901 (prenatally) and 0.925 (postnatally) for differentiating DWM
and non-DWM (Online Supplemental Data). Optimized linear
models generated with the stepwise Akaike information criterion
resulted in C-statistics of 0.927 (prenatally) and 0.944 (postnatally)
for differentiating DWM and non-DWM (Online Supplemental
Data). The Akaike information criterion–optimized prenatal linear
model included age, TVA, fastigial angle, and VH. The Akaike
information criterion–optimized postnatal linear model included
age, TVA, and fastigial angle.

Brainstem dysmorphism was found in 66.9% (n¼ 220) of chil-
dren with DWM in comparison with 60.7% (n ¼ 71) of children
in the non-DWM group. Of the 220 children with DWM and
brainstem abnormalities, most had pontine hypoplasia (86.0%;
n ¼ 189), while a minority had either a thickened pons and/or
medulla (6.4%; n ¼ 14) or a dysplastic, elongated brainstem
(3.6%; n ¼ 8). Pontine hypoplasia was also the most common
phenotype present in children without DWM with brainstem
abnormalities (84.5%; n¼ 60).

DISCUSSION
The literature is rife with confusing terminology regarding abnor-
malities of the posterior fossa. Imprecise definitions and inconsis-
tent use of DWM and related terms (variant, continuum,
spectrum), VH, inferior vermian hypoplasia, and partial caudal
vermian agenesis have contributed to poor correlations between
neuroimaging phenotypes and clinical outcome. Clarification
would improve counseling for pregnancy planning, prognosis,
and genetic work-up. In our cohort, we found evidence of this
ongoing confusion and descriptive heterogeneity. If we used ver-
mian structure, choroid plexus/tela choroidea location, and fasti-
gial recess angles as primary diagnostic criteria, 96 of 407 (23.6%)
posterior fossa malformations were originally misdiagnosed with
a predominant bias of intraventricular hemorrhage and BPC (n ¼
29) and intraventricular hemorrhage (n¼ 17) instead of DWM.

Current diagnostic imaging criteria for DWM include VH
with enlargement of the fourth ventricle and posterior fossa.1

However, there is wide variability in the degree of vermian under-
development and posterior fossa enlargement, sometimes with-
out correlation between the 2. Our results support this variability
in that posterior fossa enlargement was not a significant differen-
tiator between the DWM and non-DWM groups. Often, there
are imaging features that approach but do not meet the full diag-
nostic criteria. While Dandy-Walker variant is an antiquated,
poorly defined label, its intended use once served an important
purpose: to indicate less pronounced phenotypes that appeared
similar to a DWM proper. The problem with the term Dandy-
Walker variant was not an intrinsic one; rather, it was that its

misuse in the literature left it without a clear definition and even
rendered it, at times, misleading. Abandonment was necessary,
leaving a descriptive void.

We are reluctant to overly emphasize the imaging appearance
of these malformations for fear of overstating the importance
of the imaging phenotype for prognosis and management.
Ultimately, clinical outcome is the most important factor for
prognosis, so there is a need for long-term longitudinal clinical
follow-up to determine to what extent an imaging subclassifica-
tion scheme matters, if at all. In addition, myriad causative
mechanisms (postmigrational insult, infection, germline genetic
abnormality, somatic mutation) must be better elucidated and
understood in the context of the mechanism of normal cerebellar
development. Evidence of prior vascular injury was found in a
minority of our cohort but did not differentiate the DWM from
the non-DWM group. Nevertheless, MR imaging sensitivity for
hemorrhage detection wanes with time, and prior injury may be
indiscernible on fetal MR imaging, particularly with insufficient
resolution or when motion artifacts are present.

To fully appreciate the developmental pathogenesis of any
brain malformation, one must identify the approximate timing of
the insult following which development goes awry. DWM is char-
acterized by upward, under-rotation of a hypoplastic vermis vis-à-
vis the brainstem. Extensive analysis points to the posterior vermis
being disproportionately hypoplastic.10,11 Our updated imaging
criteria stem from an improved understanding of the mechanism
of injury (disrupted growth of the posterior vermis) during a
specific developmental epoch generally thought to result in the
Dandy-Walker phenotype—that is, inferior vermian–predominant
hypoplasia with an unpaired caudal lobule, an obtuse fastigial
recess, a large TVA, and inferolateral displacement of the taenia–
tela choroidea complex and choroid plexus, the latter due to failed
resolution of the anterior membranous area.

Fourth ventricular size, posterior fossa size, and torcular loca-
tion are poor imaging criteria for DWM because they are largely
related to the degree of fourth ventricular outflow impedance and
are not direct sequelae of the injury or malformation. Rather,
imaging determination should hinge on the appearance of the ver-
mis, choroid plexus, and tela choroidea in accordance with the
time that the abnormality developed. Our receiver operating char-
acteristic analysis quantitatively demonstrates the robust distinc-
tion between DWM and non-DWM cases with C-statistics
of .0.9 when evaluating structures such as the fastigial recess or
measuring the TVA. As objective measures of the more subjective
DWM imaging features, these strongly predictive quantitative
data may facilitate neuroimaging classification by those with less
clinical expertise than our expert panel or by, yet developed, artifi-
cial intelligence tools. Although more complex linear models
were more predictive (Online Supplemental Data), the strong
predictive value of TVA alone suggests that such complexity may
be unnecessary in most cases; however, it would be necessary to
compare patients with posterior fossa abnormalities to a cohort
of healthy control subjects to better determine the importance of
predictive imaging variables for diagnosis.

Histopathologically, DWM is thought to be underpinned by
disruption in the structure of the rhombic lip (RL), a stem cell
zone located in the posterior cerebellum that gives rise to �80% of
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all neurons in the human brain, including all glutamatergic neu-
rons in the cerebellum.10,11 During embryonic development, the
human RL is trigonal but later expands into a tail-like structure
trailing from the posterior cerebellum, with ventricular and sub-
ventricular compartments separated by a vascular bed. During this
time, the fastigial recess remains flat. With an increase in size of
the posterior cerebellum brought about by the outward growth of
the nodulus beginning at 14 postconceptional weeks, the tail-like
RL becomes integrated into the posterior-most lobule, causing the
fastigial recess to sharpen (.14 postconceptional weeks).10,11 In
comparisons of DWM and VH, it is evident that in DWM, the fas-
tigial angle remains flat or obtuse, while in VH, the angle becomes
acute. This finding provides us with some clues to the potential
timing of the insult and leads to the hypothesis that in DWM, RL
disruption occurs before RL internalization, while in VH, aberra-
tions in RL development and other processes occur following
internalization. The delay in RL disruption leading to restricted
hypoplasia of the posterior-most lobule suggests that the early RL
likely contributes to the growth of the entire cerebellum, but post-
internalization helps in the growth and maintenance of the poste-
rior lobe only. Hence, the extent of hypoplasia would depend on
the timing of the RL insult, with further work required to define
this developmental stage.

The concomitant presence of brainstem dysmorphism in chil-
dren with abnormalities of cerebellar development is unsurpris-
ing, given that the cerebellum is a dorsal derivative of the
anterior hindbrain, rhombomere 1.19,20 Developmentally, the
neurons of the pontine nuclei arise from the both the cerebellar
RL in rhombomere 1 and the RL of other more posterior hind-
brain rhombomeres. These neurons migrate tangentially to their
final position in rhombomeres 3 and 4.19,20 Because both DWM
and VH exhibit similar and statistically indifferentiable rates of
pontine hypoplasia, this feature suggests that the pontine hypo-
plasia seen in these conditions is most likely due to a combination
of deficient pontine nuclear neurogenesis/histogenesis and WM
fiber reduction commensurate with the degree of cerebellar
hypoplasia.

The growth and development of the posterior vermis are the
most protracted of all regions, making it especially vulnerable to
disruptive events.10,11,21 The inferior vermis is the most com-
mon and most severely involved region in DWM and isolated
vermian hypogenesis, ie, partial agenesis.11 Nonetheless, inferior
VH should be diagnosed only if it can be documented that the
inferior vermis is small. Otherwise, the more general term “ver-
mian hypoplasia” should be used.21 “Hypoplasia” should be
reserved for a small but otherwise structurally normal-for-age
vermis.22 The other less discussed and appreciated fact is that in
some circumstances, one or more of these diagnoses may be
present, further hampering interpretation (eg, VH and Blake
pouch anomalies). Larger Blake pouch anomalies cause vermian
measurement inaccuracies,6 thereby making vermian height in
isolation an inadequate determinant for the Dandy-Walker phe-
notype, as seen in our prenatal cohort. Furthermore, the TVA is
variable in both DWM and BPC. Although marked TVA
enlargement strongly supports the diagnosis of DWM, the
opposite is not true: Mild TVA elevation may be present in ei-
ther DWM or BPC.

The retrospective nature of this cohort study and imaging
review is a limitation and is subject to case-selection bias. Because
the bulk of the cohort was accrued from imaging reports contain-
ing the terms “Dandy-Walker” and “vermian hypoplasia,” it lacks
an unknown number of cases that were missed, misinterpreted,
or mislabeled by the original interpreting radiologist. It also lacks
a control group. This study, although the largest reported, is only
the first step toward a more complete understanding of the
Dandy-Walker phenotype and its (likely numerous) etiologies
and diverse clinical presentations. Future work must involve
more clinical outcome data, longitudinal clinical and imaging
data, histopathologic and genomic analysis, healthy controls, and
prenatal clinical history if we hope to bridge the divide between
imaging appearance and clinical outcome. Ultimately, we aim to
better understand the causes and contributing factors that result
in the Dandy-Walker phenotype, and with that mechanistic
understanding, we hope that we will one day be able to predict
outcomes, heritability, and the likelihood of similar abnormalities
in future pregnancies.

CONCLUSIONS
Objective measures have confirmed statistically the modern phe-
notypic features of DWM and allow differentiation from VH and
BPC, causing misclassification in nearly one-quarter of prior
reports. The modern DWM phenotype is best defined by inferior,
predominant VH (mandatory), inferolateral displacement of the
tela choroidea/choroid plexus (mandatory when visible), an
unpaired caudal lobule (mandatory when visible), an enlarged teg-
mentovermian angle, and an obtuse fastigial recess, the latter 2
being the most significant qualitative measures. Posterior fossa size
and torcular location should be eliminated from the diagnostic cri-
teria. We highlight the fact that the structural phenotype, while
providing some information about developmental timing, bears
no relevance to the etiology, whether genetic or acquired, except in
rare cases where there is evidence of prior hemorrhage, inflamma-
tion, or other injury. This refined imaging phenotype may help
guide future study of the numerous etiologies and varied clinical
outcomes.
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Intracranial Hemorrhage in Term and Late-Preterm
Neonates: An Institutional Perspective

A.G. Sandoval Karamian, Q.-Z. Yang, L.T. Tam, V.L. Rao, E. Tong, and K.W. Yeom

ABSTRACT

BACKGROUND AND PURPOSE: Distribution of intracranial hemorrhage in term and late-preterm neonates is relatively unexplored. This
descriptive study examines the MR imaging–detectable spectrum of intracranial hemorrhage in this population and potential risk
factors.

MATERIALS AND METHODS: Prevalence and distribution of intracranial hemorrhage in consecutive term/late-preterm neonates
who underwent brain MR imaging between January 2011 to August 2018 were assessed. MRIs were analyzed to determine intracranial
hemorrhage distribution (intraventricular, subarachnoid, subdural, intraparenchymal, and subpial/leptomeningeal), and chart review
was performed for potential clinical risk factors.

RESULTS: Of 725 term/late-preterm neonates who underwent brain MR imaging, intracranial hemorrhage occurred in 63 (9%). Fifty-
two (83%) had multicompartment intracranial hemorrhage. Intraventricular and subdural were the most common hemorrhage loca-
tions, found in 41 (65%) and 39 (62%) neonates, respectively. Intraparenchymal hemorrhage occurred in 33 (52%); subpial, in 19 (30%);
subarachnoid, in 12 (19%); and epidural, in 2 (3%) neonates. Twenty infants (32%) were delivered via cesarean delivery, and 5 (8%), via
instrumented delivery. Cortical vein thromboses were present in 34 (54%); periventricular or medullary vein thromboses, in 37
(59%); and cerebral venous sinus thrombosis, in 5 (8%). Thirty-seven (59%) had elevated markers of coagulopathy (international nor-
malized ratio. 1.2, fibrinogen level , 234), 9 (14%) had a clinically meaningful elevation in the international normalized ratio (.1.4),
and 3 (5%) had a clinically meaningful decrease in the fibrinogen level (,150). Three (5%) neonates had thrombocytopenia (platelet
count , 100 � 103/mL).

CONCLUSIONS: While relatively infrequent, there was a wide distribution of intracranial hemorrhage in term and late-preterm
infants; intraventricular and subdural hemorrhages were the most common types. We report a high prevalence of venous conges-
tion or thromboses accompanying neonatal intracranial hemorrhage.

ABBREVIATIONS: GA ¼ gestational age; ICH ¼ intracranial hemorrhage; INR ¼ international normalized ratio; IPH ¼ intraparenchymal hemorrhage; IVH ¼
intraventricular hemorrhage; SWAN ¼ susceptibility-weighted angiography

Intracranial hemorrhages (ICHs) in term (gestational age
[GA]$ 37weeks) and late-preterm (GA ¼ 34–36weeks) neo-

nates can range in clinical manifestations from asymptomatic to
potentially devastating.

In preterm neonates, intraventricular hemorrhage (IVH) is the
most common ICH type due to immature vessels of the germinal

matrix.1-3 In older neonates, however, ICH is less common and

differs in location, etiology, and outcome.4 A case-control study of

infants born in the Northern California Kaiser Permanente

Medical Group identified 20 cases of neonatal ICH with a popula-

tion prevalence of 6.2 in 100,000 live births, but without investiga-

tions into a specific intracranial compartment.5 The clinical

presentation of the term neonate with ICH might include ence-

phalopathy, strokes, seizures, apnea, and respiratory distress.5-7

There are conflicting data regarding the association of ICH with
traumatic or instrumented delivery via assistance with vacuum or

forceps.5,8-11 One Swedish study of vacuum-assisted vaginal delivery

of term neonates described 9-fold increased odds of ICH, with pro-

tracted extractions compared with extractions adhering to safety
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recommendations.12 In another study, instrument-assisted birth
was not associated with higher odds of intracranial hemorrhage or

hemorrhagic stroke.5

There are also conflicting data on the association of coagulop-
athy with neonatal ICH.6,7 For example, 1 small case series of 17
neonates with subpial hemorrhage, a rare neonatal ICH pattern
with hemorrhage interposed between the brain surface and pia
mater, observed a relatively high incidence of acute thrombocyto-
penia and coagulation abnormalities.6 However, in another small
series of 7 neonates with subpial or subarachnoid hemorrhage,
none had coagulopathy.7

Limited data exist on the prevalence and location of intracra-
nial hemorrhage in term and late-preterm neonates, and less is
known about potential risk factors for these hemorrhages. This

study describes the spectrum of ICH in late-preterm and term
neonates from a large cohort at a single institution.

MATERIALS AND METHODS
Study Design
This was a retrospective descriptive study of neonates who under-
went brain MR imaging at Lucile Packard Children’s Hospital at
Stanford from January 2011 to August 2018. The study and waiver
of consent were approved by the Stanford University Institutional
Review Board. Clinical and radiographic data were de-identified.

Participants
The following served as the inclusion criteria: term (GA $

37weeks) or late-preterm (GA $ 34weeks) neonates with brain

FIG 1. Examples of various anatomic distributions of intracranial hemorrhages in term or late-preterm neonates. A, IVH and associated ventriculo-
megaly are present. Tentorial subdural hemorrhage is also present, as well as hemorrhage overlying the bilateral temporal poles. Right temporal
lobe swelling (asterisk) is present and associated with subpial hemorrhage (arrow). B, Left occipital subpial hemorrhage (single arrow) is present, as
well as left parieto-occipital lobe parenchymal hemorrhage (asterisk). Linear low signal intensities (double arrows) suggest either venous conges-
tion or thromboses. C, Intra- and periventricular hemorrhages are present. Linear intensities (black arrow) and nodular intensities (white arrows
on T2* imaging) suggest a perimedullary vein congestion and/or thromboses. D, Subpial hemorrhage is seen (white arrow) with subjacent tempo-
ral lobe deformity and edema (black arrow). On T2* imaging, parenchymal hemorrhage is also seen (asterisk), as well as punctate intraventricular
blood products. E, Combined left frontal subpial and parenchymal hemorrhages are shown on CT and MR imaging. Small falcine subdural hemor-
rhage is also shown (arrow). F, Bilateral cerebral convexity, posterior fossa, and tentorial subdural hemorrhages (arrows) are present in a neonate
with hemophilia.
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MR imaging that included both anatomic scans and iron-
sensitive T2* imaging (gradient-echo or susceptibility-weighted
angiography [SWAN]) obtained before 45 weeks postmenstrual
age. Patients with nondiagnostic brain MR imaging (eg, motion
degradation or other artifacts) and lack of T2* MR imaging
were excluded. Subjects were identified from a database of
patients in the Lucile Packard Children’s Hospital at Stanford
Neonatal Intensive Care Unit who underwent brain MR
imaging.

Hemorrhage Locations
The ICH location was based on the following criteria: 1) intraven-
tricular hemorrhage, hemorrhage in the cerebral ventricles; 2) sub-
dural hemorrhage, hemorrhage in the subdural space between the
dura mater and arachnoid mater; 3) subarachnoid hemorrhage,
hemorrhage in the subarachnoid space between the pia mater and
arachnoid mater; 4) subpial hemorrhage, hemorrhage overlying
the cortex or between the cortical surface and the pia mater; and 5)
intraparenchymal hemorrhage (IPH), hemorrhage in the brain
parenchyma. Small blood products in the posterior fossa and ten-
torium typically present after birth were not considered pathologic
ICH.

Clinical Information
Chart review was conducted for the following: birth weight, GA,
maternal age, method of delivery, instrumented delivery, Apgar
scores, indication for imaging, underlying congenital heart dis-
ease, history of extracorporeal membrane oxygenation, history of
seizures, and coagulation laboratory values. Normal value ranges
for the laboratory where the coagulation studies were performed
were 234–395mg/dL for fibrinogen levels and 0.9–1.2 for the
international normalized ratio (INR).

Imaging Technique and Analysis
All patients underwent brain MR imaging at either 1.5T (Signa;
GE Healthcare) or 3T (Discovery MR750; GE Healthcare). The
routine infant brain MR imaging protocol included either a T2*
axial gradient-echo (TR ¼ 500–600 ms, TE ¼ 20–30ms, section
thickness ¼ 5mm, and skip ¼ 1.5mm) or SWAN (TR ¼ 50–70
ms, TE ¼ 45–25ms, section thickness ¼ 4mm, 0 skip). Other
imaging sequences included T1 FLAIR, T1 spoiled gradient-
recalled, T2 FSE, DWI, and arterial spin-labeling.

Two board-certified neuroradiolo-
gists (E.T. and K.W.Y.), blinded to
clinical information, independently
reviewed the brain MRIs and cataloged
hemorrhage distribution. Additionally,
the reviewers recorded the presence of
lesions suspicious for venous thrombo-
ses, eg, thick, linear, and expansile T2*
lesions that followed the anatomic dis-
tribution of medullary/periventricular
or cortical veins or filling defects/flow
gaps associated with dural venous sinus
thromboses. Any disagreement between
the reviewers was resolved by a consen-
sus review among the 2 neuroradiolo-

gists and 2 child neurologists (A.G.S.K., Q.-Z.Y.). Examples of
ICH categorization are shown in Fig 1.

Statistical Analysis
Descriptive statistics included mean (SD) for normally distrib-
uted variables and median and interquartile ranges (IQRs) for
non-normally distributed variables.

RESULTS
Hemorrhage
Of 1542 neonates who underwent brain MR imaging between
January 2011 and August 2018, seven hundred twenty-five neo-
nates (median day of life ¼ 5.0 days, IQR ¼ 3.0–8.5) met the
inclusion criteria: 576 term (GA $ 37weeks) and 149 late-pre-
term neonates (GA ¼ 34–36.9 weeks). Of 725 neonates, 63 (9%)
were found to have ICH: 47 of the 576 (8.2%) term neonates
and 16 of the 149 (10.7%) late-preterm neonates. Table 1 sum-
marizes demographics and clinical features. Fifty-two neonates
(83%) had .1 type of hemorrhage. IVH and subdural hemor-
rhage were the most common hemorrhage locations, occurring
in 41 (65%) and 39 (62%), respectively. IPH occurred in 33
(52%); subpial hemorrhage, in 19 (30%); SAH, in 12 (19%); and
epidural hemorrhage, in 2 (3%) (Figs 2 and 3). T2* lesions sus-
picious for venous thromboses were identified in more than half
of the subjects (Table 2).

Clinical Features
Thirty-seven (59%) subjects had elevated markers of coagulop-
athy (INR. 1.2, fibrinogen level ,234mg/dL). Nine (14%) had
a clinically meaningful elevation in the INR of .1.4, and 3 (5%)
had a clinically meaningful decrease in fibrinogen levels of
,150mg/dL (Table 2). Three (5%) neonates had platelet counts
of ,100 � 103/mL. Four neonates were found to have possible
genetic etiologies of coagulopathy. One was heterozygous for a
factor V Leiden mutation, 1 was heterozygous for prothrombin
20210A mutation, 1 was homozygous for the MTHFR mutation,
and 1 was found to have factor VIII hemophilia.

Delivery was instrumented in 5 subjects: 4 with vacuum-
assisted delivery and 1 with forceps-assisted delivery. Eight (13%)
had congenital heart disease, and 2 (3%) had undergone extracor-
poreal membrane oxygenation before MR imaging.

Table 1: Sample characteristics
Variable Result

GA (median) (IQR) (wk) 38.3 (37.0–39.8)
Birth weight (mean) (SD) (kg) 3.1 (0.7)
Maternal age (median) (IQR) (yr) 31 (28.0–34.0)
Cesarean delivery (No.) (%) 20 (32)
Scheduled (No.) (%) 9 (45)
Urgent (No.) (%) 11 (55)
Instrumented delivery (No.) (%) 5 (8)
Apgar at 1minute (median) (IQR) 7 (2–8)
Apgar at 5 minutes (median) (IQR) 9 (7–9)
HIE as indication for MR imaging (No.) (%) 11 (17)
Seizure as indication for MR imaging, (No.) (%) 15 (24)
Sepsis/meningitis (No.) (%) 5 (8)

Note:—HIE indicates hypoxic-ischemic encephalopathy.
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The indications for MR imaging were clinical suspicion of
hypoxic-ischemic encephalopathy in 11 (17%), seizures in 15
(24%), and abnormal findings on head sonography in 20 (32%).
Five subjects (8%) had sepsis or meningitis. Most patients (n ¼
56, 89%) were discharged home, 5 (8%) were transferred to an
outside facility, and 2 (3%) died. Both of the 2 patients who
died had chromosomal abnormalities and congenital heart
disease.

DISCUSSION
We observed a wide range in ICH dis-
tribution in term and late-preterm
neonates, with most presenting with
multicompartment hemorrhages and
intraventricular hemorrhage and sub-
dural hemorrhage representing the
most common hemorrhage locations.
To date, this is the first study to sys-
tematically categorize ICH in term and
late-preterm neonates at a large qua-
ternary care pediatric center.

Clinical presentation and indications
for MR imaging in our cohort are con-
cordant with prior neonatal studies that
examined ICH,5,6 including clinical sus-
picion of hypoxic-ischemic encephalop-
athy, seizures, and abnormal findings on
head sonography. Intraventricular hem-
orrhage has been widely studied in pre-
mature neonates and remains the most
common ICH type affecting preterm
infants.1-3 Our sample, although a sin-
gle-center experience, suggests that IVH
is also a common ICH presentation in
term and late-preterm neonates, occur-
ring in 65% (n ¼ 41) of those with ICH.
However, given the multicompartment
ICH distribution in most of our neo-
nates with ICH (83%), we postulate
pathophysiology or hemodynamic dys-
regulation that is distinct from the
germinal matrix fragility typically impli-
cated in preterm neonates (Figs 2 and 3).
Similarly, a recent small cohort study of
17 neonates with subpial hemorrhages
also found concomitant hemorrhages in
other brain locations, eg, IPH or IVH.6

Although the relationship between
ICH and traumatic or instrumented
delivery via vacuum assistance or forceps
remains debated, most studies report
low rates of ICH with instrumented
delivery.5,8-11 Similarly, we report a low
rate of instrumented delivery, occurring
in only 5 of the 63 subjects (8%). Prior
studies have identified an association
between fetal distress via emergent cesar-
ean delivery: bradycardia, decelerations,

and low Apgar scores with neonatal ICH. However, the rates of
delivery by cesarean birth in our sample were similar to those in the
general population at 32%, with 9 (45%) scheduled and 11 (55%)
for urgent indications; and the median Apgar score at 5minutes
was 9 (IQR¼ 7–9).13

One potential contributor to neonatal ICH is coagulopathy,
despite conflicting data in the literature.6,7 While most (59%) of
our neonates with ICH had elevated coagulopathy markers based

FIG 3. Distribution of hemorrhages by CNS location, subdivided by a combination of compart-
ments when multiple compartments were involved. SDH indicates subdural hemorrhage.

FIG 2. Distribution of hemorrhages by CNS location. SDH indicates subdural hemorrhage.
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on the laboratory cutoff values, only 14% had a clinically relevant
elevation in the INR of .1.4, and only 5% had either a clinically
relevant decrease in platelet count of ,100 � 103/mL or in fibri-
nogen levels of,150 mg/dL. A small minority had genetic etiolo-
gies of coagulopathy, including 1 patient with hemophilia.
Nevertheless, coagulopathy and thrombocytopenia represent im-
portant modifiable potential contributors, whereby early identifi-
cation and correction of coagulopathy, along with maintenance
of homeostasis and hemodynamic stability, are key in the man-
agement of critically ill neonates.

Most interestingly, T2* lesions suspicious for periventricular/
medullary vein and cortical vein thromboses were common in our
sample, occurring in 59% and 54%, respectively, with 37% having
both (Table 3). Despite some reports of neonatal IPH associated
with cortical vein thrombosis,14 studies on neonatal venous
thromboses are sparse. A study of subpial hemorrhages in 17 neo-
nates also found a high incidence of enlarged perimedullary veins
(65%–76%) and suggested that medullary venous congestion or
thromboses may account for these hemorrhages.6 While the mech-
anisms for periventricular/medullary or cortical vein thromboses
remain unknown, it is possible that they represent sequelae of ICH
and associated venous hypertension and congestion or primary/

exacerbating contributors to hemorrhage and hemodynamic dys-
regulation in inflammatory or procoagulant states.

The 2 patients who died in this study each had chromosomal
abnormalities and congenital heart disease; thus, ICH was not
considered a major or primary contributor to mortality. Long-
term neurodevelopmental outcomes are beyond the scope of this
study but remain important points of future investigation.

This study has several limitations, primarily the sample size
and selection bias inherent in a single quaternary pediatric center.
Although this study represents the largest cohort of term or late-
preterm neonatal ICHs to date, the sample in each ICH category
remains small, which limits group comparisons for potential con-
tributing risk factors or for outcome analysis. The relatively
higher prevalence of ICH in our sample compared with prior
studies5 may relate to selection bias in our cohort at a quaternary,
referral center or a high rate of brain MR imaging use that facili-
tated ICH detection unique to our academic practice.

CONCLUSIONS
While ICH in preterm infants is well-studied, it is less explored in
term or late-preterm neonates. To date, this is the first and the

Table 3: Thromboses and coagulopathy by bleed location

Hemorrhage Location

Thrombosis (No.) (%)a Increased Bleeding Risk (No.) (%)a

Cortical Vein
Alone

Periventricular Vein
Alone

Both Cortical and
Periventricular Veins CVST Coagulopathyb Thrombocytopeniac

IVH (n ¼ 41) 4 (10) 9 (22) 17 (41) 5 (12) 9 (22) 2 (5)
SDH (n ¼ 39) 7 (18) 9 (23) 17 (44) 2 (5) 12 (31) 1 (3)
Subpial (n ¼ 19) 4 (21) 7 (37) 4 (21) 2 (11) 3 (16) 0 (0)
SAH (n ¼ 12) 4 (33) 1 (8) 3 (25) 0 (0) 3 (25) 1 (8)
IPH (n ¼ 33) 5 (15) 9 (27) 16 (48) 3 (9) 8 (24) 3 (9)
Epidural (n ¼ 2) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 0 (0)
Multiple compartments
(n ¼ 52)d

8 (15) 9 (17) 23 (44) 3 (6) 12 (23) 3 (6)

Note:—SDH indicates subdural hemorrhage.
a Percentages are row-based.
b INR.1.4 and/or fibrinogen level , 150mg/dL.
c Platelet count , 100 � 103/uL.
dMost of the sample (83%) had hemorrhages in multiple compartments.

Table 2: Venous thromboses and thrombocytopenia/coagulopathy in neonates with ICH
Variable Result

Cortical vein thromboses present (No.) (%) 34 (54)
Periventricular or medullary vein thromboses present (No.) (%) 37 (59)
CVST present (No.) (%) 5 (8)
MRA performed (No.) (%) 26 (41)
MRA, abnormal finding (No.) (%) 2 (3)

MRV performed (No.) (%) 27 (43)
MRV, abnormal findings (No.) (%) 5 (8)
Platelet count (median) (IQR) ( � 103/mL) 186 (147–271)
Platelet count ,100 � 103/mL (No.) (%) 3 (5)

INR (median) (IQR) 1.2 (1.1–1.4)
INR .1.2 (No.) (%) 22 (35)
INR .1.4 (No.) (%) 9 (14)
PTT (median) (IQR) (sec) 37.4 (32.1–41.9)
PTT .35.7 sec (No.) (%) 26 (41)
Fibrinogen level (median) (IQR) (mg/dL) 266 (216–392.5)
Fibrinogen level ,234mg/dL (No.) (%) 15 (24)
Fibrinogen level ,150mg/dL (No.) (%) 3 (5)

Note:—CVST indicates cerebral venous sinus thrombosis; PTT, partial thromboplastin time.
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largest study to systematically categorize ICH in this population.
We observed a wide range in ICH distribution in term and late-
preterm neonates, with most neonates presenting with multicom-
partment hemorrhages, which might reflect global hemodynamic
dysregulation. Periventricular and cortical vein thromboses were
common; instrumented delivery was less frequent; and despite
abnormal coagulopathy laboratory markers in .50% of the
patients with ICH, clinically meaningful coagulopathy was less
frequent. Further investigation is needed to determine the associ-
ation of ICH subtypes in term and late-preterm neonates with
later neurodevelopmental outcomes.

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

REFERENCES
1. Schindler T, Koller-Smith L, Lui K, et al; New South Wales and

Australian Capital Territory Neonatal Intensive Care Units’ Data
Collection. Causes of death in very preterm infants cared for in
neonatal intensive care units: a population-based retrospective
cohort study. BMC Pediatr 2017;17:59 CrossRef Medline

2. Khwaja O, Volpe JJ. Pathogenesis of cerebral white matter injury of
prematurity. Arch Dis Child Fetal Neonatal Ed 2008;93:F153–61
CrossRef Medline

3. Osborn DA, Evans N, Kluckow M. Hemodynamic and antecedent
risk factors of early and late periventricular/intraventricular hem-
orrhage in premature infants. Pediatrics 2003;112:33–39 CrossRef
Medline

4. Gupta SN, Kechli AM, Kanamalla US. Intracranial hemorrhage
in term newborns: management and outcomes. Pediatr Neurol
2009;40:1–12 CrossRef Medline

5. Armstrong-Wells J, Johnston SC, Wu YW, et al. Prevalence and
predictors of perinatal hemorrhagic stroke: results from the
Kaiser pediatric stroke study. Pediatrics 2009;123:823–28 CrossRef
Medline

6. Cain DW, Dingman AL, Stence NV, et al. Subpial hemorrhage of
the neonate. Stroke 2020;51:315–18 CrossRef Medline

7. Huang AH, Robertson RL. Spontaneous superficial parenchymal
and leptomeningeal hemorrhage in term neonates. AJNR Am J
Neuroradiol 2004;25:469–75 Medline

8. CastilloM, Fordham LA.MRof neurologically symptomatic newborns
after vacuum extraction delivery. AJNR Am J Neuroradiol 1995;16:816–
18Medline

9. Towner D, Castro MA, Eby-Wilkens E, et al. Effect of mode of deliv-
ery in nulliparous women on neonatal intracranial injury. N Engl J
Med 1999;341:1709–14 CrossRef Medline

10. Whitby EH, Griffiths PD, Rutter S, et al. Frequency and natural his-
tory of subdural haemorrhages in babies and relation to obstetric
factors. Lancet 2004;363:846–51 CrossRef Medline

11. Looney CB, Smith JK, Merck LH, et al. Intracranial hemorrhage in
asymptomatic neonates: prevalence on MR images and relationship
to obstetric and neonatal risk factors. Radiology 2007;242:535–41
CrossRef Medline

12. Åberg K, Norman M, Pettersson K, et al. Protracted vacuum extrac-
tion and neonatal intracranial hemorrhage among infants born at
term: a nationwide case-control study. Acta Obstet Gynecol Scand
2019;98:523–32 CrossRef Medline

13. Cole L, Dewey D, Letourneau N, et al. Clinical characteristics, risk
factors, and outcomes associated with neonatal hemorrhagic stroke:
a population-based case-control study. JAMA Pediatr 2017;171:230–
38 CrossRef Medline

14. Gunny RS, Lin D. Imaging of perinatal stroke.Magn Reson Imaging
Clin N Am 2012;20:1–33 CrossRef Medline

AJNR Am J Neuroradiol 43:1494–99 Oct 2022 www.ajnr.org 1499

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/October%202022/0160.pdf
http://www.ajnr.org
http://dx.doi.org/10.1186/s12887-017-0810-3
https://www.ncbi.nlm.nih.gov/pubmed/28222717
http://dx.doi.org/10.1136/adc.2006.108837
https://www.ncbi.nlm.nih.gov/pubmed/18296574
http://dx.doi.org/10.1542/peds.112.1.33
https://www.ncbi.nlm.nih.gov/pubmed/12837865
http://dx.doi.org/10.1016/j.pediatrneurol.2008.09.019
https://www.ncbi.nlm.nih.gov/pubmed/19068247
http://dx.doi.org/10.1542/peds.2008-0874
https://www.ncbi.nlm.nih.gov/pubmed/19255009
http://dx.doi.org/10.1161/STROKEAHA.119.025987
https://www.ncbi.nlm.nih.gov/pubmed/31694507
https://www.ncbi.nlm.nih.gov/pubmed/15037474
https://www.ncbi.nlm.nih.gov/pubmed/7611047
http://dx.doi.org/10.1056/NEJM199912023412301
https://www.ncbi.nlm.nih.gov/pubmed/10580069
http://dx.doi.org/10.1016/S0140-6736(04)15730-9
https://www.ncbi.nlm.nih.gov/pubmed/15031028
http://dx.doi.org/10.1148/radiol.2422060133
https://www.ncbi.nlm.nih.gov/pubmed/17179400
http://dx.doi.org/10.1111/aogs.13519
https://www.ncbi.nlm.nih.gov/pubmed/30578529
http://dx.doi.org/10.1001/jamapediatrics.2016.4151
https://www.ncbi.nlm.nih.gov/pubmed/28114647
http://dx.doi.org/10.1016/j.mric.2011.10.001
https://www.ncbi.nlm.nih.gov/pubmed/22118590


COMMENTARY

The Needed Studies Trying to Untangle the Complex Nature
of Neonatal Intracranial Bleeds Occurring around Birth

The challenge of understanding mechanisms beyond insults
and the resulting brain lesions in term or near-term neo-

nates facing delivery time is far from being fully untangled. We
believe considering together near-term and term neonates is
justified because major achievements in brain maturation have
been obtained for fetuses after 34 weeks of gestation.1 Karamian
et al2 produced this very useful and large single-center retro-
spective study on intracranial hemorrhages that we know are
highly heterogeneous with a complex and often unclear nature.
Data on the multicompartment character of intracranial hemor-
rhages emerges as one of the principal findings of the study,
reinforcing a generic hemodynamic identity of these intracra-
nial bleeds but minimizing the contribution of instrumented
delivery and of coagulopathy favoring bleeding.

Intraventricular hemorrhages (IVHs) also remain well-repre-
sented in this population of neonates close to or at term gestation.
IVH in very premature neonates is undoubtedly due to the vascu-
lar vulnerability at the caudothalamic notch of the remaining
germinal matrix, so prone to bleed into the ventricles in the first
3–4days of life, making obvious the origin of the IVH.3 At term
gestation, many cerebral developmental features are changing; the
germinal matrix undergoes anatomic involution, though IVH also
remains rather frequent in less premature neonates as this study
confirms. Knowledge of the origin of IVH in such neonates near
or at term is only based on pioneer and very old postmortem stud-
ies4 showing the likely origin from the choroid plexus.

The present work further highlights the role of brain venous
thrombosis phenomena, because we know IVH may disclose
cerebral sinovenous thrombosis (CSVT) in term neonates5 and
also in near-term preterm neonates.6 In these mildly premature
neonates, a late appearance of IVH (in very preterm neonates
IVH occurs in the first 3–4 days) reveals the phenomenon of
progression of CSVT into the deep, venous system of the brain
with frontal medullary vein involvement, an anatomic area that
is the last one to mature.1 In these neonates, thrombophilic
abnormalities are more significantly represented.7 Conversely, it
is not so uncommon to also find medullary vein involvement in
the brain of term neonates in the first days of life, mimicking

local venous thrombotic phenomena without evident CSVT and
potentially representing a different form of neonatal encephal-
opathy that we have already described.8 These abnormalities
despite possibly resulting in “linear” periventricular leukomala-
cia–like lesions, again atypically more frequent in the frontal
part of the brain, represent a different entity from the better
known white matter diseases of premature neonates first
described by Banker and Larroche in 19629 and clinically identi-
fied exactly one hundred years before by William J. Little.10

We believe one of the major merits of the present study is to
stress the important role of periventricular, medullary, and corti-
cal vein involvement, a phenomenon described as thrombosis by
the authors and perhaps a potential sign of a venous congestion
in the pathogenesis of an intracranial bleed occurring around the
time of labor and delivery. This sequence of events may repro-
duce what already observed decades ago for understanding the
pathogenesis of IVH from the germinal matrix of premature neo-
nates, originally thought to be an arterial kind of bleeding more
than a venous one, the “venous hypothesis” we all trust currently.
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ORIGINAL RESEARCH
PEDIATRICS

Involvement of the Thalamus, Hippocampus, and Brainstem
in Hypsarrhythmia of West Syndrome: Simultaneous

Recordings of Electroencephalography and fMRI Study
Y. Maki, J. Natsume, Y. Ito, Y. Okai, E. Bagarinao, H. Yamamoto, S. Ogaya, T. Takeuchi, T. Fukasawa,

F. Sawamura, T. Mitsumatsu, S. Maesawa, R. Saito, Y. Takahashi, and H. Kidokoro

ABSTRACT

BACKGROUND AND PURPOSE: West syndrome is a developmental and epileptic encephalopathy characterized by epileptic spasms,
neurodevelopmental regression, and a specific EEG pattern called hypsarrhythmia. Our aim was to investigate the brain activities related
to hypsarrhythmia at onset and focal epileptiform discharges in the remote period in children with West syndrome using simultaneous
electroencephalography and fMRI recordings.

MATERIALS AND METHODS: Fourteen children with West syndrome underwent simultaneous electroencephalography and fMRI at
the onset of West syndrome. Statistically significant blood oxygen level–dependent responses related to hypsarrhythmia were ana-
lyzed using an event-related design of 4 hemodynamic response functions with peaks at 3, 5, 7, and 9 seconds after the onset of
each event. Six of 14 children had focal epileptiform discharges after treatment and underwent simultaneous electroencephalogra-
phy and fMRI from 12 to 25months of age.

RESULTS: At onset, positive blood oxygen level–dependent responses were seen in the brainstem (14/14 patients), thalami (13/14),
basal ganglia (13/14), and hippocampi (13/14), in addition to multiple cerebral cortices. Group analysis using hemodynamic response
functions with peaks at 3, 5, and 7 seconds showed positive blood oxygen level–dependent responses in the brainstem, thalamus,
and hippocampus, while positive blood oxygen level–dependent responses in multiple cerebral cortices were seen using hemody-
namic response functions with peaks at 5 and 7 seconds. In the remote period, 3 of 6 children had focal epileptiform discharge–
related positive blood oxygen level–dependent responses in the thalamus, hippocampus, and brainstem.

CONCLUSIONS: Positive blood oxygen level–dependent responses with hypsarrhythmia appeared in the brainstem, thalamus, and
hippocampus on earlier hemodynamic response functions than the cerebral cortices, suggesting the propagation of epileptogenic
activities from the deep brain structures to the neocortices. Activation of the hippocampus, thalamus, and brainstem was still seen
in half of the patients with focal epileptiform discharges after adrenocorticotropic hormone therapy.

ABBREVIATIONS: ACTH ¼ adrenocorticotropic hormone; BOLD ¼ blood oxygen level–dependent; ED ¼ epileptiform discharge; EEG-fMRI ¼ simultaneous
recordings of electroencephalography and fMRI; HRF ¼ hemodynamic response function; MNI ¼ Montreal Neurological Institute; WS ¼ West syndrome

West syndrome (WS) is a developmental and epileptic ence-
phalopathy of infancy characterized by epileptic spasms,

neurodevelopmental regression, and a specific electroencephalog-
raphy (EEG) pattern called hypsarrhythmia.1 Hypsarrhythmia
consists of high-voltage slow waves and multifocal spikes without
interhemispheric and intrahemispheric synchrony.2,3 In the

concept of developmental and epileptic encephalopathy, the abun-
dant epileptiform activity interferes with psychomotor develop-
ment, resulting in cognitive slowing and regression.4 In that sense,
it is important to know which brain structures and networks are
involved in the form of hypsarrhythmia to understand the mecha-
nism ofWS leading to cognitive slowing and regression.

Previous neuroimaging studies have implied the involvement
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pathophysiology of WS. FDG-PET shows hypermetabolism of
the lenticular nuclei and brainstem.5,6 DTI has shown restricted
diffusion in the brainstem at the onset of WS.7 However, because
of the low temporal resolution of PET and DTI, it is difficult to
assess the relationship of hypermetabolism and restricted diffu-
sion with hypsarrhythmia directly.

Simultaneous recording of EEG and fMRI (EEG-fMRI) is a
technique for evaluating hemodynamic changes by blood oxygen-
ation level–dependent (BOLD) signals related to EEG activities. A
previous EEG-fMRI study of hypsarrhythmia in children with WS
showed a positive correlation between the D power of the occipital
slow wave and a positive BOLD response in the brainstem and
putamen.8 EEG-fMRI is a promising tool to identify the brain
structures involved in hypsarrhythmia and to clarify the role of
these structures in developmental and epileptic encephalopathies.

In the present study, EEG-fMRI was performed in patients
withWS to evaluate the brain structures related to hypsarrhythmia.
An event-related design of 4 hemodynamic response functions
(HRFs) that peak at 3, 5, 7, and 9 seconds after the onset of clusters
of the epileptiform discharge was used to assess the temporospatial
propagation of the epileptiform activities. Additionally, EEG-fMRI
was re-evaluated in the remote period after adrenocorticotropic
hormone (ACTH) therapy in patients who had remaining epilepti-
form discharges (EDs), and the results were compared with seizure
outcomes.

MATERIALS AND METHODS
Ethics Approval
The present study was approved by the research ethics commit-
tee of Nagoya University Graduate School of Medicine. Written,
informed consent was obtained from the children’s caregivers
before participation.

Patients and Clinical Data
Children with new-onset WS who were referred to Nagoya
University Hospital between January 2016 and December 2021 were
recruited. The diagnosis of WS was made from epileptic spasms in
clusters confirmed by video-EEG recording and interictal EEG find-
ings of hypsarrhythmia. The search for the etiology included labora-
tory tests and MR imaging, and the etiology of WS was regarded as
unknown in children without abnormal findings on these examina-
tions. Children were treated according to the following protocol:
First, oral antiepileptic drugs were administered for at least 1 week,
or ACTH was started. When spasms were not controlled by the oral
antiepileptic drug, ACTH therapy was initiated immediately.
Intramuscular injection of ACTH was administered for 2–4 weeks,
followed by alternate-day administration for 1 week. The effective-
ness was evaluated on the basis of the frequency of spasms and inter-
ictal EEG findings.

EEG-fMRI Acquisition
Patients underwent EEG-fMRI before the initiation of ACTH
therapy. In patients who had remaining focal EDs after ACTH
therapy, another EEG-fMRI scan was performed.

MR images were obtained using a Magnetom Verio (Siemens)
3T scanner with a 32-channel head coil using the same protocol as
in previous studies.9 fMRIs were recorded in a single, continuous

session for 15minutes using a T2-weighted gradient-echo echo-
planar imaging sequence with the following imaging parameters:
TR, 2.5 seconds; TE, 30ms; FOV, 192mm; matrix dimension,
64� 64; 39 transverse slices with a 0.5-mm interslice interval and
3-mm thickness; flip angle, 80°; and a total of 360 volumes. EEGs
and electrocardiograms were recorded simultaneously during
fMRI scans using an MR imaging–compatible system (GES 400
MR, Electrical Geodesics, EGI; https://www.egi.com/). A 32-chan-
nel EEG cap was worn by the child throughout the scan and was
connected to a combined digitizer-amplifier system. Data from
the amplifier sampled at 1 kHz were continuously retrieved.
Children were sedated in a drug-induced sleep condition with tri-
clofos sodium, 80mg/kg of body weight.

Image Preprocessing
Anatomic T1-weighted images and fMRIs were preprocessed using
SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/software/spm12)
running on Matlab (MathWorks). For fMRI, the first 5 images were
discarded to remove signal inhomogeneity. The remaining 355
images were corrected for temporal differences in section acquisi-
tions, resampled relative to the middle image (20th of the 39 trans-
verse slices), and corrected for head motion. The fMRI images were
normalized to the Montreal Neurological Institute (MNI) space and
smoothed with an 8-mm full width at half maximum Gaussian
kernel.

EEG Preprocessing
Raw EEG data were preprocessed using EGI’s Net Station software
(https://www.egi.com/clinical-division/net-station). Gradient arti-
facts were removed using the template subtraction method, and
ballistocardiogram artifacts were also removed using principal
component analysis.10,11 The cleaned EEG was band-pass filtered
within the frequency range from 0.1 to 100Hz. Two epileptolo-
gists (Y.M. and Y.I.) independently marked the onset and end of
intermittent hypsarrhythmia bursts during sleep for EEGs at WS
onset and the onset of EDs for EEGs in the remote period. Each
hypsarrhythmia burst was regarded as an event with duration,
similar to that in a previous approach used in ictal EEG-fMRI
analysis in childhood absence epilepsy or Lennox-Gastaut syn-
drome.12,13 The events for which 2 epileptologists obtained con-
sensus were used for the subsequent analysis.

Individual-Level fMRI Analysis
fMRI data were analyzed using SPM12 software. Identified hypsar-
rhythmia bursts or ED onsets were used to generate a series of bursts
or spikes, which were then convolved with HRFs and used in the
statistical analyses of preprocessed fMRI data using an FSL General
Linear Model approach (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM).
Four different HRFs that peaked at 3, 5, 7, and 9 seconds (P3, P5,
P7, and P9) after the onset of each event were used for the analyses,
as described previously.13 One-tailed t tests were applied to test hyp-
sarrhythmia bursts or ED-related BOLD signal changes. A signifi-
cant BOLD response was defined as at least 5 contiguous voxels
above a t value of 3.1, which is equivalent to a P value , .01.14 All
significant clusters obtained from 4 HRFs using this significance
level were also regarded as significant for total individual-level analy-
sis, and the results were superimposed on T1-weighted images of
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each child. To combine the images of multiple HRFs, we followed
the method that Gotman Lab described (https://www.mcgill.ca/
gotman-lab/research/combined-eeg-fmri-recordings/creating-
combined-hrf-tmap). A new image file was created using the
t-maps for the individual models as the template. Each voxel was in-
dependently examined, and the value of the t-map with the highest
absolute value was written into that voxel. Anatomic segmentation
was according to Automated Anatomical Labeling (https://www.gin.
cnrs.fr/en/tools/aal/).15

Group-Level fMRI Analysis
Group-level analysis was performed for individual results at the
onset of WS. Analysis was first performed for each HRF (P3, P5,
P7, and P9) using the SPM12 software. Age at scanning was used
as a covariate. The significance level was set at P, .01 for multi-
ple comparisons using family-wise error cluster-level correction
with a cluster-forming threshold of P= .001. All significant clus-
ters obtained from 4 HRFs using this significance level were also
regarded as significant for the total group-level analysis, similar
to findings in a previous EEG-fMRI study that used a time-shift
model of a single HRF.16 The results were superimposed on the
common T1-weighted image in MNI space.

RESULTS
Patient Demographics
Fourteen children with new-onset WS were included in the study
(Online Supplemental Data). The median age at the onset of WS
was 5months (range, 3–10months). Two children (patients 5
and 6) had tuberous sclerosis complex and focal motor seizures
before the onset of spasms. In the remaining 12 children, the eti-
ology of WS was unknown at the onset. Patient 7 had delayed
myelination and WM volume loss on MR imaging, but gene
panel exome sequencing of developmental and epileptic encepha-
lopathies did not show causative abnormalities.

In 5 patients, clonazepam, valproate, levetiracetam, topiramate,
or vigabatrin was administered before ACTH therapy. In other
patients, ACTH therapy was the first medication. After ACTH
therapy, patients 5, 7, and 12 had epileptic spasms and patients 5
and 7 received another course of ACTH therapy. In the other 11
patients, spasms and hypsarrhythmia were resolved by a single
course of ACTH therapy. Four patients (patients 1, 2, 3, and 5)
experienced focal seizures during the follow-up period. Patients 1
and 3 had focal seizures 12 and 42months after completing
ACTH therapy, respectively. Patients 2 and 5 had onset of focal
seizures within a month after completing ACTH therapy. Patient
2 underwent right temporal lobe resection at 23 months of age,
and pathology showed focal cortical dysplasia type IIa.

Of the 8 patients who did not have focal EDs after ACTH
therapy, 3 (patients 7, 12, and 14) had generalized EDs, relapse of
seizures, and mild-to-severe developmental delays. In the other 5
patients who did not have focal or generalized EDs, 4 had normal
psychomotor development and 1 (patient 10) had a mild delay of
language development.

On EEG during the follow-up period, 6 of 14 patients
(patients 1–6) had focal EDs after ACTH therapy. Patient 7 had
frequent diffuse sharp-slow waves on interictal EEG. Patient 12
had multifocal EDs on interictal EEG.

BOLD Responses Related to Hypsarrhythmia at Onset of
WS
The median interval between the onset of WS and the first EEG-
fMRI scan was 10.5 days (range 3–112 days). In the patient who
underwent EEG-fMRI 112days after the onset of WS, the family
did not recognize the spasms as epileptic seizures and the diagno-
sis of WS was delayed to 84days after onset. This patient had a se-
ries of epileptic spasms and typical hypsarrhythmia at diagnosis
and was included in the present study.

The median number of bursts of EDs in a 15-minute scan of
each patient was 55 (range, 11–129). BOLD responses related to
ED bursts of each patient are in seen in Fig 1A. In cerebral neocor-
tices, all children showed multiple positive BOLD responses in the
bilateral frontal, temporal, parietal, and occipital lobes, and the cin-
gulate gyri. Positive BOLD responses in the bilateral insulae were
also observed in all except 1 patient. Negative BOLD responses
were observed in the frontal (12/14 patients), temporal (10/14), pa-
rietal (12/14), and occipital lobes (12/14) of the cerebral cortices,
though the areas were smaller than those of positive BOLD
responses. Regarding subcortical structures and the hippocampus,
positive BOLD responses were observed in the brainstem (14/14
patients), thalami (13/14), and hippocampi (13/14). Positive BOLD
responses in the brainstem were observed in the pons in 13
patients. Positive BOLD responses in the thalami were observed
bilaterally in 12 patients and unilaterally in 1. Positive BOLD
responses in the hippocampi were observed bilaterally in 11
patients and unilaterally in 1. Positive BOLD responses in the basal
ganglia were observed in 8 patients. Negative BOLD responses
were observed in the brainstem in 2 patients, the thalami in 3, and
the hippocampi in 2. Negative BOLD responses in the basal ganglia
were observed in 12 of 14 patients. The BOLD responses with max-
imum t values were positive BOLD responses in all children and
were observed in the cerebral neocortex in 8 patients, in the pons
in 3, the hippocampus in 1, the pulvinar in 1, and the posterior cin-
gulate gyrus in 1.

The result of group-level analysis is shown in Fig 2. No clus-
ters with significant negative BOLD responses were identified.
Group analysis using a P3 HRF showed significant positive
BOLD responses in the dorsal pons, midbrain, bilateral hippo-
campus, bilateral thalami, and bilateral opercula, whereas positive
BOLD responses in the cerebral neocortex were scarce. P5 and P7
HRFs showed significant positive BOLD responses in the cerebral
neocortex, pons, midbrain, bilateral thalami, and left hippocam-
pus. The P9 HRF yielded scattered positive BOLD responses in
the cerebral neocortex and positive BOLD responses in the bilat-
eral thalami and hippocampi.

BOLD Responses Related to Focal EDs after ACTH Therapy
The median age at the second EEG-fMRI scan was 16months
(range, 12–25months) in 6 patients (patients 1–6) with focal EDs
after ACTH therapy. The median number of focal EDs during a
15-minute scan was 27 (range, 13–76). Four of the 6 patients with
focal EDs after ACTH therapy had focal seizures.

BOLD responses related to focal EDs are described in the
Online Supplemental Data and Fig 1B. Patients 1–3 showed pos-
itive BOLD responses in the brainstem, thalami, and hippo-
campi, in addition to the cerebral cortex; maximum t values
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were observed in the hippocampus or thalamus. Patient 4 showed
positive BOLD responses in the brainstem and right hippocampus.
Of patients with tuberous sclerosis complex, patient 5 showed posi-
tive BOLD responses only in the cerebral cortices, and patient 6
showed significant BOLD responses in the thalamus and hippo-
campus, as well as in the cerebral cortices. The areas with positive
BOLD responses in the cerebral cortices decreased in all except 1
patient (patient 2). The areas with positive BOLD responses in the
brainstem, thalami, hippocampi, and basal ganglia decreased in all
patients.

DISCUSSION
In the present study, individual and
group analyses of EEG-fMRI with hyp-
sarrhythmia showed activation of the
brainstem, hippocampus, and thalamus,
as well as the cerebral neocortices. In
the group-level analysis, positive BOLD
responses in the hippocampus, thala-
mus, and brainstem were obtained from
the earlier timing of multiple HRFs than
in the cerebral neocortex. On EEG-
fMRI of focal EDs during the follow-up
period after ACTH therapy, the hippo-
campus, thalamus, and brainstem were
still activated with focal EDs in 3 of 6
children.

Previous neuroimaging studies str-
essed the importance of the brainstem
in the pathophysiology of WS. An
FDG-PET study by Chugani et al5

showed glucose hypermetabolism in
the lenticular nuclei and brainstem in
patients with WS, and they hypothe-
sized that epileptic activity propagates
from the brainstem to the basal ganglia
and cerebral cortex. In a case report of
ictal SPECT, increased perfusion in the
brainstem was observed in a patient
with a defective left hemisphere and
symmetric epileptic spasms.17 Our DTI
study showed increased fractional ani-
sotropy and reduced mean diffusivity in
the dorsal brainstem at the onset of
WS.7 The finding of reduced diffusion
may suggest cytotoxic edema of the dor-
sal brainstem. The dorsal raphe area of
the brainstem has a large number of
serotonergic cell bodies, and it has been
hypothesized that raphe-cortical interac-
tions induce hypsarrythmia.6 The indi-
vidual and group-level results of the
present study support the involvement
of the brainstem in the epileptic brain
activities of WS. Furthermore, the results
of the group analysis in the present
study showing positive BOLD responses
in the brainstem obtained from a P3

HRF and positive BOLD responses in the cerebral cortex from P5
or P7 HRFs support the hypothesis about the propagation pattern
of epileptic activity in children with WS.6 Multiple HRF analyses
provide interesting information about the formation of epileptic
networks in WS, though the multiple HRF analyses were originally
developed to cover the variable hemodynamics with EDs, and the
difference in the HRF does not necessarily mean different timing
of epileptiform activities.

The present study found group-level significant positive BOLD
responses in the thalamus and hippocampus from P3, P5, and P7

FIG 1. EEG-fMRI findings of all patients with WS. A, Combined t-maps of 4 HRFs on EEG-fMRI of
all patients at the onset of WS. The first (leftmost) axial image of each patient shows the axial
slice with the maximum t value. All children showed significant BOLD response in the brainstem,
hippocampus, thalamus, and basal ganglia, as well as multiple cerebral neocortices. B, EEG-fMRI
findings of 6 children who had focal epileptiform discharges in the remote period after ACTH
therapy. Significant BOLD responses in the brainstem, thalamus, and hippocampus are shown by
arrows on sagittal, axial, and coronal sections of each patient. Positive BOLD responses are indi-
cated by yellow arrows, and negative BOLD responses are indicated by blue arrows. The MNI
coordinates of maximum t values are described in the Online Supplemental Data. In both A and
B, all significant BOLD responses from 4 HRFs are shown. Pt. indicates patient; t-max, time-to-
maximum.
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HRFs. The role of the thalamus and hippocampus in WS and hyp-
sarrhythmia is intriguing. It has been hypothesized that the thala-
mus and hippocampus form a limbic network with the role of
distribution and synchronization of hyperexcitability determined
from the results of animal model studies of temporal lobe epi-
lepsy.18 The role of the thalamus and hippocampus in epilepsy has
also been discussed in other types of focal and generalized epi-
lepsy.19,20 On the other hand, the roles of the hippocampus and
thalamus in WS are not fully understood. A previous study of
interictal SPECT showed decreased perfusion of the thalamus and
hippocampus in children with WS.21 The present EEG-fMRI study
suggests that epileptogenic activities during hypsarrhythmia are
associated with abnormal activities in the hippocampus and thala-
mus and lead to dysfunction of the limbic system. This hypothesis
supports the idea that early cessation of the hypsarrhythmia is im-
portant for cognitive outcomes inWS.

The present results also showed that the hippocampus, thala-
mus, and brainstem were still activated with focal EDs in 3 of 6
children during the follow-up period. All 3 patients with activa-
tion in the hippocampus, thalamus, and brainstem with focal EDs
had focal epilepsies and developmental delay. Previous EEG-fMRI
studies indicated the involvement of subcortical GM, especially
the thalamus, in patients with pharmacoresistant focal or multifo-
cal epilepsies.22-24 The present findings indicate that part of the
subcortical epileptic activities at the onset of WS remains in some
children with focal epilepsies, even after the disappearance of
hypsarrhythmia.

A previous EEG-fMRI study of 8 children with WS by
Siniatchkin et al8 showed a positive correlation between occi-
pital D power of the hypsarrhythmia and BOLD responses in

the brainstem, thalamus, and putamen. There are differences in
analysis methods between the study by Siniatchkin et al and the
present one. The method of the former study was capable of
assessing spike components and slow waves of hypsarrhythmia
separately. The present method included all spikes and slow
waves of each hypsarrhythmia burst in each event and has a weak
point in that it does not involve analyzing spike and slow-wave
components separately. Another difference is that Siniatchkin et
al used the canonical HRF, which has high amplitude with its
peak at approximately 5 seconds after an event, and the present
study used 4 HRFs with different temporal peaks and lower
amplitude. The present method could reduce the t values of
BOLD responses due to lower amplitude and could raise the sen-
sitivity of significant BOLD responses by covering the temporal
gap of the hemodynamic response among brain regions.
Although it is uncertain how the methodologic difference affected
the results, the present study confirmed the results of Siniatchkin
et al, showing activation in the brainstem, thalamus, and basal
ganglia, and it additionally found activation in the hippocampus
with hypsarrhythmia.

There were some limitations in the present study. First, the
number of patients was small. Second, the follow-up period was
relatively short, and seizure and long-term developmental out-
comes were not examined. Third, because EEG-fMRI is analyzed
by marking the EDs on EEG, it cannot be performed in patients
without EDs in the follow-up period. Therefore, it was not possi-
ble to evaluate the change of activity in the thalami, hippocampi,
and brainstem in patients without EDs after ACTH therapy.
Despite these limitations, the present results provide important
insight into the pathophysiology of WS.

FIG 2. The results of group-level analysis at the onset of WS. With the P3 HRF, significant positive BOLD responses were observed in the brainstem,
bilateral hippocampi, and bilateral thalami. Positive BOLD responses in the cerebral cortices were observed mainly with P5 and P7 HRFs, and these
HRFs also yielded positive BOLD responses in the pons, midbrain, bilateral thalami, and left hippocampus. No group-level significant negative BOLD
responses were observed.
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CONCLUSIONS
The present EEG-fMRI study showed the presence of subcortical
epileptic networks involving the brainstem, hippocampus, and
thalamus at the onset of WS. Activation of the hippocampus,
thalamus, and brainstem was still seen in half of the patients with
focal EDs after ACTH therapy.
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ORIGINAL RESEARCH
PEDIATRICS

Arterial Spin-Labeling Perfusion Metrics in Pediatric
Posterior Fossa Tumor Surgery

S.M. Toescu, P.W. Hales, J. Cooper, E.W. Dyson, K. Mankad, J.D. Clayden, K. Aquilina, and C.A. Clark

ABSTRACT

BACKGROUND AND PURPOSE: Pediatric posterior fossa tumors often present with hydrocephalus; postoperatively, up to 25% of
patients develop cerebellar mutism syndrome. Arterial spin-labeling is a noninvasive means of quantifying CBF and bolus arrival
time. The aim of this study was to investigate how changes in perfusion metrics in children with posterior fossa tumors are modu-
lated by cerebellar mutism syndrome and hydrocephalus requiring pre-resection CSF diversion.

MATERIALS AND METHODS: Forty-four patients were prospectively scanned at 3 time points (preoperatively, postoperatively, and
at 3-month follow-up) with single- and multi-inflow time arterial spin-labeling sequences. Regional analyses of CBF and bolus arrival
time were conducted using coregistered anatomic parcellations. ANOVA and multivariable, linear mixed-effects modeling analysis
approaches were used. The study was registered at clinicaltrials.gov (NCT03471026).

RESULTS: CBF increased after tumor resection and at follow-up scanning (P ¼ .045). Bolus arrival time decreased after tumor resec-
tion and at follow-up scanning (P ¼ .018). Bolus arrival time was prolonged (P ¼ .058) following the midline approach, compared
with cerebellar hemispheric surgical approaches to posterior fossa tumors. Multivariable linear mixed-effects modeling showed that
regional perfusion changes were more pronounced in the 6 children who presented with symptomatic obstructive hydrocephalus
requiring pre-resection CSF diversion, with hydrocephalus lowering the baseline mean CBF by 20.5 (standard error, 6.27) mL/100g/
min. Children diagnosed with cerebellar mutism syndrome (8/44, 18.2%) had significantly higher CBF at follow-up imaging than those
who were not (P ¼ .040), but no differences in pre- or postoperative perfusion parameters were seen.

CONCLUSIONS:Multi-inflow time arterial spin-labeling shows promise as a noninvasive tool to evaluate cerebral perfusion in the set-
ting of pediatric obstructive hydrocephalus and demonstrates increased CBF following resolution of cerebellar mutism syndrome.

ABBREVIATIONS: AIC ¼ Akaike information criterion; ASL ¼ arterial spin-labeling; BAT ¼ bolus arrival time; BuxCBF ¼ Buxton-modeled CBF from multi-TI
ASL data; CMS ¼ cerebellar mutism syndrome; EVD ¼ external ventricular drain; HCP ¼ hydrocephalus; ICP ¼ intracranial pressure; mod ¼ model; (mod_hcp) ¼
addition of HCP with an interaction term for the time point; (mod_hcpcms) ¼ full model including terms for CMS and HCP; PLD ¼ post-labeling delay; TI ¼
inflow time

CBF is a physiologic parameter with a well-established relation-
ship to intracranial pressure (ICP) and systemic arterial blood

pressure.1-3 Changes in CBF follow open craniotomy in adult
patients,4 but less is known about the effect of neurosurgery on
CBF in children.5 Brain tumors commonly occur in the posterior
fossa in children, who often present with symptoms of raised ICP

due to obstruction of CSF flow.6 Obstructive hydrocephalus (HCP)

can be severe enough to warrant emergency CSF diversion as a life-

saving procedure before tumor resection. There are few reports of

alterations in perfusion metrics in children with HCP.5,7,8 Following

tumor resection, up to one-quarter of patients develop cerebellar

mutism syndrome (CMS),9 characterized by a delayed onset of

mutism and emotional lability,10 which tend to resolve during weeks

to months. Damage to the superior cerebellar peduncles is thought

to disturb reciprocal cerebrocerebellar pathways, giving rise to the

striking symptomatology of the condition. Frontal perfusion deficits

in patients with CMS have previously been shown using SPECT

imaging,11,12 DSC MR imaging,13 and, more recently, arterial spin-

labeling (ASL).14,15

ASL quantifies brain perfusion in physiologically relevant
units by subtracting an image with radiofrequency-labeled blood

Received January 3, 2022; accepted after revision July 27.

From the Departments of Neurosurgery (S.M.T., E.W.D., K.A.) and Neuroradiology
( J.C., K.M., C.A.C.), Great Ormond Street Hospital, London, UK; and Developmental
Imaging and Biophysics Section (S.M.T., P.W.H., J.D.C.), University College London
Great Ormond Street Institute of Child Health, London, UK.

This work was supported by Children With Cancer UK, CwC-UK-15-203, and the
Great Ormond Street Hospital Charity, 174385.

Please address correspondence to Sebastian M. Toescu, MD, Developmental
Imaging and Biophysics Section, UCL-GOS Institute of Child Health, 30 Guilford St,
London, UK, WC1N 1EH; e-mail: Sebastian.toescu@ucl.ac.uk; @sebmigueltoescu

http://dx.doi.org/10.3174/ajnr.A7637

1508 Toescu Oct 2022 www.ajnr.org

https://orcid.org/0000-0001-8768-9231
https://orcid.org/0000-0002-4269-0252
https://orcid.org/0000-0001-6849-261X
https://orcid.org/0000-0002-2539-5374
https://orcid.org/0000-0001-5979-9337
https://orcid.org/0000-0002-6608-0619
https://orcid.org/0000-0001-7015-5196
https://orcid.org/0000-0002-8237-6065
mailto:Sebastian.toescu@ucl.ac.uk
https://mobile.twitter.com/sebmigueltoescu


from a control image at a suitable post-labeling delay (PLD, also
known as single inflow time [TI] or single-TI data). By acquiring
data at multiple TIs (multi-TI), it is possible to extract further pa-
rameters such as the bolus arrival time (BAT) of labeled blood.
BAT varies regionally, making single-PLD acquisitions suscepti-
ble to underestimation of CBF due to incomplete delivery of the
bolus of labeled blood at the chosen TI. The advantage of multi-
TI ASL is that this issue is accounted for by imaging at serially
increasing TIs.

The aim of this study was to characterize perfusion metrics of
CBF and BAT of labeled blood using single- and multi-TI ASL in
children with posterior fossa tumors. We also aimed to investi-
gate how changes in perfusion metrics were modulated by peri-
operative surgical and clinical features of CMS and HCP
requiring pre-resection CSF diversion. We hypothesized that
children with CMS would have reduced CBF postoperatively and
that HCP would cause a reduction in preoperative CBF and pro-
long preoperative BAT.

MATERIALS AND METHODS
Patients
Children referred to our institution with posterior fossa tumors
underwent MR imaging before tumor resection, within 72 hours
of tumor resection, and at 3-month follow-up. Scans were per-
formed with the patient under general anesthesia in younger chil-
dren to avoid movement artifacts; otherwise, all scanning was
performed in unsedated patients. Sedation requirements were
assessed by experienced pediatric neuroradiographers before
scanning and were primarily determined by patient age. Only 1
patient required general anesthesia at a follow-up scan appoint-
ment, having previously tolerated unsedated scanning.

Children presenting with symptomatic HCP (signs of raised
ICP, such as headache, vomiting, or deteriorating conscious lev-
els) were treated with urgent CSF diversion in the form of an
external ventricular drain (EVD) before tumor resection. Those
who did not undergo pre-resection EVD were temporized with
glucocorticoid administration until tumor resection. Operative
notes were contemporaneously reviewed, and the intradural sur-
gical approach to the tumor was categorized into midline, hemi-
spheric, and miscellaneous groups. Postoperative CMS status was
determined by prospective clinical evaluation by attending neuro-
surgical and multidisciplinary staff. The diagnosis was primarily
based on the presence of mutism or reduced speech output in the
early postoperative phase. Patients were followed up at 2 months
postoperatively to assess ongoing symptoms of CMS. Ethics ap-
proval was granted by the National Health Service Health
Research Authority (18/LO/0501), and the study was registered at
clinicaltrials.gov (NCT03471026).

MR Imaging Acquisition
Imaging was performed on a 3T MR imaging scanner (Magnetom
Prisma; Siemens) using a 20-channel receive head coil. The scanning
protocol comprised structural imaging (including T1 MPRAGE),
multishell diffusion imaging, and ASL. Imaging at the preoperative
time point was acquired before CSF diversion.

Single-PLDASL was performed using a prototype pseudocontin-
uous labeling sequence with background suppression and a 3D

gradient-echo and spin-echo readout. Imaging parameters were set
according to international consensus recommendations,16 with a
labeling duration of 1800ms, a 1500-ms PLD, and 10 repetitions.
The FOV was 220mmwith a 64� 62 matrix reconstructed to 1.7�
1.7 mm2 in-plane spatial resolution (interpolation factor ¼ 2).
Additional sequence parameters were the following: 24 partitions;
turbo factor ¼ 12; EPI factor ¼ 31; segments= 2 (with parallel
imaging, generalized autocalibrating partially parallel acquisition =
2); section thickness ¼ 4.0mm; TR ¼ 4620 ms; TE ¼ 21.8ms. A
proton density–weighted (M0) image was also acquired, with a
readout identical to that of the ASL acquisition but with the label-
ing radiofrequency pulses removed for CBF quantification.

Multi-TI pulsed ASL data comprised acquisitions at 10 TIs
ranging from 350 to 2600ms in 250-ms steps, with a single acqui-
sition per TI. The TR was 3300ms; all other readout parameters
were the same as above.

Image Processing
Cortical parcellation and subcortical segmentation were performed
on volumetric T1-weighted images using FreesSurfer (http://surfer.
nmr.mgh.harvard.edu),17 and these were registered into the patient’s
diffusion space using Niftyreg (http://sourceforge.net/projects/
niftyreg/).18 Repetitions of raw ASL images were checked for
motion artifacts before averaging. Preprocessing of all ASL data was
performed in Matlab (R2017b, MathWorks). Single-PLD data were
preprocessed using the method of Alsop et al16 to calculate voxel-
wise CBF (milliliter/100 g/min). The kinetic model described by
Buxton et al19 was used on noise-masked multi-TI ASL data to cal-
culate voxelwise maps of BAT (seconds) and CBF (milliliter/100g/
min; referred to in the Results section as Buxton-modeled CBF
from multi-T1 ASL data [BuxCBF] to avoid confusion with CBF
from single-PLD data). Details of the model-fitting procedure are
described elsewhere.20 Each patient’s ASL parameter maps were reg-
istered into the patient’s diffusion space using FLIRT21 (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). Diffusion space was chosen as a
symmetric registration space because its resolution was midway
between that of ASL and structural images. Time point– and sub-
ject-specific median perfusion parameters were then extracted for
regions corresponding to frontal, parietal, occipital, temporal, and
motor (precentral, paracentral, and caudal middle frontal gyri) corti-
ces, thalamus, and cerebellum.

Statistical Analysis
Statistical analysis was performed in R (Version 3.6.1).22 Continuous
data were tested for differences in means using a 2-tailed Student t
test after assessing assumptions of normality using the Shapiro-Wilk
test. Non-normally distributed data were tested using the Wilco-
xon rank-sum test. A prespecified a of .05 was chosen. A 1-way
repeated-measures ANOVA was performed to examine the effect of
the scanning time point on perfusion metrics. Subsequent group
comparisons using pair-wise t tests were corrected for multiple com-
parisons using the false discovery rate.

A multivariable linear mixed-effects modeling analysis was
performed in which subject identification was taken as a random
effect, and fixed effects included scanning time point, brain
region, age, sedation status, HCP, and CMS. The Akaike informa-
tion criterion (AIC) and marginal/conditional R2 values23 were
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used to assess model performance. Model performance was taken
to be improved with a lower AIC and/or an increase in R2. The
likelihood ratio ANOVA tests were used to assess the effects of
additive model terms.

RESULTS
Forty-four patients were prospectively recruited to the study,
with a mean age of 6.69 (SD, 3.68) years; range, 1.04–14.6 years;
23 were female. The most common tumor histology encountered
at the operation was pilocytic astrocytoma (n ¼ 22), followed by
medulloblastoma (n¼ 14), ependymoma (n¼ 2), diffuse midline
glioma (n ¼ 2), and atypical teratoid/rhabdoid tumor, ganglio-
glioma, hemangioblastoma, and high-grade glioma (1 each). Six
patients (13.6%) underwent preoperative CSF diversion due to
symptomatic obstructive HCP. Most patients (23/44, 52.3%)
underwent midline intradural surgical approaches to the tumor.
Eleven patients (25.0%) underwent lateral transcerebellar hemi-
spheric approaches, and the remaining 10 patients (22.7%) had
heterogeneous surgical approaches to their tumor, including

biopsy only and cerebellopontine angle or direct access to large
tumors presenting to the parenchymal surface. Eight patients
(18.2%) were diagnosed with CMS in the postoperative period.
The cardinal symptom of mutism was improved in 5 of these
patients at follow-up. Eleven patients in the cohort (25.0%, all
having medulloblastomas) underwent adjuvant photon radiation
therapy.

Change in Gross Perfusion Metrics
Mean CBF in the cerebral cortex increased across the 3 time
points (preoperative: 39.6 [SD, 13.3]mL/100g/min; postoperative:
45.5 [SD, 13.3]mL/100g/min; follow-up: 51.5 [SD, 12.6 ] mL/
100g/min; Fig 1A). Repeated-measures ANOVA revealed statisti-
cally significant differences among the 3 time points (P ¼ .045),
though post hoc tests did not survive multiple comparison cor-
rection. Mean regional BAT decreased with time (preoperative:
0.982 [SD, 0.069] seconds; postoperative: 0.884 [SD, 0.083] seconds;
and follow-up: 0.747 [SD, 0.217] seconds; Fig 1B). Repeated-
measures ANOVA revealed statistically significant differences
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FIG 1. Violin plots showing changes in perfusion metrics across time points for all patients’ brain regions. The horizontal linewithin the plot indi-
cates the median. Darker data points indicate patients with CMS. A, CBF derived from single-PLD ASL. B, BAT derived from multi-TI ASL. C, CBF
derived from multi-TI ASL. Horizontal significance bars show false discovery rate–adjusted P values from t test pair-wise comparisons (degree
sign indicates P, .1; asterisk, P, .05). Pre-op indicates preoperative; Post-op, postoperative.
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among the 3 time points (P¼ .018), and post hoc tests confirmed a
significant difference between the preoperative and follow-up time
points (P ¼ .034). Single-PLD CBF results were echoed by similar
trends in mean BuxCBF, though these did not reach statistical sig-
nificance (preoperative: 90.2 [SD, 36.9]mL/100g/min; postopera-
tive: 113 [SD, 33.3]mL/100g/min; follow-up: 112 [SD, 51.7]mL/
100g/min; P ¼ .129; Fig 1C). Examples of single-PLD and multi-TI
ASL data from a single representative patient are shown in Fig 2.

Table 1 shows differences in perfusion metrics of the cerebral
cortex at the postoperative time point, depending on the surgical
approach used. There was no significant difference in postopera-
tive CBF between midline and lateral surgical approaches (P ¼
.212 and .209, respectively) and no difference in mean age between
the 2 groups (P ¼ .527). The cortical BAT appeared to be pro-
longed in children who had undergone a midline approach to the
tumor, though this did not reach statistical significance (P¼ .058).

Perfusion and HCP
There was no significant difference in age between those with
and without symptomatic obstructive HCP requiring pre-resec-
tion CSF diversion (P¼ .277). In patients with HCP, preoperative
mean cortical CBF was lower than in those who had not required
CSF diversion (mean, 22.2 [SD, 8.95] versus 43.1 [SD, 11.2]mL/
100g/min, P ¼ .032). These effects were observed for all brain
regions studied (Fig 3A), and differences in all regions reached a
level of statistical significance apart from the frontal and motor

cortices. Postoperatively, mean cortical CBF returned to normal
levels, with no statistically significant difference in mean cortical
CBF between those who underwent CSF diversion and those who
did not (48.3 [SD, 10.7] versus 45.0 [SD, 13.8]mL/100g/min, P ¼
.562). At follow-up imaging, mean cortical CBF was 57.5 (SD,
16.5)mL/100g/min in the HCP group compared with 50.3 (SD,
11.8)mL/100g/min in those without HCP (P ¼ .396). These
results were echoed by the findings from cortical BuxCBF,
though they did not reach statistical significance at any time point
(all, P ¼ .183). Furthermore, a regional analysis did not reveal
any statistically significant differences in BuxCBF among groups,
other than in the thalamus at the preoperative time point (P ¼
.014).

There was a statistically significant prolongation of mean BAT
to the cerebral cortex preoperatively in children with sympto-
matic HCP (1.09 [SD, 0.07] versus 0.954 [SD, 0.037] seconds, P¼
.048). Figure 3B shows that this was more striking in some supra-
tentorial cortical regions, especially the frontal, motor, and occi-
pital. Postoperatively and at follow-up, there were no significant
differences in mean cortical BAT depending on pre-resection
HCP treatment (P¼ .153 and .558, respectively).

Perfusion and CMS
There was a significant difference in age between children diag-

nosed with CMS postoperatively and those without (mean, 4.00

[SD,1.90] versus 7.20 [SD, 3.72] years, P ¼ .002). Preoperative

(42.2 [SD, 2.88] versus 39.3 [SD, 14.1 ]

mL/100g/min, P ¼ .488) and postoper-

ative (48.6 [SD, 10.9] versus 44.8 [SD,

13.9]mL/100g/min, P ¼ .484) mean

cortical CBF was similar between chil-

dren with CMS and those without.

There was a significantly higher mean

CBF at the follow-up time point in the

CMS group (57.5 [SD, 6.08] versus 49.7

[SD, 13.6]mL/100g/min, P ¼ .040).

There were no significant differences in

BAT or BuxCBF at any time point, and

no significant differences in any perfu-

sion metrics on a regional analysis.

Linear Mixed-Effects Modeling
Multivariable linear mixed-effects mod-
els were used to explore the effect of
HCP and CMS on CBF in the cohort.
Models were fit on a 3-region sample of
CBF values: the mean across the whole
cortex, thalamus, and cerebellum. This

FIG 2. Sample ASL maps of a patient with a posterior fossa pilocytic astrocytoma on a midthala-
mic axial section. A, Single-PLD CBF maps at preoperative, postoperative, and follow-up time
points. Color bar indicates milliliters/100g/min. B, Raw multi-TI ASL data show a difference in
magnetization (dM) between control and label scans at selected sequentially increasing TIs at a
follow-up scan. Color bar indicates arbitrary units of dM.

Table 1: Mean postoperative cortical perfusion metrics by surgical approacha

Midline Hemispheric 95% CI Difference P
Age (yr) 6.22 (SD, 3.45) 7.05 (SD, 3.5) –3.49–1.84 .527
CBF (mL/100g/min) 44.7 (SD, 11.5) 53.4 (SD, 15.5) –23.3–5.97 .212
BAT (sec) 0.891 (SD, 0.076) 0.828 (SD, 0.056) –0.002–0.128 .0576
BuxCBF (mL/100g/min) 109 (SD, 27.8) 135 (SD, 42.3) –70.3–18.6 .209

a Values are means and 95% CIs; P values are from unpaired t tests.
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process began with the fitting of a baseline model (mod_base-
line), which did not include the effects of interest, to estimate the
effects of time point, age, and brain region on CBF. Model terms
and their fixed-effect coefficients are shown in Table 2, along
with comparisons of model characteristics.

The addition of HCP with an interaction term for time point
(mod_hcp) reduced the AIC and increased R2 values. Likelihood
ratio testing of (mod_hcp2) and (mod_baseline) indicated a sig-
nificant effect of HCP and its interaction with the time point on
the model (P, .001). The full model (mod_hcpcms) included
terms for CMS and HCP and their interactions with the time
point. Likelihood ratio testing between the 2 best-performing
models, (mod_hcp) and (mod_hcpcms), showed a statistically
significant difference between the 2 in favor of the full model
(P¼ .03), which also had the lowest AIC and higher R2 values.

DISCUSSION
In this prospective study of children with posterior fossa tumors,
mean cortical CBF increased after tumor resection and at follow-
up imaging. For the first time, we show reductions in the BAT of
labeled blood to the cerebral cortex after tumor resection. Children
presenting with symptomatic obstructive HCP requiring pre-resec-
tion CSF diversion had significantly reduced preoperative CBF and
prolonged BAT. A regional analysis according to standardized
brain parcellations revealed that CBF was significantly lower pre-
operatively in many cortical regions in patients with HCP and that
BAT was significantly prolonged in the frontal, motor, and occipi-
tal cortices of patients with HCP. There was a significantly higher

CBF at follow-up in children who developed CMS. A multivariable
linear mixed-effects modeling approach confirmed that both HCP
and CMS had a powerful effect on CBF by time point. In fact, these
2 factors emerged as more significant features of determining post-
operative CBF in the final model than the time point alone.

Our results indicate weak evidence of prolonged BAT after
midline approaches to posterior fossa tumors, which entail more
extensive dissection of neural parenchyma, greater exposure of
CSF spaces, and increased handling and manipulation of large
infratentorial arteries, such as the PICA. It is possible that vaso-
spasm could have led to prolonged BAT following midline
approaches. This scenario has been described following posterior
fossa tumor resection in children24,25 and even described as a
cause of CMS in an adolescent.26

Perfusion Metrics and Hydrocephalus
Seventy-to-ninety percent of children with posterior fossa tumors
present with HCP.27 However, the relation between ventricular
size, compliance, and pressure is complex, and ventricular size can
be equivocal with regard to underlying CSF mechanics.28 In this
series, the need for pre-resection CSF diversion was judged clini-
cally by experienced pediatric neurosurgeons on the basis of fea-
tures of raised ICP. It is to be expected that resection of a posterior
fossa tumor alone will increase CBF due to the removal of an
obstructing mass;5 however, we demonstrate that in patients with
symptomatic HCP before tumor resection, the mean cortical CBF
was lower and BAT was higher, with statistically significant differ-
ences in these parameters among groups.

FIG 3. Boxplots depicting perfusion metrics stratified by brain regions in patients with and without symptomatic HCP. A, CBF derived from sin-
gle-PLD ASL. B, BAT derived from multi-TI ASL. False discovery rate–adjusted P values: Degree sign indicates P, .1; asterisk, P, .05; double
asterisks, P, .01; triple asterisks, P, .001. Pre-op indicates preoperative; Post-op, postoperative.

1512 Toescu Oct 2022 www.ajnr.org



The first study to evaluate the role of ASL in HCP compared
19 patients with HCP secondary to posterior fossa tumors with
16 healthy controls.7 The former group was found to have signifi-
cantly lower CBF at baseline. CBF was significantly increased in
this group after “alleviation of HCP,” ie, tumor resection (with
additional CSF diversion in 6 patients). The present study repli-
cates these findings, and by adding a temporal dimension in the
form of multi-TI ASL, it is the first demonstration that reduction
of CBF in symptomatic obstructive HCP occurs in conjunction
with a prolonged arterial transit time. A regional analysis of per-
fusion metrics showed that CBF was lower in the HCP group for
all brain regions other than the frontal and motor cortices. This
finding is likely due to the raised ICP related to HCP causing
reduced cerebral perfusion pressure. However, because the ICP
was not directly measured in this study, we cannot provide any
mechanistic evidence for this finding.

Changes in the BuxCBF in the HCP group were correspond-
ing in direction, though only the comparison of the preoperative
thalamic BuxCBF reached a level of statistical significance.
BuxCBF values are inevitably higher than single-PLD CBF values
because they capture blood flow in large arteries at earlier TIs.
The concordance between these 2 metrics provides reassurance
that the single-PLD CBF changes were not due to incomplete
delivery of the labeled bolus at the PLD of 1.5 seconds.

The results of the linear multivariable mixed-effects modeling
confirmed the effects of HCP on CBF seen by statistical hypothe-
sis testing of the data. This confirmation indicated that HCP had
a significant effect on CBF dependent on the time point, once
age, sedation status, brain region, scanning time point, and CMS
by time point were controlled for, reducing the mean CBF by
20.5 (SD, 6.27)mL/100g/min preoperatively (P, .01). Following
tumor resection, children who had been treated with CSF diver-
sion had significant increases in mean CBF at postoperative
imaging (24.0 [SD, 5.13]mL/100g/min, P, .001) and at follow-
up imaging (27.2 [SD, 5.18]mL/100g/min, P, .001).

One potential clinical implication of these results, when taken
along with those of Yeom et al,7 is that in the presence of equivo-
cal symptomatology of raised ICP, perfusion metrics from ASL
may help in decisions regarding perioperative CSF diversion. To
further investigate this possibility, dedicated studies using real-
time ICP measurements, ventricular volumetry, and detailed clin-
ical correlates are needed.

Perfusion Metrics and CMS
CMS is a common postoperative complication after posterior fossa
tumor resection, occurring in around one-quarter of cases.6 The
putative mechanism posits damage to the superior cerebellar
peduncle at the operation as a key element causing a disturbance in
cerebellocerebral circuitry. This, in turn, is thought to lead to dia-
schisis causing a loss of function in widespread supratentorial corti-
cal areas, and the corollary hypoperfusion can be quantified with
perfusion imaging. Thus, SPECT11,12 and DSC-MRI13 studies have
shown frontal hypoperfusion in patients with CMS. Similarly, ASL-
derived CBF was found to be reduced in the frontal lobes in a
patient with CMS, recovering to normal levels after resolution of
the syndrome.15 This result was later confirmed in a small cohort
study of children with posterior fossa tumors (11 patients with
CMS compared with 10 without).14 A modest reduction in CBF in
the right frontal lobe was observed postoperatively, with significant
increases in CBF in both frontal lobes after clinical improvement. A
systematic review of 5 studies concluded that cerebral perfusion is
reduced in children with CMS postoperatively, though none of the
included studies incorporated preoperative comparison imaging.29

In this study, we were unable to replicate the findings of a stat-
istically significant difference in postoperative CBF with respect to
CMS status. However, we provide confirmatory evidence of
increased CBF in children with CMS at the follow-up time point—
after improvement of CMS symptoms in most—on single-PLD
CBF (P ¼ .0403). The multi-TI ASL results did not demonstrate
any differences in BAT or BuxCBF among groups.

Table 2: Multivariable linear mixed-effects modeling of CBF based on clinical, demographic, and study factorsa

Mod_Baseline Mod_HCP Mod_HCPCMS
(Intercept) 43.3 (3.86)b 48.4 (4.06)b 50.1 (4.70)b

Postop time point 6.21 (2.00)c 3.01 (2.08) 1.55 (2.20)
Follow-up time point 14.8 (2.07)b 10.5 (2.15)b 7.74 (2.31)b

Age �0.686 (0.45) �1.17 (0.53)d �1.34 (0.59)d

Thalamus �5.55 (1.60)b �5.59 (1.51)b �5.60 (1.45)b

Cerebellum �10.0 (1.59)b �10.0 (1.50)b –10.0 (1.44)b

Unsedated (vs GA) – 3.57 (3.79) 5.73 (3.93)
Hydrocephalus – �19.4 (6.04)c �20.5 (6.27)c

Postop time point 1 HCP – 21.5 (5.17)b 24.0 (5.13)b

Follow-up time point 1 HCP – 26.0 (5.22)b 27.2 (5.18)b

CMS – – �10.9 (6.46)e

Postop time point 1 CMS – – 8.74 (5.26)e

Follow-up time point 1 CMS – – 15.6 (5.28)c

AIC 1841.5 1824.7 1821.8
Marginal R2 0.224 0.290 0.295
Conditional R2 0.607 0.650 0.692

Note:—– indicates not included in model; GA, general anesthesia; Post-op, postoperative.
a Values are coefficients (standard error).
b P, .001.
c P, .01.
d P, .05.
e P, .1.
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The presence of an unbalanced age distribution among groups
may help explain the results from statistical hypothesis testing of
the data. Age is known to be broadly negatively correlated with
CBF in children20 (confirmed by its significance in the final
mixed-effects model with a model coefficient of �1.34), so the
CMS group having a much younger mean age may have
increased the CBF at all time points for this group. Other reasons
for the lack of distinction in postoperative CBF include a small
sample size in the CMS group, which will have hindered compar-
ative statistical testing. Furthermore, the repeated-measures data
are unbalanced due to the substantial logistic challenges in
obtaining preoperative scans in many patients.

The linear mixed-effects models described above are able to
circumvent this drawback to give meaningful insight into the
effects of the age parameter in the cohort. The full model, which
included both HCP and CMS with their time point interactions
as terms, confirmed a significant increase in CBF in the CMS
group at follow-up, and coefficients for the other time points
almost reached the threshold for statistical significance. The
results presented here indicate that future studies investigating
perfusion in CMS must take clinical features such as HCP and tu-
mor location (and therefore surgical approach) into account.

Limitations
The lack of a clear, objective determination of CMS status is a pe-
rennial issue in studies reporting neuroimaging correlates of the
syndrome, and this criticism applies to this study as much as all
others in the field. To mitigate this issue, the definition of CMS
applied in this study was pragmatic, based on the key criterion of
mutism or reduced speech output, applied contemporaneously
by an experienced neurosurgical multidisciplinary team. Because
the key clinical correlate in this study was a speech deficit in
CMS, it is not known from the data presented here whether CBF
alterations exist postoperatively in the setting of CMS symptoms
other than a speech deficit. The development of a validated scor-
ing system for CMS is essential to objectively classify CMS phe-
notypes and their imaging correlates.

The regional ASL analysis did not take into account laterality
because the assumption was made that symmetric vasculature
leads to symmetric blood delivery. This assumption is perfectly
valid in healthy brains, yet it may not be entirely true in a postop-
erative cohort with data acquisition shortly after surgery. For
instance, unilateral manipulation of major infratentorial arteries,
such as the PICA, a necessary step during midline tumor approach
in dissection of the posterior fossa, may have conceivably caused a
degree of arterial spasm leading to a variation in CBF by laterality.

The parcellation of the brain into regions of cortical lobes in
this analysis was a pragmatic one because we are ultimately inter-
ested in behavioral effects of CBF changes in this cohort. However,
we recognize that the cerebral lobes are functional-not-vascular
units, and interrogating perfusion on a truly vascular basis would
require territorial ASL,30 which is technically challenging, even
more so in unwell perioperative pediatric patients. The multi-TI
ASL acquisition was a research sequence that is not widely avail-
able, limiting the generalizability of the results.

With regard to the insights shown on CBF in symptomatic
HCP in the setting of pediatric posterior fossa tumors, these

findings may not be entirely generalizable to more chronic or
complex HCP syndromes seen in the wider neurosurgical popu-
lation, such as low-pressure hydrocephalic states,31 or those with
an altered CSF constitution, such as following subarachnoid or
intraventricular hemorrhage or CNS infection. In the adult litera-
ture, there is cautionary evidence that in normal-pressure HCP,
CBF measured using ASL is reduced in deep-seated brain
regions32 but that changes in CBF do not correlate with clinical
improvement following shunting.33

Radiation therapy has been shown to affect ASL CBF in chil-
dren with posterior fossa tumors,34 and this variable, in dicho-
tomized form due to the lack of variation in the total dose, was
included in the modeling analysis. It is possible that some of the
increase in CBF and BuxCBF seen at the follow-up time point
will have been accounted for by this effect, though radiation ther-
apy was a nonsignificant feature of the model and diminished
model performance; therefore, it was discarded.

CONCLUSIONS
In children with posterior fossa tumors, CBF increases after tu-
mor resection and at follow-up scanning, and it is demonstrated
for the first time that this increase occurs in conjunction with a
decrease in the arrival time of labeled blood to several brain
regions. Given the differences in BAT in this cohort, quantifica-
tion of CBF using a single-PLD method alone has serious draw-
backs; here we describe a thorough approach to CBF estimation
using combined multi-TI ASL. Multivariable linear mixed-effects
modeling confirms that perfusion changes are more pronounced
in children presenting with symptomatic obstructive HCP requir-
ing CSF diversion. Children with CMS had significantly higher
CBF at follow-up imaging, but no differences were seen in peri-
operative CBF compared with those without CMS. ASL shows
promise as a noninvasive tool to evaluate cerebral perfusion in
the setting of pediatric obstructive HCP.

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

REFERENCES
1. Johnston IH, Rowan JO, Harper AM, et al. Raised intracranial pres-

sure and cerebral blood flow, I: cisterna magna infusion in prima-
tes. J Neurol Neurosurg Psychiatry 1972;35:285–96 CrossRef Medline

2. Johnston IH, Rowan JO. Raised intracranial pressure and cerebral
blood flow, 4: intracranial pressure gradients and regional cerebral
blood flow. J Neurol Neurosurg Psychiatry 1974;37:585–92 CrossRef
Medline

3. Grubb RL, Raichle ME, PhelpsME, et al. Effects of increased intracra-
nial pressure on cerebral blood volume, blood flow, and oxygen uti-
lization in monkeys. J Neurosurg 1975;43:385–98 CrossRef Medline

4. Jabre A, Symon L, Richards PG, et al. Mean hemispheral cerebral
blood flow changes after craniotomy: significance and prognostic
value. Acta Neurochir (Wien) 1985;78:13–20 CrossRef Medline

5. Kerscher S, Schoning M, Schuhmann M. Raised ICP decreases cere-
bral blood flow volume in pediatric patients. In: Proceedings of the
Annual Meeting of the International Society for Paediatric Neurosurgery,
Birmingham, UK. October 20–24, 2019

6. Toescu S, Samarth G, Layard Horsfall H, et al. Fourth ventricle
tumours in children: complications and influence of surgical
approach. J Neurosurg Pediatr 2020;27:52–61 CrossRef Medline

1514 Toescu Oct 2022 www.ajnr.org

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/October%202022/0914.pdf
http://www.ajnr.org
http://dx.doi.org/10.1136/jnnp.35.3.285
https://www.ncbi.nlm.nih.gov/pubmed/4624687
http://dx.doi.org/10.1136/jnnp.37.5.585
https://www.ncbi.nlm.nih.gov/pubmed/4836754
http://dx.doi.org/10.3171/jns.1975.43.4.0385
https://www.ncbi.nlm.nih.gov/pubmed/808593
http://dx.doi.org/10.1007/BF01809235
https://www.ncbi.nlm.nih.gov/pubmed/4072786
http://dx.doi.org/10.3171/2020.6.PEDS2089]
https://www.ncbi.nlm.nih.gov/pubmed/33096529


7. Yeom KW, Lober RM, Alexander A, et al. Hydrocephalus decreases
arterial spin-labeled cerebral perfusion. AJNR Am J Neuroradiol
2014;35:1433–39 CrossRef Medline

8. Keil VC, Hartkamp NS, Connolly DJ, et al. Added value of arterial
spin labeling magnetic resonance imaging in pediatric neuroradi-
ology: pitfalls and applications. Pediatr Radiol 2019;49:245–53
CrossRef Medline

9. Robertson PL, Muraszko KM, Holmes EJ, et al; Children’s Oncology
Group. Incidence and severity of postoperative cerebellar mutism
syndrome in children with medulloblastoma: a prospective study
by the Children’s Oncology Group. J Neurosurg 2006;105:444–51
CrossRef Medline

10. Gudrunardottir T, Sehested A, Juhler M, et al. Cerebellar mutism:
definitions, classification and grading of symptoms. Childs Nerv
Syst 2011;27:1361–63 CrossRef Medline

11. Germanò A, Baldari S, Caruso G, et al. Reversible cerebral perfusion
alterations in children with transient mutism after posterior fossa
surgery. Childs Nerv Syst 1998;14:114–19 CrossRef Medline

12. De Smet HJ, Baillieux H,Wackenier P, et al. Long-term cognitive defi-
cits following posterior fossa tumor resection: a neuropsychological
and functional neuroimaging follow-up study. Neuropsychology
2009;23:694–704 CrossRef Medline

13. Miller NG, ReddickWE, Kocak M, et al. Cerebellocerebral diaschisis
is the likely mechanism of postsurgical posterior fossa syndrome
in pediatric patients with midline cerebellar tumors. AJNR Am J
Neuroradiol 2010;31:288–94 CrossRef

14. Yecies D, Shpanskaya K, Jabarkheel R, et al. Arterial spin-labeling
perfusion changes of the frontal lobes in children with posterior
fossa syndrome. J Neurosurg Pediatr 2019 Aug 2. [Epub ahead of
pirnt] CrossRef Medline

15. Watanabe Y, Yamasaki F, Nakamura K, et al. Evaluation of cerebellar
mutism by arterial spin-labeling perfusion magnetic resonance
imaging in a patient with atypical teratoid/rhabdoid tumor (AT/
RT): a case report. Childs Nerv Syst 2012;28:1257–60 CrossRef Medline

16. Alsop DC, Detre JA, Golay X, et al. Recommended implementation
of arterial spin-labeled perfusion MRI for clinical applications: a
consensus of the ISMRM perfusion study group and the European
consortium for ASL in dementia. Magn Reson Med 2015;73:102–16
CrossRef Medline

17. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis.
Neuroimage 1999;9:179–94 CrossRef Medline

18. Modat M, Cash DM, Daga P, et al. Global image registration using
a symmetric block-matching approach. J Med Imaging (Bellingham)
2014;1:024003 CrossRef Medline

19. Buxton RB, Frank LR, Wong EC, et al. A general kinetic model for
quantitative perfusion imaging with arterial spin-labeling. Magn
Reson Med 1998;40:383–96 CrossRef Medline

20. Hales PW, Kawadler JM, Aylett SE, et al. Arterial spin-labeling char-
acterization of cerebral perfusion during normal maturation from

late childhood into adulthood: normal “reference range” values and
their use in clinical studies. J Cereb Blood Flow Metab 2014;34:776–84
CrossRef Medline

21. Jenkinson M, Bannister P, Brady M, et al. Improved optimization
for the robust and accurate linear registration and motion correc-
tion of brain images. Neuroimage 2002;17:825–41 CrossRef Medline

22. R Core Team.A language and environment for statistical computing.
R Foundation for Statistical Computing; 2017. https://www.r-project.
org/. Accessed March 3, 2020

23. Barton K. MuMIn: Multi-Model Inference. 2020. https://cran.
microsoft.com/snapshot/2020-11-30/web/packages/MuMIn/index.
html. Accessed March 3, 2020

24. Rao VK, Haridas A, Nguyen TT, et al. Symptomatic cerebral vaso-
spasm following resection of a medulloblastoma in a child. Neurocrit
Care 2013;18:84–88 CrossRef Medline

25. Gocmen S, Acka G, Karaman K, et al. Cerebral vasospasm after pos-
terior fossa tumor surgery: a case report and literature review.
Pediatr Neurosurg 2020;55:393–96 CrossRef Medline

26. Deghedy M, Pizer B, Kumar R, et al. Basilar artery vasospasm as a
cause of post-operative cerebellar mutism syndrome. Case Rep
Pediatr 2022;2022:9148100–05 CrossRef Medline

27. Lin CT, Riva-Cambrin JK.Management of posterior fossa tumors and
hydrocephalus in children: a review. Childs Nerv Syst 2015;31:1781–89
CrossRef Medline

28. Borgesen SE, Gjerris F.Relationships between intracranial pressure, ven-
tricular size, and resistance to CSF outflow. J Neurosurg 1987;67:535–39
CrossRef Medline

29. Ahmadian N, van Baarsen M, Robe, PA, et al. Association between
cerebral perfusion and paediatric postoperative cerebellar mutism
syndrome after posterior fossa surgery: a systematic review. Childs
Nerv Syst 2021;37:2742–51 CrossRef Medline

30. Hartkamp NS, Petersen ET, De Vis JB, et al.Mapping of cerebral per-
fusion territories using territorial arterial spin-labeling: techniques
and clinical application. NMR Biomed 2013;26:901–12 CrossRef
Medline

31. Pang D, Altschuler E. Low-pressure hydrocephalic state and visco-
elastic alterations in the brain. Neurosurgery 1994;35:643–56 CrossRef
Medline

32. Virhammar XJ, Laurell XK, Ahlgren XA, et al. Arterial spin-labeling
perfusion MR imaging demonstrates regional CBF decrease in idi-
opathic normal pressure hydrocephalus. AJNR Am J Neuroradiol
2017;38:2081–88 CrossRef Medline

33. Virhammar J, Ahlgren A, Cesarini KG, et al. Cerebral perfusion
does not increase after shunt surgery for normal pressure hydro-
cephalus. J Neuroimaging 2020;30:303–07 CrossRef Medline

34. Li MD, Forkert ND, Kundu P, et al. Brain perfusion and diffusion
abnormalities in children treated for posterior fossa brain tumors.
J Pediatr 2017;185:173–80.e3 CrossRef Medline

AJNR Am J Neuroradiol 43:1508–15 Oct 2022 www.ajnr.org 1515

http://dx.doi.org/10.3174/ajnr.A3891
https://www.ncbi.nlm.nih.gov/pubmed/24651817
http://dx.doi.org/10.1007/s00247-018-4269-7
https://www.ncbi.nlm.nih.gov/pubmed/30448868
http://dx.doi.org/10.3171/ped.2006.105.6.444
https://www.ncbi.nlm.nih.gov/pubmed/17184075
http://dx.doi.org/10.1007/s00381-011-1509-7
https://www.ncbi.nlm.nih.gov/pubmed/21732118
http://dx.doi.org/10.1007/s003810050191
https://www.ncbi.nlm.nih.gov/pubmed/9579866
http://dx.doi.org/10.1037/a0016106
https://www.ncbi.nlm.nih.gov/pubmed/19899828
http://dx.doi.org/10.3174/ajnr.A1821
http://dx.doi.org/10.3171/2019.5.PEDS18452
https://www.ncbi.nlm.nih.gov/pubmed/31860810
http://dx.doi.org/10.1007/s00381-012-1741-9
https://www.ncbi.nlm.nih.gov/pubmed/22476660
http://dx.doi.org/10.1002/mrm.25197
https://www.ncbi.nlm.nih.gov/pubmed/24715426
http://dx.doi.org/10.1006/nimg.1998.0395
https://www.ncbi.nlm.nih.gov/pubmed/9931268
http://dx.doi.org/10.1117/1.JMI.1.2.024003
https://www.ncbi.nlm.nih.gov/pubmed/26158035
http://dx.doi.org/10.1002/mrm.1910400308
https://www.ncbi.nlm.nih.gov/pubmed/9727941
http://dx.doi.org/10.1038/jcbfm.2014.17
https://www.ncbi.nlm.nih.gov/pubmed/24496173
http://dx.doi.org/10.1006/nimg.2002.1132
https://www.ncbi.nlm.nih.gov/pubmed/12377157
https://www.r-project.org/
https://www.r-project.org/
https://cran.microsoft.com/snapshot/2020-11-30/web/packages/MuMIn/index.html
https://cran.microsoft.com/snapshot/2020-11-30/web/packages/MuMIn/index.html
https://cran.microsoft.com/snapshot/2020-11-30/web/packages/MuMIn/index.html
http://dx.doi.org/10.1007/s12028-012-9769-y
https://www.ncbi.nlm.nih.gov/pubmed/22911499
http://dx.doi.org/10.1159/000511879
https://www.ncbi.nlm.nih.gov/pubmed/33302279
http://dx.doi.org/10.1155/2022/9148100
https://www.ncbi.nlm.nih.gov/pubmed/35186341
http://dx.doi.org/10.1007/s00381-015-2781-8
https://www.ncbi.nlm.nih.gov/pubmed/26351230
http://dx.doi.org/10.3171/jns.1987.67.4.0535
https://www.ncbi.nlm.nih.gov/pubmed/3655891
http://dx.doi.org/10.1007/S00381-021-05225-5
https://www.ncbi.nlm.nih.gov/pubmed/34155533
http://dx.doi.org/10.1002/nbm.2836
https://www.ncbi.nlm.nih.gov/pubmed/22807022
http://dx.doi.org/10.1227/00006123-199410000-00010
https://www.ncbi.nlm.nih.gov/pubmed/7808607
http://dx.doi.org/10.3174/ajnr.A5347
https://www.ncbi.nlm.nih.gov/pubmed/28860216
http://dx.doi.org/10.1111/jon.12702
https://www.ncbi.nlm.nih.gov/pubmed/32374437
http://dx.doi.org/10.1016/j.jpeds.2017.01.019
https://www.ncbi.nlm.nih.gov/pubmed/28187964


ORIGINAL RESEARCH
PEDIATRICS

Arterial Spin-Labeling Perfusion Imaging in the Early Stage of
Sturge-Weber Syndrome

G. Pouliquen, L. Fillon, V. Dangouloff-Ros, M. Kuchenbuch, C. Bar, N. Chemaly, R. Levy, C.-J. Roux,
A. Saitovitch, J. Boisgontier, R. Nabbout, and N. Boddaert

ABSTRACT

BACKGROUND AND PURPOSE: Sturge-Weber syndrome is a rare congenital neuro-oculo-cutaneous disorder. Although the principal
mechanism of Sturge-Weber syndrome is characterized by a leptomeningeal vascular malformation, few data regarding perfusion
abnormalities of the brain parenchyma are available. Therefore, the aim of this study was to assess the diagnostic performance of
arterial spin-labeling perfusion imaging in the early stage of Sturge-Weber syndrome before 1 year of age until 3.5 years of age. We
hypothesized that a leptomeningeal vascular malformation has very early hypoperfusion compared with controls with healthy
brains.

MATERIALS AND METHODS:We compared the CBF using arterial spin-labeling perfusion imaging performed at 3T MR imaging in the
brain parenchymal regions juxtaposing the leptomeningeal vascular malformation in patients with Sturge-Weber syndrome (n ¼ 16;
3.5 years of age or younger) with the corresponding areas in age-matched controls with healthy brains (n ¼ 58). The analysis was per-
formed following two complementary methods: a whole-brain voxel-based analysis and a visual ROI analysis focused on brain terri-
tory of the leptomeningeal vascular malformation.

RESULTS:Whole-brain voxel-based comparison revealed a significant unilateral decrease in CBF localized in the affected cortices of
patients with Sturge-Weber syndrome (P, .001). CBF values within the ROIs in patients with Sturge-Weber syndrome were lower
than those in controls (in the whole cohort: median, 25mL/100g/min, versus 44mL/100g/min; P, .001). This finding was also
observed in the group younger than 1 year of age, emphasizing the high sensitivity of arterial spin-labeling in this age window in
which the diagnosis is difficult.

CONCLUSIONS: Arterial spin-labeling perfusion imaging in the early stage of Sturge-Weber syndrome can help to diagnose the dis-
ease by depicting a cortical hypoperfusion juxtaposing the leptomeningeal vascular malformation.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; FWE ¼ family-wise error; IQR ¼ interquartile range; LVM ¼ leptomeningeal
vascular malformation; MNI ¼ Montreal Neurological Institute; PWB ¼ port-wine birthmark; SWS ¼ Sturge-Weber syndrome

Sturge-Weber syndrome (SWS) is a congenital disorder
characterized by a triad, variably including an ipsilateral

port-wine birthmark (PWB) typically involving the forehead,
a leptomeningeal vascular malformation (LVM), and ocular
abnormalities.1-3

A sporadic, somatic activating mutation in the GNAQ gene
leads to cell proliferation and inhibition of apoptosis leading to an
SWS spectrum.2,4 Depending on the time in development when
the mutation occurs, it may simply provoke PWB or SWS.2 The
main progressive symptoms include seizures, neurodevelopmental
delay, and visual defects.5

Because the isolated PWB is not referred to as SWS, the brain

involvement confirms the diagnosis5 and may be detected in infants

with a high-risk PWB, even before the onset of neurologic symp-

toms.6 3T MR imaging is the primary technique recommended7 for

the diagnosis by the visualization of the LVM on post-contrast-

weighted images.3,5 Other MR imaging signs provide indirect evi-

dence of LVM: ipsilateral choroid plexus enlargement, cerebral atro-

phy, and signal inversion of the affectedWM on T2WI.3

Few studies regarding brain perfusion abnormalities are avail-
able.8-18 The latest studies were performed using T2* dynamic
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susceptibility contrast material–enhanced imaging, which does
not reflect the routine practice in children in expert centers cur-
rently. Its application has been limited due to reduced patient
comfort and technical difficulties required by high-flow injection
of contrast media in small veins.19

Arterial spin-labeling (ASL) is a perfusion imaging technique
that does not require injection, making it suitable for pediatric
patients.20 Our aim was to assess the diagnostic performance of
ASL in the early stage of SWS before 1 year of age until 3.5 years
of age by comparing cortical perfusion juxtaposing the LVM with
the corresponding areas in controls with healthy brains. We
hypothesized that LVM shows an early hypoperfusion compared
with controls with healthy brains and investigated this hypothesis
following 2 methods: a whole-brain voxel-based analysis and an
ROI analysis focused on the brain territory of LVM.

MATERIALS AND METHODS
Subjects
We retrospectively reviewed patients with a confirmed diagnosis
of SWS followed at our institution from May 2015 to March 2021.
They were recruited from the pediatric neurology department
using the full-text search engine database DR WAREHOUSE
(https://www.trademarkelite.com/trademark/trademark-detail/871
58029/DR-WAREHOUSE).21 Inclusion criteria were a confirmed
diagnosis of SWS in children between 0 and 3.5 years of age
obtained on 3TMR imaging during the interictal period with a rou-
tine protocol including ASL. Patients were excluded from the study
if MR imaging revealed an atypical SWS syndrome (eg, including
diagnostic uncertainty or association with other diseases such as
scaphocephaly, subdural hematoma, or subarachnoid cyst) or was
compromised by artifacts. Age-matched controls were included
with the following criterion: examination for various reasons during
the time of the study with scans with strictly normal findings (non-
exhaustively morphologic evaluation of upper-limit head circum-
ference, feeding difficulties, abnormal eye movements, benign
nystagmus, isolated strabismus).

Analyses were performed for the whole cohort and in age
groups before or after 1 year of age to focus on young patients
when the SWS diagnosis was peculiarly difficult. According to
local regulations, institutional review board approval was not
required because this was a retrospective study using anonymized
data. Consent was waived for this retrospective analysis.

Data Acquisition
Images were acquired in the Department of Pediatric Radiology
on a 3T MR imaging scanner (Discovery MR750; GE Healthcare).
The standard routine protocol included a 3D T1WI with and with-
out postgadolinium acquisitions, T2WI, FLAIR, SWI, and ASL
perfusion imaging.

ASL images were obtained with a 3D pseudocontinuous ASL
sequence using an FSE acquisition with spiral filling of the k-space
and the following parameters: TR¼ 4453ms; TE¼ 10.96ms; 8 spi-
ral arms in each 3D partition with 512 points per arm; labeling dura-
tion ¼ 1500ms; postlabeling delay = 1025ms; flip angle ¼ 155°;
resolution in plane¼ 1.875� 1.875mm; section thickness¼ 4mm;
FOV¼ 240� 240mm; acquisition time¼ 4 minutes 17 seconds.

The standard routine protocol included sedation using intra-
rectal pentobarbital (5mg/kg of the child’s weight, ,20 kg) to
avoid motion artifacts in children younger than 5 years of age. In
this study, all children (patients and controls) were sedated.

Data Processing
For the data preprocessing and statistical analysis, we used the
rest CBF quantification produced automatically by the processing
console (GE Healthcare) using a proton-density image for signal
normalization during CBF quantification.22

Whole-Brain Voxel-Based Analysis
Images were analyzed using Statistical Parametric Mapping 12
(SPM12; http://www.fil.ion.ucl.ac.uk/spm) and Matlab R2018b
(MathWorks). Native T1WIs were segmented into GM, WM, and
CSF maps using the Computational Anatomy Toolbox 12 (http://
www.neuro.uni-jena.de/cat/) in SPM12. Deformation fields between
native space and the Montreal Neurological Institute (MNI) space
were obtained in this step. The MNI template used for tissue seg-
mentation has been adapted according to the age of the given sub-
ject: a pediatric template created with Template-O-Matic toolbox23

using the National Institutes of Health Pediatric MRI Data
Repository (https://www.nitrc.org/projects/pediatric_mri/) for chil-
dren older than 1 year of age, and the Infant Brain Probability
Templates24 for children younger than 1 year of age.

For each child, the coregistration between the native CBF image
and the native GM image was estimated. Then, the combination of
the deformation fields and the estimated coregistration was applied
to the CBF image to spatially normalize this image in the MNI
space with an in-plane resolution of 1.5� 1.5mm and a section
thickness of 1.5mm. The resulting image was checked for proper
registration and smoothed with a Gaussian kernel of 6-mm full
width at half-maximum.

Leptomeningeal Vascular Malformation Analysis
Images were analyzed using a medical image viewer (Vue PACS,
Version 12.1.6.0117; Carestream Health). A 2D ROI was manually
placed on CBF images in the LVM location for each patient with
SWS found on T1-weighted contrast-enhanced images. Similarly,
ROIs were placed in the corresponding areas in controls. They
were round, with a mean area of 50 mm2 (range, 40–60 mm2).
Figure 1 displays an illustration of an MR imaging from a patient
with SWS.

Statistical Analysis
Whole-Brain Voxel-Based Analysis. For each subgroup, compari-
sons between children with SWS and controls were performed to
investigate voxelwise cortical perfusion differences using a 2-sam-
ple t test design in the framework of the FSL General Linear
Model (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM). All results were
thresholded with a P value of .001. Because we had an a priori
hypothesis concerning the location of the LVM, we showed the
results without the family-wise error (FWE) correction. When sig-
nificant, results with the FWE correction were also indicated.

LVM-Focused Analysis. CBF values in the angioma ROI for
patients and in the corresponding areas for controls were
reported as median and interquartile range (IQR). Comparisons
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between children with SWS and controls were performed to

investigate perfusion differences using Wilcoxon tests. P# .05

was considered statistically significant.
To explore the diagnostic accuracy of these ROIs to diagnose

SWS, we performed receiver operating characteristic curves per

age and in the whole cohort; the area under the curve (AUC)

was computed, as well as sensitivities and specificities. A boot-

strap method was used to calculate the 95% CI of the AUC, sen-

sitivities, and specificities.

RESULTS
Patients
Sixteen patients with 26 scans were
identified for this study. Seventeen scans
were obtained in children younger than
younger than 1year of age, and 9 scans,
in children between 1 and 3.5 years of
age. The demographic details of the
patients are listed in Table 1. Fifty-eight
controls with healthy brains were identi-
fied with 25 younger than 1 year of age
and 33 from 1 to 3.5 years of age.

Subjects were divided into 4 sub-
groups based on age and lateralization
of the disease. There were 2 subgroups
of children younger than 1 year of age
with the following: 1) left LVM with 7
examinations, and 2) right LVM with
10 examinations both compared with
the 25 controls younger than 1 year of
age. There were 2 subgroups of chil-
dren between 1 and 3.5 years of age
with the following: 1) left LVM with 2
examinations, and 2) right LVM with 9
examinations, both compared with the

33 controls with the same age interval. Two patients with bilateral
LVMs were included and allocated twice, depending on their age,
to the subgroups left and right, independently.

Whole-Brain Voxel-Based Comparisons
For each subgroup, whole-brain voxel-based comparison between
CBF in patients with SWS and controls with healthy brains
revealed a significant unilateral decrease in CBF localized on the
affected cortex of patients with SWS (P, .001). Figure 2 shows the

FIG 1. Illustration of a 3-month-of-age patient with SWS with a right occipito-temporo-parietal
LVM. Axial slices of the brain on T1-weighted imaging after contrast injection (left) and ASL perfu-
sion imaging (right) show, respectively, the contrast enhancement and the hypoperfusion associ-
ated with the LVM. A ROI (yellow circle) was placed in the cortical area juxtaposing the LVM on
ASL. Note that an osseous angioma is also present and responsible for the hyperperfused area of
the right part of the skull. A indicates anterior; P, posterior; R, right; L, left.

Table 1: Demographics and morphologic imaging data of patients with SWS

Patient Sex

Examination
Agea

(months)

Leptomeningeal Vascular
Malformation

Epilepsy Atrophy CalcificationsSide Extension (Lobe)
1 Female 3 Left FTP None None None
2 Female 0/11 Bilateral LO/RO None None None
3 Female 0/9 Left OT None None None
4 Male 1 Left HS None None Present
5 Male 11 Left OP None None None
6 Female 1 Right O None None None
7 Female 2/25 Right O Present None None
8 Male 3/18 Right OTP Present Present Present
9 Female 4/6/17 Right HS Present Present Present
10 Female 4/11 Right O None None None
11 Male 9 Right OTP None None None
12 Female 27 Left O Present None Present
13 Female 42 Bilateral LFP/ROTP Present None None
14 Male 16 Right OTP Present Present Present
15 Male 18 Right O Present None Present
16 Male 30 Right O None None None

Note:—F indicates frontal; O, occipital; HS, hemisphere; OP, occipito-parietal; OTP, occipito-temporo-parietal; LFP, left fronto-parietal; ROTP, Right occipito-temporo-parietal;
FTP, fronto-temporo-parietal; LO, left occipital; RO, right occipital; OT, occipito-temporal.
a Two or 3 numbers are reported in this column when several examinations were performed for the same patient.
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significant hypoperfusion areas, depending on the analyzed sub-
group. Children with SWS who were younger than 1 year of age
with a left LVM (Fig 2A) had a significant CBF decrease in the left
parietotemporal cortex (main cluster: t ¼ 4.44; z(score) ¼ 3.85;
P(uncorrected) , .001; MNI coordinates: x ¼ �64, y ¼ –28, z ¼ 28).
Children with SWS who were younger than 1 year of age with a
right LVM (Fig 2B) had a significant CBF decrease in the right
occipital, temporal cortex (main cluster: t ¼ 5.07; z(score) ¼ 4.31;
P(uncorrected) , .001; P(FWE-corrected cluster-level) , .001; MNI coordi-
nates: x¼ 60, y¼ –3, z¼ 8).

Children with SWS between 1 and 3.5 years of age with a left
LVM (Fig 2C) had a significant CBF decrease in the left parieto-
occipital cortex (t ¼ 4.49; z(score) = 3.66; P(uncorrected) , .001; MNI
coordinates: x¼ �8, y¼ �80, z¼ 6). Children with SWS between
1 and 3.5 years of age with a right LVM (Fig 2D) had a significant
CBF decrease in the occipital cortex (main cluster: t=5.12; z(score)¼
4.43; P(uncorrected) , .001; P(FWE-corrected cluster-level) ¼ .016; MNI
coordinates: x¼ 16, y¼ –90, z = –12).

ROI-Based Analysis
CBF values in the ROIs in patients with SWS were lower than those
in controls (in the whole cohort: median, 25mL/100g/min [IQR ¼
14–30 mL/100g/min] versus 44mL/100g/min [IQR ¼ 34–55 mL/
100g/min], respectively, P, .0001). This significant difference was
found for all subgroups regardless of the patient’s age and side of
the LVM (Table 2 and Fig 3).

Diagnostic Accuracy
As shown in Fig 4, the receiver operating characteristic curve for
the whole cohort had an AUC of 0.84 (95% CI, 0.75–0.93). The
optimal threshold for the global analysis including all patients
and controls was a CBF at 30mL/100g/min with a specificity of
77% (95% CI, 75–93) and sensitivity of 88% (95% CI, 75–93).

In the subgroup of patients younger than 1 year of age, the
AUC was 0.78 (95% CI, 0.63–0.93). A threshold of 36mL/100g/
min yielded a specificity of 89% (95% CI, 67–100) and a sensitiv-
ity of 82% (95% CI, 73–91) in this subgroup.

FIG 2. Whole-brain voxel-by-voxel SPM analyses in children with SWS and controls with healthy brains younger than 1 year of age (A and B) and
from 1 to 3.5 years of age (C and D). Templates are shown with the radiologic convention in the axial and coronal plains. Significant hypoperfu-
sion is labeled by yellow areas. A indicates anterior; P, posterior; H, head; F, foot; L, left; R, right.

Table 2: CBF in LVM of patients with SWS and corresponding area in controls
CBF (mL/100g/min) Patients (Median) (IQR) Controls (Median) (IQR) Wilcoxon P

A, Left, younger than 1 year of age 17 (13–33) 41 (33–47) .02
B, Right, younger than 1 year of age 23 (20–29) 38 (32–45) .01
C, Left, between 1 and 3.5 years of age 25 (24–26) 52 (41–62) .02
D, Right, between 1 and 3.5 years of age 28 (13–33) 48 (39–64) .003
Whole cohort 25 (14–30) 44 (34–55) ,.0001
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DISCUSSION
In this series of 16 young patients with SWS (3.5 years of age
or younger), ASL perfusion imaging had a cortical hypoperfu-
sion juxtaposing the LVM compared with pair-wise controls.
This finding was observed in the group younger than 1 year of
age, emphasizing the high sensitivity of ASL in this age win-
dow in which the diagnosis is difficult. These results were not
driven by atrophy or calcification of the diseased cortex. Each
subgroup showed a significant hypoperfusion including the
subgroup in which no patient had cortical atrophy. In the
same way, it was unlikely driven by calcifications because in
the age group younger than 1 year, only 3 patients of 11 had
calcifications.

Such findings are in line with histologic studies. The cortical
blood flow reduction could have been speculated as secondary to
the venous stasis and hypertension due to malformation of the
cortical vessels as well as venous thrombosis leading to impaired
cortical perfusion and ischemia.17 In our study, the brain hypo-
perfusion corresponding to the LVM was unchanging during de-
velopment up to 3.5 years of age and did not show the normal
cortical maturation increasing with age.20

Data in the literature reported the role of brain perfusion to
unravel the difficulty of detection of LVM,8,10-16 which can be
slight or discrete at an early stage. Our results were consistent
because these studies have demonstrated decreased perfusion in
the parenchyma regions juxtaposing the leptomeningeal enhance-
ment. Whitehead et al25 reported hypoperfusion in 2 patients
with SWS without leptomeningeal abnormalities. All patients in

our cohort with obvious hypoperfusion also had leptomeningeal
enhancement.

Presymptomatic use and optimal timing of MR imaging in the
investigation of PWB have been controversial issues.1 A recent
expert consensus concluded that for neonates and infants with a
high-risk PWB and no history of seizures or neurologic symptoms,
routine screening for brain involvement was not recommended;
MR imaging should be reserved for symptomatic infants or chil-
dren.6 This guidance was mainly based on 2 observations: First,
negative findings on neuroimaging in a normally developing
asymptomatic infant with a facial PWB do not exclude brain
involvement and may provide false reassurance. Such false-negative
findings have been reported in 3%–23% of the cases in retrospective
studies.6 Second, even if an LVM is confirmed, neurologically
asymptomatic children are unlikely to undergo immediate thera-
peutic intervention.6 Nevertheless, other reasons drive pediatric
neurologists to perform early MR imaging, including parental
expectations, anxieties, or discomfort with diagnostic uncertainty.1

It also may be performed to confirm the pathology when an atypi-
cal presentation is encountered or to exclude a differential diagnosis
that includes variable and overlapping phenotypes such as
PIK3CA-related disorders with no decreased CBF. This consensus
was built on a literature review from 2008 to 2018, so it could not
take into consideration 2 recent studies.

Bar et al3 reported that leptomeningeal enhancement invisible
before 1 year of age may appear afterward and proposed an MR
imaging protocol to diagnose SWS during the presymptomatic stage
in this difficult age window, obtaining a sensitivity of 100% and a

FIG 3. Comparison of CBF values between LVMs in children with SWS and corresponding areas in controls for subgroups matched for age and
side. Horizontal bars on the top of the graphs show significant differences. Asterisk indicates P, .05; double asterisks, P, .01.
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specificity of 94%. Day et al26 assessed the presymptomatic treat-
ment before seizure onset in SWS compared with postsymptomatic
treatment on pair-wise subjects. By reducing seizure scores in pre-
symptomatically treated subjects, they hypothesized that prophylaxis
may delay seizure onset. These studies put in perspective the possi-
ble key role of imaging to early and presymptomatically detect
LVM, while waiting for more evidence of the benefit of early and
presymptomatic treatment. Hypoperfusion detected on ASL in our
study (decreased around 20mL/100g/min in comparison with age-
matched controls) may either help to increase vigilance in children
younger than 1 year of age suspected of having SWS if there is a
doubtful LVM enhancement, or may increase confidence to diag-
nose the LVM. This ASL sign could be added to indirect MR imag-
ing anatomic signs already described by Bar et al3 to detect the LVM
in this difficult age window before the age of 1 year. Larger prospec-
tive cohorts with serial MR imaging in the same patients are war-
ranted to assess the time course of perfusion abnormalities and
other MR imaging signs.

Limits in our study should be mentioned. The study had a
small sample size effect, which prevented sound analysis of small
subgroups. Moreover, considering the small sample size of our dis-
eased group, several scans from some patients were considered in-
dependently, introducing a representation bias. The advantage of a
voxelwise analysis was to display a global tendency among the
studied individuals. However, because it takes into consideration
the average perfusion of all subjects while they had a different
brain expression, the analysis mixed LVM and healthy brain areas,
resulting in an averaging effect. Therefore, the abnormality-
focused analysis using an ROI was complementary because the
measured CBF in each patient was not averaged by others who
had a different location of the disease. Finally, patients who did not
have a concomitant electroencephalogram and had subtle nonmo-
tor seizures during the ASL acquisition, though not the most fre-
quent type in this population, could have been unnoticed.

CONCLUSIONS
ASL perfusion imaging may help to diagnose SWS during the early
stage by showing a cortical hypoperfusion and could be very useful
before the age of 1 year. This ASL sign could be added to other MR
imaging signs already described to detect the LVMs in this difficult

age window. Even if the place of screening and prophylactic treat-
ment to prevent the seizure onset still needs to be clarified, ASL
perfusion imaging gives valuable information about LVMs without
the injection of contrast media. Included in an adapted MR imag-
ing protocol, it could promote the MR imaging screening for SWS.

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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MR Imaging and Clinical Characteristics of Diffuse
Glioneuronal Tumor with Oligodendroglioma-like Features

and Nuclear Clusters
M. Benesch, T. Perwein, G. Apfaltrer, T. Langer, A. Neumann, I.B. Brecht, M.U. Schuhmann, H. Cario,

M.C. Frühwald, K. Vollert, M. van Buiren, M.Y. Deng, A. Seitz, C. Haberler, M. Mynarek, C. Kramm, F. Sahm,
P.A. Robe, J.W. Dankbaar, K.V. Hoff, M. Warmuth-Metz, and B. Bison

ABSTRACT

BACKGROUND AND PURPOSE: Diffuse glioneuronal tumor with oligodendroglioma-like features and nuclear clusters (DGONC) is a
new, molecularly defined glioneuronal CNS tumor type. The objective of the present study was to describe MR imaging and clinical
characteristics of patients with DGONC.

MATERIALS AND METHODS: Preoperative MR images of 9 patients with DGONC (median age at diagnosis, 9.9 years; range, 4.2–21.8
years) were reviewed.

RESULTS: All tumors were located superficially in the frontal/temporal lobes and sharply delineated, displaying little mass effect.
Near the circle of Willis, the tumors encompassed the arteries. All except one demonstrated characteristics of low-to-intermediate
aggressiveness with high-to-intermediate T2WI and ADC signals and bone remodeling. Most tumors (n ¼ 7) showed a homogene-
ous ground-glass aspect on T2-weighted and FLAIR images. On the basis of the original histopathologic diagnosis, 6 patients
received postsurgical chemo-/radiotherapy, 2 were irradiated after surgery, and 1 patient underwent tumor resection only. At a me-
dian follow-up of 61 months (range, 10–154 months), 6 patients were alive in a first complete remission and 2 with stable disease 10
and 21 months after diagnosis. The only patient with progressive disease was lost to follow-up. Five-year overall and event-free sur-
vival was 100% and 86613%, respectively.

CONCLUSIONS: This case series presents radiomorphologic characteristics highly predictive of DGONC that contrast with the typi-
cal aspects of the original histopathologic diagnoses. This presentation underlines the definition of DGONC as a separate entity,
from a clinical perspective. Complete resection may be favorable for long-term disease control in patients with DGONC. The effi-
cacy of nonsurgical treatment modalities should be evaluated in larger series.

ABBREVIATIONS: DNET ¼ dysembryoplastic neuroepithelial tumor; HIT ¼ Brain Tumor Network; DGONC ¼ diffuse glioneuronal tumor with oligodendro-
glioma-like features and nuclear clusters; PNET ¼ primitive neuroectodermal tumor

For decades, the pathologic diagnosis and classification of
tumors of the CNS have been almost exclusively based on his-

tomorphologic features.1 Recently, molecular profiling has revo-
lutionized our understanding of CNS tumors, leading to the

definition of new entities and improved risk stratification.2-5

Further effort has been made to correlate newly defined molecu-
lar subgroups with clinical features and neuroradiologic find-
ings.6-13
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Since the late 1980s, the Brain Tumor Network (HIT) of the
Society of Pediatric Oncology and Hematology (GPOH, Gesellschaft
für Pädiatrische Onkologie und Hämatologie) in Germany, Austria
and Switzerland has run a series of disease-specific treatment opti-
mization and observational studies for children with CNS tumors.

These studies have allowed exploring novel therapeutic
options and provide standardized treatment recommendations as
well as a system of high-quality reference diagnostics and expert
counseling for diagnostics and therapy. Along with neuropatho-
logic reference diagnostics, the central neuroradiologic review
at the Neuroradiological Reference Center of the HIT group
(Department of Diagnostic and Interventional Neuroradiology,
University Hospital, Augsburg, Germany) has become a manda-
tory practice for all recruited patients. The MR imaging series of
the HIT studies have been archived on the Medical Data and
Picture Exchange server by the Medical Informatics Group at the
University Hospital, Frankfurt, Germany, which enables their
rapid access for re-review to address scientific questions. Thus,
the objective of performing the present case series was to describe
MR imaging and corresponding clinical characteristics of diffuse
glioneuronal tumors with oligodendroglioma-like features and
nuclear clusters (DGONC), a molecularly defined glioneuronal
CNS tumor class that has been described recently and has been
included as a provisional tumor type in the 2021 World Health
Organization Classification of CNS Tumors.5,14,15

MATERIALS AND METHODS
The (retrospective) neuropathologic diagnosis of DGONC was ini-
tially made according to the DNA methylation profile and other
criteria (nuclear clusters of small-to-medium-sized cells with oligo-
dendroglioma-like morphology, OLIG2 and synaptophysin expres-
sion, and the absence of widespread glial fibrillary acidic protein
expression, monosomy 14) as previously described.5,14 MR images
of 9 patients were then retrospectively re-evaluated by an experi-
enced neuroradiologist (B.B.). MR imaging series from 8 patients
had been sent for central neuroradiologic review at the time of di-
agnosis, allowing their inclusion in the respective treatment opti-
mization study or registry. In the ninth patient, the MR imaging
was provided by colleagues from the Princess Máxima Center for
Pediatric Oncology, Utrecht, Netherlands. In all cases, MR images
were obtained at the initial diagnosis.

MR imaging data were generated at local centers with MR imag-
ing scanners from different manufacturers at 1.5T or 3T field
strength. In all patients, basic MR imaging data sets of the brain
included T2WI, FLAIR, or proton density sequences; T1WI without

and with contrast enhancement; as well as DWI with ADC. In 6
patients, additional MRIs of the spine, including T1WI with contrast
enhancement of the entire dural sac, were available.

The evaluation was performed according to standardized MR
imaging criteria adapted from the routine image evaluation at the
Neuroradiological Reference Center, including localization, size
(calculated as an approximation of the ellipsoid formula and using
the maximum diameters in the 3 standard planes [axial � coronal
� sagittal � 0.5 cm3]), contour, peritumoral edema, mass effect,
and contrast enhancement estimated as part of the tumor volume.
The intensity of the contrast enhancement was compared with the
choroid plexus and quantified in 3 subjective steps of intensity.
Clinical characteristics and treatment-related and outcome parame-
ters were retrieved from the respective study centers and retrospec-
tively analyzed without direct personal identification. All patients
had received treatment according to their respective original diag-
nosis before the diagnosis of DGONC was established. Survival
curves were calculated with the Kaplan-Meier method using the
SPSS Statistics 26 software package (IBM). Informed consent was
obtained from the patients or their legal representatives at the time
of study inclusion. The present study was approved by the institu-
tional review board of the Ludwig-Maximilians University of
Munich, Germany (Publication No. 21–0493). Data were updated
as of October 31, 2020.

RESULTS
Imaging Characteristics
Representative MR imaging slices at diagnosis are shown in the
Figure (patients 1—9 [P1–P9]). Major MR imaging characteris-
tics are summarized in the Online Supplemental Data. All tumors
were localized in the supratentorial region in the frontal or tem-
poral lobes; in 2 cases, the tumor crossed the midline and
extended into both frontal lobes (patients 1 and 5). In another
patient (patient 2), both the frontal and temporal lobes of the
right hemisphere were involved. Eight tumors were located at the
basal part of the brain with 4 oriented directly toward the fronto-
base, with a temporomesial manifestation in 3 cases. Only 1 tu-
mor was located along the convexity (patient 8). Tumors formed
a broad basis of the surface of the lobe, involving the cortex and
medullary WM in all cases. Displacement of the basal ganglia was
common, without definite signs of infiltration of the deep GM.
The median initial tumor volume was 35.83mL (range, 2.28–
80.14 mL). Tumors in the temporomesial region and along the
convexity were smaller (2.28, 4.86, 10.05, and 5.82mL) than the
remaining tumors.

All tumors were clearly demarcated and sharply contoured,
masking the underlying tissue, and had a relatively low mass effect
in comparison with their size. This observation was more pro-
nounced in larger tumors (eg, Figure, P1AB, P2AB, P5AB). Edema
was absent in 6 and was small (up to 0.7 cm, measured perpendicu-
lar to the tumor) in 2 patients (Figure, P4AB, P8AB). A marked
edema of 2 cm was found in only 1 patient (Figure, P3A, short
gray/white arrows). Of note, imaging characteristics in this patient
differed from those of the other patients in several respects.
Contrast enhancement was detectable in only 3 patients (patients
3, 8, and 9), all with an intermediate intensity (Figure, P3C, P8C,
P9C, Online Supplemental Data); in 2 of these patients, almost the
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FIGURE. Representative MR imaging slices of all 9 patients (P1–P9). Columns: A, Axial T2WI in all MRIs; B, Coronal T2WI (P1, P2, P5) and coronal
FLAIR (P3, P4, P6, P7, P8, P9); C, Contrast-enhanced T1WI, sagittal (P1, P2, P5), axial (P3, P6, P8, P9), or coronal (P4, P7); D, axial DWI/ADC in all MRIs.
Long gray arrows, centrally decreased T2 signal suggestive of diffuse calcification (P1A, P2A); black arrows, tumor encompassing the circle of
Willis and adjacent arteries without compression (P1AB, P2B, P5B, P9B); short gray/white arrows, marked edema (P3A); short white arrows, band-
like pattern with intermediate signal on T2WI (P3A, P8A); short gray/black arrows, inhomogeneous band-like CE of the solid tumor part (P3C,
P8C); white asterisk, restricted diffusion (P4D); white arrow, patchy pattern of CE affecting,25% of the tumor volume (P9C).
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complete solid part showed an inhomogeneous bandlike enhance-
ment (Figure, P3C and P8C, short gray/black arrows); and in 1
case, the contrast enhancement displayed a patchy pattern that
affected ,25% of the tumor volume (Figure, P9C, white arrow).
The tumor structure was predominantly homogeneous in 7 cases,
with a high signal on T2WI in 5 cases (Figure, P1AB, P4AB, P5AB,
P7A, P9A) and an intermediate-to-high T2WI signal in 2 cases
(Figure, P2AB, P8AB). As a characteristic pattern, we called this
homogeneous and sharply contoured aspect “ground-glass-like.”
In the 2 largest of these structures, the T2 signal was centrally
decreased, which was suggestive of diffuse calcification (Figure,
P1A, P2A, long gray arrows).

In 2 patients, a bandlike pattern with an intermediate signal
on T2WI corresponding to the contrast enhancement was noted
(patients 3 and 8; Figure, P3A, P8A, short white arrows). In all
except 1 patient, diffusion signals were inhomogeneous, equaling
the adjacent brain. Only the patient who had experienced pro-
gressive disease before the initiation of treatment had restricted
diffusion (patient 4; Figure, P4D, white asterisk). Bone remodel-
ing was present in all cases in which the bone was immediately
adjacent to the tumor. Small, not clearly definable defects (either
small necroses or cysts or prominent Virchow-Robin spaces) were
detected in 8 cases. No relevant necroses or cysts exceeding 10% of
tumor volume were found. In the 4 patients with larger frontal or
frontotemporal tumors (35.83, 44.46, 64.45, and 80.14mL), the
circle of Willis and adjacent arteries were surrounded by the tumor
without any signs of compression visible on the basic MR imaging
(Figure, P1B, P2B, P5B, P9B, black arrows). Although blood-sensi-
tive sequences were not available, large areas of hemorrhage and
blood-degradation products were not detectable. None of the
patients had a leptomeningeal dissemination. Follow-up scans
3.5months after the initial imaging were available in 1 patient
(Online Supplemental Data) and showed a 3-fold tumor volume inc-
rease accompanied by a reduction in the T2WI and FLAIR signals.
The patient did not receive any treatment between the first and sec-
ondMR imaging.

Clinical Characteristics
Clinical and treatment characteristics are shown in the Online
Supplemental Data. The median age at diagnosis was 9.9 years
(range, 4.2–21.8 years) with a female predominance of 2:1. The pri-
mary diagnosis was anaplastic glioma in 4 (oligodendroglioma, n ¼
3; oligoastrocytoma, n¼ 1), as well as CNS primitive neuroectoder-
mal tumor (CNS PNET) and CNS neuroblastoma in 2 patients
each, respectively. One patient was initially diagnosed with dysem-
bryoplastic neuroepithelial tumor (DNET).

Information about the clinical presentation was available for 6
of 9 patients. Compatible with the tumor site, the most common
presenting symptoms were seizures (mainly complex-partial;
n¼ 5), while double vision and nausea were reported in 1 patient
each.

Treatment Response, Status of Remission, and Survival
Initial complete resection was achieved in 4 patients (Online
Supplemental Data). The remaining 5 patients underwent a partial
or subtotal resection. In one of these, a complete surgical remis-
sion was achieved by a second surgery. Postoperative nonsurgical

treatment was guided by the primary histopathologic diagnosis.
Only 1 patient (patient 6 with mesial temporal DNET) was treated
by surgery (complete resection) alone. All patients with the pri-
mary diagnosis of anaplastic glioma (n ¼ 4) underwent local irra-
diation; in 3 of these, temozolomide was administered with
concomitant radiation therapy, followed by temozolomide main-
tenance therapy for 12–18months. In 1 patient (patient 4), a
watch-and-wait strategy was pursued after initial imaging. Three
months later, a second MR imaging showed massive progression,
leading to surgery and adjuvant therapy. Patients with CNS
PNET (n ¼ 2) received craniospinal irradiation with tumor boost
followed by 8 cycles of maintenance chemotherapy in one of
them. One patient with CNS neuroblastoma was also treated with
craniospinal irradiation, tumor boost, and maintenance therapy.
In the second patient with the initial diagnosis of CNS neuroblas-
toma, an individualized chemotherapy was administered fol-
lowed by local irradiation.

With a median follow-up of 61months (range, 10–154 months),
6 patients were alive in the first continuous complete remission.
Two patients were alive with stable residual lesions 10 and 21
months after the initial diagnosis, respectively. The only progression
occurred in 1 patient (patient 2) who developed a single metastatic
lesion in the right posterior horn of the lateral ventricle following
the initial partial resection and local irradiation. After complete
re-resection, she received various chemotherapies and was lost to
follow-up with progressive disease. The overall and event-free sur-
vival rates at 5 years were 100% and 86613%, respectively.

DISCUSSION
In recent years, there has been an effort to describe imaging fea-
tures in histopathologically and molecularly defined CNS tumor
entities. Ideally, a pathognomonic spectrum of imaging charac-
teristics would allow the number of potential differential diagno-
ses to be narrowed down on the basis of the neuroradiologic
appearance of a tumor. However, previous reports have shown
that in general, imaging characteristics, even within a particular
tumor subtype, are quite heterogeneous and overlap with various
CNS tumor entities.9-13 Although special criteria exist in child-
hood brain tumors, the rarity of most brain tumor subtypes ham-
pers the ability to identify unique imaging features and to
conduct a reliable statistical analysis. In addition, the availability
of standardized, centrally reviewed MR images is limited and is
possible only in the context of clinical trials.

The aim of the present analysis was to describe neuroradio-
logic features with corresponding clinical characteristics in
patients with DGONC, a recently and molecularly defined CNS
tumor entity.5,14 Despite their distinct DNA methylation profile,
DGONCs display a spectrum of histologic differentiation that
varies from well-differentiated tumors with a low mitotic index to
undifferentiated cases with brisk mitotic activity. This variability
reflects that of the original diagnosis, which ranged from DNET
to anaplastic oligodendroglioma and CNS-PNET/neuroblastoma.
Still, 7 of the 9 patients in our series had highly similar radiologic
characteristics that were distinct from the features expected on
the basis of the original diagnoses. In 2 of these 7 patients with
cellular, undifferentiated tumors (original diagnosis of CNS neu-
roblastoma in patient 1 and CNS PNET in patient 9), this
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characteristic aspect was particularly remarkable because such
tumors would generally have neuroradiologic signs of high cellu-
larity with a low T2WI signal, at least a partly restricted diffusion,
an inhomogeneous bandlike or nodular contrast enhancement,
extensive necroses, and hemorrhage.

In our cohort, all tumors were located in the frontal and/or
temporal lobes in a superficial position, involving the cortical and
subcortical white matter. This observation is in accordance with
all cases of DGONC reported to date being supratentorial.5,14,15

Tumor margins were sharp with little mass effect and hyperin-
tense on T2- and FLAIR-weighted sequences, as also described
by Pickles et al.15 Most tumors showed a characteristic homoge-
neous ground-glass-like aspect on the T2WI and FLAIR images.
They displayed characteristics of low-grade tumors without re-
stricted diffusion, the adjacent arteries were surrounded by the
tumor without signs of compression, and all tumors near the
bone demonstrated bone remodeling, suggesting a clinical behav-
ior similar to that of low-grade glioneuronal tumors, as originally
proposed by Deng et al.14

Contrast enhancement was seen in only 3 patients, all with an
intermediate intensity. One of these patients had the characteristic
appearance with a discrete, diffuse contrast enhancement. In 2 of
the 9 patients (patients 3 and 8) with the original diagnosis of a
World Health Organization grade IV CNS neuroblastoma and
CNS PNET, respectively, the radiomorphologic appearance dif-
fered from this characteristic aspect, showing a bandlike structure
both on the T2WI and contrast-enhanced images. Although the
experience in CNS neuroblastoma is still limited, a large size, nod-
ular aspect, severe edema, and contrast enhancement are radio-
morphologic features that have been described in these tumors.16

Former PNET, according to the World Health Organization 2007
classification, would demonstrate aggressive behavior with re-
stricted diffusion, necroses, and hemorrhage. This appearance con-
trasts with both the regular bandlike aspect of the tumors in these
2 patients, without restricted diffusion or signs of aggressiveness,
and the imaging features regarded as characteristic of DGONC in
the present study, though PNETs like the DGONCs we describe
here appear clearly delineated and mostly without any perifocal
edema and little-or-no contrast enhancement.

In 2 patients with relatively small, temporomesial tumors, T2WI
signals were elevated but lower compared with the larger tumors.
Whether the intensity of the T2WI signal correlates with the tumor
size (ie, getting brighter while growing) remains to be explored.

One noteworthy point is that restricted diffusion, usually a
sign of high cellularity, was observed in only 1 case (patient 4) in
our series and contrasted with the high T2WI signal, typically
indicating low cellularity, in this case. This patient developed a 3-
fold tumor growth when a watch-and-wait strategy was applied.
Further experience is needed to explore whether restricted diffu-
sion in this case is a sign of higher aggressiveness compared with
the 8 other cases. Here, the T2WI and FLAIR signals became
darker in the follow-up MR imaging examination, though no
treatment was administered. Regarding the MR imaging aspect,
this finding can be explained by a higher cellularity, which has to
be proved in additional patients with DGONC. The histomor-
phologic diagnosis of DNET is associated with radiomorphologic
signs of extremely low cellularity with a very bright signal on

T2WI and ADC, as well as a multicystic structure, which also
contrasts with the images in our case series. Larger tumors
showed a more pronounced inhomogeneity with a centrally
lower T2WI signal. On the basis of the diffuse distribution, this
phenomenon is highly suggestive of diffuse calcifications.

Most patients in our series had the histopathologic diagnosis of
anaplastic oligodendroglioma. Here, we would expect a high level
of congruence with DGONC because these are typically well-
delineated, cortically-based tumors. However, signs of clumped
calcifications, as described by Pickles et al,15 or hemorrhage were
not detectable in our cases. Whether the orientation toward the
skull base is another distinct feature suggestive of DGONC needs
to be evaluated in future research.

CONCLUSIONS
Most DGONCs (7 of 9) in our series had uniform, characteristic
MR imaging features despite a spectrum of histologic differentiation
that ranged from well-differentiated to undifferentiated tumors,
emphasizing the definition of DGONC as a separate entity from a
clinical perspective. These radiomorphologic characteristics clearly
differ from the typical MR imaging aspect of the original histomor-
phologic diagnoses, become increasingly obvious in larger tumors,
and are highly predictive of a DGONC. Typical features include the
superficial, supratentorial localization with an orientation toward
the skull base, as well as involvement of the cortex and white matter,
causing only the displacement of the deep gray matter with little-
to-no perifocal edema. DGONCs are sharply delineated from the
adjacent tissue with little mass effect for their size and display a rela-
tively homogeneous structure that masks the underlying tissue with
a bright-to-intermediate T2WI signal, which we call the ground
glass-like aspect. In a suprasellar localization, they engulf the arteries
of the circle of Willis without any sign of compression or infiltra-
tion. Adjacent to bone, they induce bone remodeling.

These aspects resemble low-grade tumors and suggest an inter-
mediate aggressiveness, which is also reflected by the better survival
rates compared with those reported for highly malignant CNS
tumors. The clinical course ranged from continuous complete
remission after total resection to metastatic tumor recurrence with
subsequent treatment-refractory progressive disease. Still, no patient
died in our series, and disease control was attained in almost 90%
of patients following resection with and without adjuvant radio-/
chemotherapy. Complete resection may be favorable for long-term
disease control in patients with DGONC. Of note, restricted diffu-
sion was found in only 1 patient, though all other criteria of the
characteristic DGONC aspect were present. Additional cases have
to be analyzed to gain more insight into the relationship between
the MR imaging morphology and histologic and molecular diagno-
ses, as well as into clinical features in patients with DGONC, with
the aim of explaining apparent discrepancies in this respect.

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

Evaluation of 2 Novel Ratio-Based Metrics for
Lumbar Spinal Stenosis

U.U. Bharadwaj, A.R. Ben-Natan, J. Huang, V. Pedoia, D. Chou, S. Majumdar, T.M. Link, and C.T. Chin

ABSTRACT

BACKGROUND AND PURPOSE: Quantitative metrics of the dural sac such as the cross-sectional area are commonly used to evalu-
ate central canal stenosis. The aim of this study was to analyze 2 new metrics to measure spinal stenosis on the basis of the ratio
between the dural sac and disc cross-sectional areas (DDRCA) and the dural sac and disc anterior-posterior diameters (DDRDIA)
and compare them with established quantitative metrics of the dural sac.

MATERIALS AND METHODS: T2-weighted axial MR images (n ¼ 260 patients) were retrospectively evaluated, graded for central
canal stenosis as normal (no stenosis), mild, moderate, or severe from L1/L2 through L5/S1 with 1 grade per spinal level and anno-
tated to measure the DDRCA and DDRDIA. Thresholds were obtained using a decision tree classifier on a subset of patients (n ¼
130) and evaluated on the remaining patients (n ¼ 130) for accuracy and consistency across demographics, anatomic variation, and
clinical outcomes.

RESULTS: DDRCA and DDRDIA had areas under the receiver operating characteristic curve of 98.6 (97.4–99.3) and 98.0 (96.7–98.9)
compared with dural sac cross-sectional area at 96.5 (95.0–97.7) for binary classification. DDRDIA and DDRCA had k scores of 0.75
(0.71–0.79) and 0.80 (0.75–0.83) compared with dural sac cross-sectional area at 0.62 (0.57–0.66) for multigrade classification. No signifi-
cant differences (P. .1) in the area under the receiver operating characteristic curve were observed for the DDRDIA across variations
in the body mass index. The DDRDIA also had the highest area under the receiver operating characteristic curve among symptomatic
patients (visual analog scale $ 7) or patients who underwent surgery.

CONCLUSIONS: Ratio-based metrics (DDRDIA and DDRCA) are accurate and robust to anatomic and demographic variability com-
pared with quantitative metrics of the dural sac and better correlated with symptomatology and surgical outcomes.

ABBREVIATIONS: AUROC ¼ area under the receiver operating characteristic curve; BMI ¼ body mass index; DDRCA ¼ ratio between dural sac and disc
cross-sectional areas; DDRDIA ¼ ratio between dural sac and disc anterior-posterior diameters; DSCA ¼ dural sac cross-sectional area; DSDIA ¼ dural sac ante-
rior-posterior diameter; LSS ¼ lumbar spinal stenosis; VAS ¼ visual analog scale

Lumbar spinal stenosis (LSS) is one of the most common causes
for lumbar spinal surgery in patients older than 65 years of age.1

The etiology is multifactorial but predominantly attributed to de-
generative changes. Degenerative canal narrowing can be secondary

to changes that include disc protrusion, extrusion; ligamentum fla-

vum hypertrophy; or facet joint arthropathy.2 Historically, radio-

graphic LSS has been described using morphologic categories

ranging from any narrowing of the spinal canal3 to more detailed

descriptors evaluating CSF space obliteration and neural element

separation;4 nevertheless, classification of LSS is highly variable,

with a number of grading systems, none of which are widely

accepted.5

Accurate classification of LSS, however, is essential for subse-

quent patient management.6 Clinical symptoms and examination

and radiologic findings are all integral and contribute to the diag-

nosis of symptomatic LSS. There are no physical examination find-

ings or clinical history that is both highly sensitive and specific for

diagnosing LSS;7 imaging can, therefore, confirm the structural di-

agnosis and clarify the anatomy if therapeutic management such as

injections or surgery is contemplated. When imaging is indicated,
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MR imaging is widely accepted as the preferred technique owing

to its superior soft-tissue contrast8,9 and various qualitative, mor-

phologic features; quantitative metrics have been proposed for LSS

onMR imaging.4,10,11

To optimize the effects of variability, poor agreement, and sub-
optimal outcomes associated with qualitative features,12 articles in
the literature have proposed quantitative measures for diagnosing
and grading LSS.13,14 The anterior-posterior diameter of the dural
sac (DSDIA) and the dural sac cross-sectional area (DSCA) have
been evaluated extensively in prior studies with limited success in
establishing clinical utility;15-19 moreover, various thresholds have
been proposed for each measure.14,20 A DSCAof ,100 mm2

at more than 2 of 3 intervertebral levels (L2/L3, L3/L4, L4/L5) was
shown to be highly associated with the presence of intermittent
claudication;17 and pronounced stenosis of the canal (DSDIAof
,6mm on myelography) predicted less postoperative pain in a 5-
year follow-up study.21 The increasing number of quantitative
measures and potential correlations with outcomes can lead to
confusion in the clinical routine because even specialized radiolog-
ists apply each measure differently22-24 according to the results of a
recent Delphi survey.25

Furthermore, a weakness of commonly used nonratio met-
rics such as DSCA and DSDIA is that they are not anatomically
normalized and incorporate only the absolute distance or area,
possibly explaining the high variability and susceptibility to
demographic changes.

Given the wide variability of the quantitative measurements
and correlation with symptoms and outcomes, a reproducible
quantitative grading system for LSS is essential for subsequent
management. In this study, we propose to calculate ratios meas-
ured at the disc level, the most stenotic level, relative to the dural
sac: the dural sac-to-disc ratio of the respective anterior-posterior
diameters (DDRDIA) and the dural sac-to-disc ratio of the respec-
tive cross-sectional areas (DDRCA) as normalized quantitative
metrics for classifying stenosis. We hypothesize that these ratios
incorporating the disc level may be better correlated with symp-
tomatology and surgical outcomes compared with quantitative
metrics of the dural sac.

MATERIALS AND METHODS
Study Design
In this institutional review board–approved retrospective cross-
sectional study, lumbar spine MRIs along with clinical data were
evaluated to assess our proposed quantitative metrics, DDRDIA
and DDRCA, for grading LSS and comparing it with other more
commonly used nonratio metrics such as the DSCA (standard of
reference) as well as DSDIA.

Patient Cohort
Patients who underwent lumbar spine MR imaging for clinical
indications between 2008 and 2019 were included after applying
the following exclusion criteria: Those with age younger than
19 years, transitional anatomy, fractures, postoperative changes,
extensive hardware, infection, primary tumors, and widespread
metastatic disease to the spine were excluded. Studies with the ab-
sence of a T2-weighted axial sequence or poor image quality were
also excluded. A total of 30,619 patients were identified, of whom

a subset of patients (n ¼ 260) were selected at random, with uni-
form sampling to be included in the study.

Clinical Data
We collected the following clinical data: presenting symptoms, low
back pain, and the radicular pain score on a visual analog scale
(VAS),26 ranging from 0 to 10; demographics including age, sex,
and body mass index (BMI) from the electronic health record; as
well as clinical management spanning noninvasive treatment to
surgical procedures.

Image Acquisition
All T2-weighted axial MRIs used in this study were FSE sequences
acquired in our institution as part of routine clinical lumbar spine
MR imaging studies using a 3T MR imaging scanner (Discovery
MR750; GE Healthcare) with a section thickness of 4.0mm, section
spacing of 1.0mm, FOV of 18.0 cm, TE of 85.0ms, TR of
4202.0ms, flip angle of 115°, and a matrix of 512 � 512 pixels.
Axial sequences were acquired in the contiguous axial plane as per
the imaging protocols at our institution, with no disc-specific
adjustments such as disc space–targeted angled axial images.

Grading LSS
A board-certified neuroradiologist (R1) with 25 years of experience
qualitatively graded MRIs from the study cohort (n ¼ 260) for
central canal stenosis as normal (absence of stenosis), mild, moder-
ate, or severe with 1 grade per spinal level (L1/L2, L2/L3, L3/L4, L4/
L5, L5/S1). Grading was based on a published qualitative grading
system (Schizas system) as follows:11 Normal indicated absence of
LSS based on qualitative criteria on MR imaging: homogeneous
distribution of the CSF and individual rootlets visualized in the
dorsal aspect of the dural sac; mild, some CSF present and the
rootlets still individualized; moderate, the rootlets occupying
the entire dural sac with minimal-to-no CSF, epidural fat visualized
dorsally; and severe, thecal sac obliterated and no epidural fat, CSF,
or individual rootlets visualized.

Quantitative Metrics
This study evaluates the proposed metrics: DDRDIA, which meas-
ures the ratio between the anterior-posterior diameters of the dural
sac and intervertebral disc, and DDRCA, which measures the ratio
between the cross-section areas of the dural sac and intervertebral
disc as well as standard metrics such as DSCA and DSDIA. Using a
research annotation platform (MD.ai; md.ai/), a trained researcher
and a radiology trainee (R2) annotated the T2-weighted axial slices
with free-form masks of the dural sac and intervertebral disc, as
well as lines for measuring their respective anterior-posterior diam-
eters from which the metrics were computed, as shown in Fig 1.
Figure 2 provides examples of normal (no stenosis), mild, moder-
ate, and severe stenosis with metric values.

Cutoff Thresholds for Grading Stenosis
The study cohort (n ¼ 260) was partitioned randomly into 2 dis-
tinct groups: 1) a development cohort (n ¼ 130), used to deter-
mine thresholds for DDRDIA, DDRCA, DSDIA, and DSCA
(standard of reference); and 2) an evaluation cohort (n ¼ 130) on
which all metrics were evaluated.
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For each metric, a decision tree classifier was fit on the devel-
opment cohort (n ¼ 130) using R1’s grades as ground truth to
determine cutoff thresholds for classifying a given T2-weighted
axial section as having normal (no stenosis), mild, moderate, or
severe stenosis. The decision tree is a statistical modelling tech-
nique that automatically creates branches of decisions based on
each measurement and its corresponding ground truth grade so
that the total classification error is minimized.27 Decision trees
have been previously used to obtain thresholds for LSS and offer
the advantage of clinically interpretable rules.28 The Scikit-learn
Python library, Version 0.24.2 DecisionTreeClassifier module
(https://scikit-learn.org/stable/index.html) was used with the
max_depth parameter set to 3 and max_leaves set to 4 to avoid
overfitting.29

Statistical Analysis
All analyses were performed on the evaluation cohort (n ¼ 130).
Statistical power analysis for pair-wise comparison of the quanti-
tative metrics with an assumed effect size of 0.55, a of .05, b of
0.2, and power of 80% resulted in a minimum sample size of 120.
The SciPy Version 1.6.0 Python library and its stats module were
used for all statistical analyses reported in this article.30

Association with Stenosis. The decision tree classifiers fit on the
development cohort (n¼ 130) were used to classify 1 section from
each disc level of the evaluation cohort (n ¼ 130) as normal, mild,
moderate, or severe. Association with stenosis for each metric was
characterized for both binarized grading of stenosis (normal/mild
versus moderate/severe) and multigrade classification.

Binary classification was evaluated
using the area under the receiver opera-
tion characteristic curve (AUROC). Stat-
istical significance of pair-wise differen-
ces in the AUROC corresponding to
each quantitative metric was character-
ized using the DeLong test for compar-
ing AUROCs, with P, .05 considered
statistically significant.31 Evaluation was
bootstrapped to generate 95% confi-
dence intervals.

Association of each metric with ste-
nosis in the multigrade setting was
evaluated using model accuracy, multi-
class AUROC with the one-vs-one cri-
terion, and agreement with R1’s grades
using a linearly-weighted Cohen k

coefficient.

Demographic Variability. The AUROC
for binarized grading of stenosis using
each metric as a score was used to
assess consistency across demographics.
AUROC values were computed for sex
splits (male versus female), age splits
using 45 years as a cutoff (age younger
than 45 years versus age 45 years or
older),32 and BMI splits using a mean

BMI of 25.0 kg/m2 as a cutoff (BMI, 25.0 kg/m2 versus BMI$
25.0 kg/m2).33

Symptomatology. The AUROC for binarized grading of stenosis
was used to assess the accuracy of each metric across 2 groups:
VAS, 7 and VAS$ 7.

Anatomic Normalization. To evaluate anatomic normalization
of each quantitative metric, we clustered spinal levels into 2
groups: 1) upper lumbar levels consisting of L1/L2, L2/L3, and
L3/L4, and 2) lower lumbar levels consisting of L4/L5 and L5/
S1.

Association with Prognosis. The utility of each metric in associa-
tion with outcomes was assessed on a subset of the evaluation
cohort (n ¼ 130), referred to as the “prognostic cohort” (n ¼ 58)
with patients managed conservatively (n ¼ 30) and those who
went on to require surgery (n¼ 28). Using each metric as a score,
we evaluated the AUROC associated with predicting surgery
from the preoperative MR imaging. Only the symptomatic level
or the level at which surgery was performed was included in this
analysis.

The decision tree classifier was used to grade each spinal level
of the prognostic cohort (n ¼ 58) as normal, mild, moderate, or
severe. Linearly-weighted Cohen k scores were computed for
surgical-versus-conservatively managed cases.

Agreement and Reproducibility. To characterize reliability for
the proposed metrics, R2 and R1 annotated another subset of
patients (n ¼ 40) for lines from the evaluation cohort (n ¼ 130).

FIG 1. Sample T2-weighted axial section at L2/L3 graded normal with the following: A, Free-form
annotation around the DSCA of 166 mm2. B, Line annotation with a DSDIA of 14mm. C, Line anno-
tations with a DDRDIA of 0.4. D, Free-form annotations with DDRCA of 0.41. The square root is
used as a normalization step to account for the quadraticity of area measures.
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Reproducibility of estimating DDRDIA was computed using
the concordance correlation coefficient.

To characterize interrater agreement for the qualitative grad-
ing of lumbar spinal stenosis, R1, R2, and a board-certified mus-
culoskeletal radiologist (R3) with 23 years of experience assessed
another subset of patients (n ¼ 32) from the evaluation cohort
(n ¼ 130). Interrater agreement among R1, R2, and R3 was eval-
uated using a linearly-weighted Cohen k coefficient.

RESULTS
Patient Cohort
The development cohort (n ¼ 130) consisted of 65 female and
65 male patients, with a mean age of 57.6 (20.0–96.0) years and a
mean BMI of 26.9 (15.3–58.8) kg/m2. Patients presented with
either low back pain (n ¼ 33), radicular pain (n ¼ 14), or both
low back pain and radicular pain (n¼ 68), as well as other symp-
toms (n¼ 15) including numbness, tingling, weakness, dysesthe-
sia, and tightness. Patients in the development cohort had an
average low back pain score of 5.8 (SD, 2.6) and a radicular pain
score of 5.9 (SD, 2.7) on an 11-point qualitative numeric pain
rating scale.

The evaluation cohort (n¼ 130) con-
sisted of 58 female and 72 male patients
with a mean age of 58.3 (19.0–84.0) years
and a mean BMI of 26.7 (17.5–41.3) kg/
m2. Patients in this cohort presented
with low back pain (n ¼ 27), radicular
pain (n ¼ 20), both (n ¼ 72), and other
symptoms (n¼ 11) including numbness,
weakness, and tightness. Patients in the
evaluation cohort had an average low
back pain score of 5.8 (SD, 2.4) and a ra-
dicular pain score of 6.0 (SD, 2.5) on the
numeric rating scale.

LSS Grades
A total of 555 slices were graded in the
development cohort with the following
distribution: normal (n ¼ 273, 49.2%),
mild (n ¼ 200, 36.0%), moderate (n ¼
45, 8.1%), and severe (n¼ 37, 6.7%) ste-
nosis across lumbar spinal levels L1/L2
(n ¼ 113, 20.4%), L2/L3 (n ¼ 121,
21.8%), L3/L4 (n ¼ 122, 21.9%), L4/L5
(n ¼ 113, 20.4%), and L5/S1 (n ¼ 86,
15.5%).

A total of 491 slices were graded in the
evaluation cohort with the following dis-
tribution: normal (n ¼ 244, 49.7%), mild
(n ¼ 149, 30.3%), moderate (n ¼ 37,
7.5%), and severe (n¼ 61, 12.5%) stenosis
across lumbar spinal levels L1/L2 (n ¼
111, 22.6%), L2/L3 (n ¼ 113, 23.0%), L3/
L4 (n ¼ 108, 22.0%), L4/L5 (n ¼ 96,
19.6%), and L5/S1 (n¼ 63, 12.8%).

Cutoff Thresholds for Grading Stenosis
The decision tree for each quantitative metric was of depth 3 as
visualized in Fig 3. Cutoff thresholds for grading stenosis using
each metric were derived as follows:

DDRDIA: normal, DDRDIA$ 0.36; mild, 0.24# DDRDIA,

0.36; moderate, 0.15# DDRDIA, 0.24; severe, DDRDIA, 0.15.
DDRCA: normal, DDRCA$0.31; mild, 0.23# DDRCA ,

0.31; moderate, 0.19# DDRCA, 0.23; severe, DDRCA, 0.19.
DSCA: normal, DSCA$ 189.5 mm2; mild, 136.0 mm2 #

DSCA, 189.5 mm2; moderate, 91.1 mm2 # DSCA, 136.0
mm2; severe, DSCA, 91.1 mm2.

DSDIA: normal, DSDIA$ 13.4mm; mild, 10.1mm #

DSDIA, 13.4mm; moderate, 8.5mm # DSDIA, 10.1mm;
severe, DSDIA,8 .5mm.

Statistical Analysis
Association with Stenosis. The proposed metrics, DDRCA and
DDRDIA, had the highest AUROC for binarized classification of
stenosis at 98.6 (97.4–99.3) and 98.0 (96.7–98.9), respectively,
which were significantly higher (P, .05) than the standard of ref-
erence metrics, DSCA and DSDIA, with an AUROC of 96.5

FIG 2. Sample T2-weighted axial MR imaging slices of the lumbar spine for each stenosis grade,
determined qualitatively by a neuroradiologist, with the metrics annotated. A, Grade: normal;
level, L1/L2; DSCA, 167 mm2; DSDIA, 15mm; DDRDIA, 0.42; DDRCA, 0.40. B, Grade: mild; level, L3/
L4; DSCA, 104 mm2; DSDIA, 10mm; DDRDIA, 0.24; DDRCA, 0.27. C, Grade: moderate; level L4/L5;
DSCA, 115 mm2; DSDIA, 10mm; DDRDIA, 0.22; DDRCA, 0.24. D, Grade: severe; level, L2/L3; DSCA,
64 mm2; DSDIA, 7mm; DDRDIA, 0.14; DDRCA, 0.16.
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(95.0–97.7) and DSDIA at 96.6 (95.1–97.8). The results are pre-
sented in Table 1 and visualized in Fig 4.

DDRCA and DDRDIA had the highest agreement with R1 for
multigrade classification of stenosis with k values of 0.80 (0.75–
0.83) and 0.75 (0.71–0.79), respectively, compared with DSCA at
0.62 (0.57–0.66) and DSDIA at 0.69 (0.64–0.75), respectively.
Multiclass accuracy, AUROC, and k scores for each metric are
presented in Table 2.

Demographic Variability. All 4 quantitative metrics had higher
AUROC values for men compared with women (P, .001). No sig-
nificant difference (P, .1) in the AUROC was observed in the
case of the proposed metric DDRDIA across BMI groups. The
other 3 metrics (DDRCA, DSDIA, DSCA) all had significant dif-
ferences in the AUROC among the demographic splits (P, .001).

Symptomatology. DDRDIA had a higher AUROC than all other
metrics in cases with VAS$ 7. DDRDIA was also the only metric
in which the AUROC for cases with VAS$ 7 was significantly
higher (P, .001) than that of cases with VAS, 7. AUROC val-
ues are presented in Table 3.

Anatomic Normalization. No significant differences were observed
in the values of DDRDIA and DDRCA for stenotic cases (mild,
moderate, or severe) across the upper lumbar levels (L1/L2, L2/L3,
L3/L4) and the lower lumbar levels (L4/L5 and L5/S1). The stand-
ard-of-reference metrics, DSCA and DSDIA. were sensitive to ana-
tomic changes in cases with stenosis (P, .001).

Association with Prognosis. The DDRCA had the highest
AUROC for predicting surgery at each spinal level from the prog-
nostic cohort (n=58), with a value of 83.5 (76.6–90.1), which was
significantly greater than the standard-of-reference DSCA and
DSDIA, which had AUROCs of 82.4 (75.5–90.4) and 81.3 (73.2–
89.4). DDRDIA had the lowest AUROC for predicting surgery,
with a value of 80.8 (73.0–89.5). These results are reported in
Table 4.

The DDRDIA had the highest agreement with R1 for multi-
class grading of stenosis in surgical cases, with a k coefficient of
0.77 (0.65–0.90). k scores for all other metrics across surgical-
versus-nonsurgical levels were significantly lower, reported in
Table 5.

FIG 3. Decision rules and cutoff thresholds generated by a decision the tree classifier (maximum depth¼ 3, maximum leaves¼ 4, criterion ¼
Gini impurity) for each quantitative metric.
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Agreement and Reproducibility. The reproducibility of meas-
uring DDRDIA was substantial, with a concordance correlation
coefficient of 0.9 between R1 and R2. Interrater agreement
among (R1, R2), (R1, R3), and (R2, R3) was substantial with k

scores of 0.79, 0.72, and 0.65, respectively.

DISCUSSION
In this study, we proposed 2 ratio-based metrics for grading LSS,
which, to our knowledge, has heretofore not been investigated in
the literature. DDRDIA and DDRCA measured ratios between
the dural sac and the intervertebral disc of the anterior-posterior
diameters and cross-sectional areas, respectively. Our ratio-based
approach naturally lends itself to a normalized metric between 0
and 1, which can be interpreted clinically as a surrogate for the
severity of stenosis.

Our results indicate that DDRDIA and DDRCA perform as
well or superior to the standard of reference metrics such as DSCA
and DSDIA. Prescribed thresholds for DSCA are typically binarized
into normal versus stenosed or normal/mild/moderate stenosis ver-
sus severe stenosis.13,14 Our study provides more fine-grained
thresholds for grading stenosis using each quantitative metric. The
thresholds generated by a decision tree for DSCA and DSDIA, 91.1
mm2 and 10.1mm, respectively, are consistent with previously pub-
lished values for these metrics,14 further validating our methodol-
ogy to obtain thresholds using a decision tree classifier.

Our analysis suggests that ratio-based metrics such as DDRDIA
and DDRCA are more consistent across demographic variability,

anatomically normalized, and better correlated with symptomatol-
ogy and clinical outcomes compared with nonratio metrics such as
DSCA and DSDIA.

DDRCA had a linearly weighted k score of 0.80 using R1’s
grades as the ground truth, which is higher (albeit not statistically
significant) than the agreement between R1 and R2 as well as
between R1 and R3. High accuracy of DDRCA is an encouraging
step toward multigrade classification of stenosis using ratio-based
quantitative metrics. In comparison, DSCA had a significantly
lower k score of 0.62, lower than all pair-wise interrater agreement
scores, confirming our hypothesis that normalized measures may
be more effective as a quantitative metric for not only diagnosing
stenosis but also classifying it into more granular grades.

Quantitative metrics based on ratios are also inherently robust
to measurement, a finding supported by our reproducibility anal-
ysis, in which the concordance correlation coefficient between R1
and R2 was 0.9 for estimating DDRDIA. Although not explicitly
quantified in this study, DDRDIA may be less prone to errors
because it requires the radiologist to draw 2 lines as opposed to
segmentation of the dural sac for area measurements, also mak-
ing it more time-efficient.

A few other quantitative ratios have been proposed in the liter-
ature. The stenosis ratio, defined as a ratio between the cross-sec-
tional dural sac area of the motion segment and that of the stable
segment, was proposed as a promising alternative to DSCA in
controlling for inherent differences in patient demographics.34,35

The Torg-Pavlov ratio, which measures the ratio between the sag-
ittal diameter of the spinal canal and the sagittal diameter of the
vertebral body, is a normalized metric that can be used to assess
the presence of spinal cord compression from MR imaging.36

Neither the stenosis ratio nor the Torg-Pavlov ratio has been
widely adopted in clinical practice for grading stenosis. The steno-
sis ratio requires precise measurements of multiple regions and
their respective areas, which can be time-consuming and not con-
sistent.14 The Torg-Pavlov ratio has been sparsely applied to the
cervical spine, with almost no prior studies establishing its effec-
tiveness for the lumbar spine.37 Moreover, for any given level, the
disc level has been reported to be the most stenotic and prone to
degenerative changes compared with the vertebral body.38 Hence,
the disc size measured as either the anterior-posterior diameter or
the cross-sectional area may be a relevant feature associated with
degenerative changes.

Ratios between the dural sac and the vertebral body have been
published in the literature for adults as well as children and have
been used for evaluation of multiple conditions.39,40 For degener-
ative lumbar stenosis, the disc levels are the predominant stenotic

Table 1: Classification of each spinal level as normal versus stenosed on the evaluation cohort (n = 130) using each quantitative
metrica

Metrics Compared AUROC: Group 1 AUROC: Group 2 Z-Statistic Significance
DSCA vs DSDIA 96.5 (95.0–97.7) 96.6 (95.1–97.8) 0.19 P ¼ .85
DSCA vs DDRDIA 96.5 (95.0–97.7) 98.0 (96.7–98.9)b 2.24b P ¼ .02b

DSCA vs DDRCA 96.5 (95.0–97.7) 98.6 (97.4–99.3)b 3.54b P ¼ .004b

DSDIA vs DDRDIA 96.6 (95.1–97.8) 98.0 (96.7–98.9)b 2.56b P ¼ .01b

DSDIA vs DDRCA 96.6 (95.1–97.8) 98.6 (97.4–99.3)b 2.89b P ¼ .004b

DDRDIA vs DDRCA 98.0 (96.7–98.9) 98.6 (97.4–99.3) 1.57 P ¼ .12
a Reported are pair-wise comparisons between the quantitative metrics using the DeLong paired test for AUROCs. Data in parentheses represent 95% confidence intervals.
b Difference in AUROC is statistically significant (P , .05).

FIG 4. Receiver operator characteristic curve using each quantitative
metric as a score for binary classification of stenosis. AUROC values
are reported in the legend.
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levels, motivating our proposed metrics. Studies calculating a
“disc index,” a ratio of the disc-to-canal size, have reported that
larger disc indexes are associated with more continuous symp-
toms, and as ratios decreased with time, the symptoms also
regressed.41 An early description of the anterior-posterior length
of disc protrusion and the percentage of the canal occupied by
the disc protrusion was reported in 1997, and strong predictive
effects were found between ratio measurements and patient out-
comes.42 Subsequent studies have also supported the use of disc
ratios for predicting patient groups with favorable-versus-unfav-
orable surgical outcomes.43 While disc dimension has been previ-
ously used in the context of lumbar disc herniation, to our
knowledge, it is not commonly incorporated as a potential quan-
titative feature along with dural sac measurements for grading
LSS.

We acknowledge the following limitations of this study: Our
results are based on a single expert radiologist grader and do not
incorporate consensus grading or any other form of adjudication;
while consensus grades are advantageous, prior studies that relied
on a single grader have shown meaningful associations.28 Our

approach based on decision trees may be prone to overfitting and
brittle decision boundaries, wherein a slight perturbation to the
development data can lead to drastically different thresholds.28

Also, there are numerous statistical and machine learning techni-
ques that can be used to determine a decision rule for each met-
ric. A random forest model, which is a collection of several
decision trees, may be more robust; we deliberately selected a de-
cision tree for its interpretable thresholds and decision rules. We
limited the depth to 3 and the maximum number of leaves to 4 to
address some of the concerns around overfitting, and we
observed that the derived thresholds of 91.1 mm2 for severe ste-
nosis based on DSCA and 10.1mm for moderate or severe steno-
sis based on DSDIA are in line with previously published
thresholds for the dural sac cross-sectional area and diameter.14

Another potential limitation is our reliance on a single out-
come measure (VAS) for symptoms and a cutoff threshold of 7 to
denote severe pain; other less common measures may be very val-
uable and the subject of future studies. Last, a potential limitation
may be the acquisition of contiguous axial MR images, our insti-
tution’s routine lumbar spine imaging protocol. A prior study
reported that the use of disc space–targeted angled images
resulted in a 75% reduction in the detection of migrated or se-
questered disc material and a 50% decrease in detected pars
defects compared with contiguous axial images.44

CONCLUSIONS
We found favorable results for our proposed ratio-based metrics,
DDRDIA and DDRCA, which rely on simple measurements of
the intervertebral disc and the dural sac, compared with common
metrics such as the DSCA. Our results indicate that ratio-based
metrics may offer a convenient trade-off between the classification

Table 2: Classification of each spinal level as normal, mild, moderate, and severe stenosis on the evaluation cohort (n = 130) using
decision trees trained on the development cohort (n = 130)

Metric
Accuracy AUROC Cohen j

Accuracy 95% CI AUROC 95% CI j 95% CI
DSCA 64.9 (60.9–69.0) 76.6 (73.9–79.3) 0.62 (0.57–0.66)
DSDIA 71.4 (67.1–75.7) 80.9 (78.0–83.8) 0.69 (0.64–0.75)
DDRDIA 76.5 (72.6–80.4)a 84.3a (81.7–86.9)a 0.75a (0.71–0.79)a

DDRCA 78.9 (75.0–82.9)a 86.0a (83.3–88.5)a 0.80a (0.75–0.83)a

a Ratio-based metrics with higher k scores (P, .001).

Table 3: AUROC for binary classification based on each metric across symptomatic splits (VAS<7 versus VAS ‡7) of low back pain
and radicular paina

Metric

Symptomatology Analysis of Low Back Pain

VAS< 7 VAS‡ 7 Significancea

AUROC 95% CI AUROC 95% CI P Value
Low Back Pain
DSCA 97.7 (96.7–98.6) 95.1 (92.9–97.3) P, .001
DSDIA 96.6 (95.4–97.8) 96.5 (94.9–98.1) P¼ .43
DDRDIA 96.8 (95.6–97.9) 97.5 (96.1–98.8) P, .001
DDRCA 98.5 (97.8–99.2) 96.3 (94.8–97.9) P, .001
Radicular back pain
DSCA 98.4 (97.4–99.4) 96.3 (94.5–98.1) P, .001
DSDIA 98.2 (96.8–99.6) 96.9 (95.5–98.2) P, .001
DDRDIA 98.7 (97.9–99.5) 97.1 (95.6–98.5) P, .001
DDRCA 99.0 (98.4–99.6) 97.1 (95.5–98.7) P, .001

a The P values represent a comparison of AUROCs among the symptomatic splits.

Table 4: AUROC for predicting surgery using each quantitative
metric on the prognostic cohort (n = 58)

Metric
Predicting Surgery at Each Spinal Level

AUROC 95% CI Significancea

DSCA 82.4 (75.5–90.4) P ¼ 1.0
DSDIA 81.3 (73.2–89.4) P, .001
DDRDIA 80.8 (73.0–89.5) P, .001
DDRCA 83.5b (76.6–90.1)b P, .001b

a The P values represent comparison between each metric and AUROC obtained
with the baseline metric DSCA.
bQuantitative metric with the highest AUROC.
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of stenosis, robustness to measurement errors, and normalization
across anatomic and demographic variability and stronger associ-
ations with LSS symptoms and prognosis. The proposed metrics
are also practical in a clinical setting and amenable to automated
estimation and can influence the diagnosis and subsequent man-
agement of patients with LSS.
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Utility of Dual-Energy CT to Improve Diagnosis of CSF Leaks
on CT Myelography following Lateral Decubitus Digital

Subtraction Myelography with Negative Findings
S.J. Huls, D.P. Shlapak, D.K. Kim, S. Leng, and C.M. Carr

ABSTRACT

SUMMARY: CSF leaks, including CSF-venous fistulas, which cause spontaneous intracranial hypotension, remain difficult to diagnose,
even on digital subtraction myelography and CT myelography. Dual-energy CT technology has been used to improve diagnostic
utility within multiple organ systems. The capability of dual-energy CT to create virtual monoenergetic images can be leveraged to
increase conspicuity of contrast in CSF-venous fistulas and direct epidural CSF leakage to improve the diagnostic utility of CT my-
elography. Six cases (in 5 patients) are shown in which virtual monoenergetic images demonstrate a leak location that was either
occult or poorly visible on high- or low-kilovolt series. This clinical report describes the novel application of dual-energy CT for
the detection of subtle CSF leaks including CSF-venous fistulas.

ABBREVIATIONS: CTDIvol ¼ volume CT dose index; CTM ¼ CT myelography; CVF ¼ CSF-venous fistula; DECT ¼ dual-energy CT; DSM ¼ digital subtraction
myelography; LDDSM ¼ lateral decubitus digital subtraction myelography; SIH ¼ spontaneous intracranial hypotension; VMI ¼ virtual monoenergetic images

Spontaneous intracranial hypotension (SIH) is caused by a
CSF leak, commonly occurring in the thoracic spine.1 CSF

leaks can be classified into 4 types as shown by Farb et al:2 ventral
dural tears (type 1), proximal nerve root sleeve tears (type 2),
CSF-venous fistulas (CVFs, type 3), and distal nerve root sleeve
tears (type 4). A variety of techniques using prone or lateral digi-
tal subtraction myelography (DSM) and CT myelography (CTM)
have been used to identify leaks, with institutions often preferring
techniques that are familiar, developed locally, or based on access
to equipment.3 Despite improvements in the lateral decubitus
digital subtraction myelography (LDDSM) technique, some
patients with intracranial SIH findings on brain MR imaging do
not have an identifiable leak on LDDSM or conventional CTM.
Conventional CTM may show CVFs as hyperdense paraspinal
veins or opacification of the vertebral venous plexus.3-6 Even after
thorough imaging investigation, some studies report a 50% detec-
tion rate, while others report detection rates as high as 87%.2,7 In
small or subtle CVFs, insufficient contrast resolution associated
with a CSF leak compared with background remains a challenge.

Dual-energy CT (DECT) has numerous applications and is
being increasingly used in multiple organ systems.8 In neuroradiol-
ogy, DECT has been shown to aid in differentiation of hemorrhage

versus contrast, visualization of intracranial aneurysms, diagnosis of
malignant sinonasal lesions, and metal artifact reduction.9 In CTM,
DECT has been studied as a mechanism to decrease metal artifacts
and radiation exposure.10 A major benefit of DECT is to recon-
struct virtual monoenergetic images (VMI), which mimic images
acquired with a monochromatic beam. VMI can be reconstructed
at various kiloelectron volt energies (keV) that present different CT
density values and image contrast due to the energy dependence of
attenuation. For example, iodinated contrast has higher CT attenu-
ation values, due to increased photoelectric effect, as keV levels
approach the k-edge of iodine 33.2 keV.11 Prior studies have dem-
onstrated that 50–60keV is the optimal energy level for higher
attenuation of iodine-based contrast with minimally increased noise
levels.8 This is particularly beneficial for evaluation of CSF leaks in
which contrast leakage is subtle. A recent case series by Houk et al12

described the use of DECT for improved visualization of CSF leaks
and CVFs. In this retrospective study, we present several additional
cases illustrating the utility of DECT 50-keV VMI to diagnose CSF
leaks on CTMs following negative findings on DSMs.

MATERIALS AND METHODS
Patient Selection
This was an institutional review board–approved, Health Insurance
Portability and Accountability Act–compliant retrospective study.
Informed consent was waived. From April 2019 to March 2021,
diagnostic reports of LDDSMs with subsequent lateral decubitus
CTMs performed at our institution were consecutively reviewed.
Cases with questionable, possible, or equivocal CTM findings were
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excluded. Cases in which LDDSM findings were negative and subse-
quent same-day CTM findings were positive were further reviewed,
including imaging and patient history. The cases were reviewed sep-
arately by 3 board-certified neuroradiologists with 2, 4, and 8 years
of experience and a first-year radiology resident; discordant findings
were discussed; and a consensus decision was reached. Evaluation
of each case was performed at the same window and level settings
(W:1000 C:100; Visage Imaging). Cases in which DECT 50-keV
VMI aided the diagnosis of subtle CSF leaks on CTM (after negative
LDDSM findings) were included. At the site of extradural contrast,
maximum andmean Hounsfield units were measured using an ROI
of 5mm for cases 1, 2, 3, and 4. A smaller ROI of 3mm for case 5 to
minimize overlap with osseous structures was used.

Imaging Technique
LDDSM was performed using the technique described by Kim et
al.13 Following the completion of each LDDSM with 11mL of
Omnipaque 300 (GE Healthcare), patients were immediately

transferred to CT in the same decubitus position. A lateral decubi-
tus CTM of the entire spine was performed with DECT. LDDSM
and subsequent CTMwere then repeated on the following day with
the patient in the opposite lateral decubitus position, irrespective of
whether a CVF was found on the first day. Our institution performs
CTM on second- or third-generation dual-source DECT scanners
(Somatom Definition Flash and Force; Siemens) (Table 1). CT
acquisitions were performed with a 100/Sn 140-kV scanner
(Somatom Definition Flash; Sn indicates a tin filter added to the
high-kilovolt beam) or 100/Sn 150-kV scanner (Somatom Force).
Routine axial, coronal, and sagittal bone and soft-tissue windows
were reformatted, and 50-keV VMI were reconstructed with all
source images reviewed in multi-planar reformat views.

RESULTS
Ten patients were identified with initial negative lateral decubitus
DSM findings and subsequent positive CTM findings of CSF leak.
Six examples in 5 patients were identified in which 50-keV VMI

reformats were found to both qualita-
tively and quantitatively (increased
Hounsfield units) improve the diagnosis
of a CSF leak. Table 2 summarizes demo-
graphic data, symptoms, prior imaging
findings, and treatment outcomes for
each patient. Table 2 also contains CTM
findings, including the presence of renal
contrast in the renal collecting system,
which is one of the features we use in our

Table 1: Parameters for CT cervical, thoracic, and lumbar spine myelogram (Siemens dual-
source, dual-energy CT models)
DECT Model Somatom Definition Flash Somatom Force
Description 128-Section dual-source,

dual-energy CT
192-Section dual-source,
dual-energy CT

kV(p) A: 100 B: Sn 140 A: 100 B: Sn 150
Quality reference mAs A: 230 B: 178 A: 260 B: 130
Scan FOV (mm) A: 500 B: 332 A: 500 B: 356
Rotation time (sec) 1.0 1.0
Pitch 0.9 0.9
Collimation (mm) 32 � 0.6 128 � .06

Table 2: Patient demographics, imaging findings, symptoms, treatment, and outcomes

Patient Age Sex
Other Imaging

Findings CTM Findings Symptoms Treatment Outcome
1 28 F High-probability

brain MR imaging
T12-L1 CVF on left;
T11-12 on right;
contrast in the renal
collecting system

Orthostatic headache,
multifocal pain

T11 nerve root
ligation

Initial relief with
subsequent
recurrence of
symptoms in the
setting of Marfan
syndrome

2 50 M Intermediate-
probability brain
MR imaging

CVF at left L2-3
and contrast in the
renal collecting system

Orthostatic
headache

Blood patch,
transvenous
embolization of
the left L2
paraspinal vein

Dramatic symptom
improvement
following
embolization

3 52 M High-probability
brain MR
imaging, positive
cisternogram
findings

Right T10 distal
nerve root sleeve tear
with extradural
contrast first detected
at L2-3

Orthostatic headache,
vision changes,
pulsatile tinnitus

Hemi-laminectomy
right T10-11,
repair of CSF
leak

Complete symptom
resolution
sustained for at
least 1 year

4 34 F Intermediate-
probability brain
MR imaging

Focus of CSF leak arising
from the right lateral
thecal sac at T7-8
thought to represent
dural tear; contrast in
the renal collecting
system

Orthostatic headache,
facial and hand
paresthesia

Three targeted
blood patches

Improvement after
3 targeted blood
patches with
recurrence of
symptoms

5 50 F Multiple nerve
root diverticula
on spine MR
imaging

Faint linear
hyperattenuation
extending from a right
T11-12 nerve sleeve
diverticulum thought
to represent CVF

Orthostatic headache,
vision changes

Two targeted and
1 multifocal
blood patch

Transient
improvement
after 2 targeted
and 1 multifocal
blood patch

Note:—M indicates male; F, female.
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practice to increase our confidence in
subtle or equivocal findings. These cases
are illustrated in Figs 1–5, with 140-/
150-kV, 100 -kV, and 50-keV VMI.
Maximum and mean CT attenuation
values (Hounsfield units) over the CSF
leak ROIs are reported in the figure
legends and Table 3 for each kilovolt
peak level and 50-keV VMI reconstruc-
tions. For the 5 patients included in this
study, the mean volume CT dose index
(CTDIvol) was 14.5 mGy (range, 13.2–
15.6mGy), the mean dose-length prod-
uct was 1047.8 mGy� cm (range,
950.6–1150.5 mGy� cm), and the cor-
responding effective dose (using a K fac-
tor of 0.015 mSv/mGy� cm) was 15.7
mSv (range, 14.3–17.3 mSv).

Case 1
A 28-year-old woman with a history of
Marfan syndrome developed symptoms
of orthostatic headache and multifocal
pain 6 years before presentation. MR
imaging of the brain showed effacement
of the suprasellar and prepontine cis-
terns, decreased mamillopontine dis-
tance, and diffuse dural enhancement
and thickening, all indicating SIH (high-
probability Bern Score ¼ 6). A high-
probability score is a Bern score of .5,
based on MR imaging findings of SIH as
described in Dobrocky et al.14 She subse-
quently underwent LDDSM followed by
CTM, which showed a left T12-L1 hyper-
dense paraspinal vein. Next-day right-
side-down LDDSM followed by CTM
showed a right hyperdense paraspinal
vein at T11-12. Preoperative-planning
CTA identified the artery of Adamkiewicz
on the left at T12-L1, which prevents
nerve root ligation. She underwent pack-
ing with venous obliteration of the veins
on the left at T12-L1 and nerve root liga-
tion on the right at T11-12. She had tran-
sient improvement, but due to herMarfan
syndrome, she developed recurrent symp-
toms and intracranial stigmata of SIH
indicating a new leak.

Case 2
A 50-year-old man had a 6-year history
of consistently orthostatic symptoms of
which headaches were the predominant
symptom. At an outside institution, he
was initially thought to have a Chiari I
deformity related to his low-lying

FIG 1. A, 50-keV VMI. B, 100 kV. C, 140 kV. Case 1: Left-side-down CTM with linear contrast at the
left T12–L1 neural foramen, thought to reflect a CVF (arrows). Contrast is also noted in the renal col-
lecting system. ROI Hounsfield units: A, 50-keV VMI Hounsfield unit maximum (max): 283 HU; mean,
76 HU. B, 100 -kV Hounsfield unit max: 147 HU; mean, 68 HU. C, 140-kV Hounsfield unit max: 116 HU;
mean, 46 HU. D, 50-keV VMI. E, 100 kV. F, 140 kV. Case 1: Right-side-down CTM with paraspinal con-
trast at the level of T11–12, representing a second CVF (arrows). ROI Hounsfield units: D, 50-keV VMI
Hounsfield unit max: 981 HU; mean, 693 HU. E, 100-kV Hounsfield unit max: 542 HU; mean, 369 HU.
F, 140-kV Hounsfield unit max: 233 HU; mean, 107 HU.

FIG 2. A, 50-keV VMI. B, 100 kV. C, 140 kV. Case 2: Left-side-down CTM with a suspected distal
nerve root sleeve tear at the left L2–3 (arrows). The patient also had contrast in the renal collecting
system (not shown). ROI Hounsfield units: A, 50-keV VMI Hounsfield unit maximum (max): 806 HU;
mean, 271 HU. B, 100-kV Hounsfield unit max: 435 HU; mean, 133 HU. C, 140-kV Hounsfield unit max:
210 HU; mean, 68 HU.

FIG 3. A, 50 -keV VMI. B, 100 kV. C, 150 kV. Case 3: Right-side-down CTM with linear contrast at
the right L2–3 neuroforamen (arrows), extending into the paraspinal soft tissues, thought to
reflect a vessel associated with contrast leakage at a higher right-T10 distal nerve root sleeve tear
(not shown). ROI Hounsfield units: A, 50-keV VMI Hounsfield unit maximum (max): 485 HU; mean,
118 HU. B, 100-kV Hounsfield unit max: 271 HU; mean, 51 HU. C, 150-kV Hounsfield unit max: 151 HU;
mean, 16 HU.
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cerebellar tonsils, leading to a posterior fossa decompression, C2
laminectomy, and C3-4 laminoplasties 1 year before presentation.
Nuclear medicine indium-111 (111In) dethylenetriaminepentaace-
tic acid cisternogram obtained at our institution was positive for
the presence of a CSF leak. MR imaging of the brain showed
effacement of the suprasellar and prepontine cisterns and
decreased mamillopontine distance (intermediate-probability Bern
Score ¼ 4).14 His left lateral decubitus CTM following negative
findings on LDDSM showed irregular contrast within the left L2-3
neural foramen. The patient underwent 2 targeted blood patches
resulting in 2–4weeks of symptom improvement. This was fol-
lowed by transvenous Onyx (Medtronic) embolization with near-
complete resolution of symptoms.

Case 3
A 52-year-old man had a 5-month history of orthostatic headache
and pulsatile tinnitus after having his back “cracked” (physical
manipulation) at home. He underwent 2 blood patches for presumed
CSF leak with transient 2weeks of partial symptomatic improvement.
MR imaging of the brain showed pachymeningeal enhancement,
venous sinus engorgement, and effacement of the suprasellar and
prepontine cisterns (high-probability Bern score ¼ 7).14 An 111In-
DTPA cisternogram showed delayed radionuclide activity ascent sup-
porting SIH. Right LDDSM had negative findings while subsequent
same-side-down CTM showed subtle contrast extravasation along
the right at L2–3. Subsequent dedicated lateral decubitus dynamic
CTM, for localization, demonstrated that the leak originated at T10.
A hemilaminectomy and right T10–11 nerve root ligation resulted in
durable and sustained complete symptom relief for more than a year.

Case 4
A 34-year-old woman had postural
orthostatic tachycardia syndrome and a
1-year history orthostatic headache and
facial and hand paresthesias. Opening
pressure with the patient in the prone
position was low, measuring 8 cm of
water (normal range, 10–25cm);15 how-
ever, opening pressure is variable and
not necessarily low in patients with defi-
nite CSF leaks. Head MR imaging dem-
onstrated effacement of the suprasellar
and prepontine cisterns (intermediate-
probability Bern score ¼ 3).14 Initial
right-side-down LDDSM had negative
findings, but subsequent CTM showed
subtle extradural contrast along the right
aspect of the T7–8 neural foramen.
Targeted CT-guided epidural blood
patches resulted in dramatic reduction in
headaches for approximately 8months.
Follow-up CTM after LDDSM again
showed extradural contrast on the right
at T7–8. The patient underwent Onyx
embolization and had improved near-re-
solution of symptoms, compared with
the blood patch.

Case 5
A 50-year-old woman had a 2-year history of orthostatic headache.
She had 2 prior targeted blood patches. No recent brain MR imaging
was available. Full-spine MR imaging showed multiple nerve root
diverticula. CTM after negative DSM findings showedmultiple nerve
root diverticula with faint linear hyperdensity extending from a right
T11–12 nerve sleeve diverticulum, suspicious for a CVF. She under-
went a T11–12 targeted blood patch without changes in symptoms.

DISCUSSION
DECT has been commercially available with various technical
implementations by different vendors.16 With measurements from
2 different spectra, DECT enables material characterization and
quantification, which has been used in many clinical areas, such as
detection of gout, differentiation of renal stones, bone and plaque
removal, iodine maps, and virtual noncontrast images.16 Another
major application of DECT is to generate VMI, which mimic the
appearance of those images acquired with a monoenergetic beam.
VMI at different energies (keV) have different image contrast, with
lower kiloelectron volt VMI having higher iodine contrast due to
increased photoelectric effect near the K-edge of iodine. These
low-kiloelectron volt VMI (eg, 50 keV) have been found to be ben-
eficial to improve image quality, decrease necessary iodinated con-
trast volume, and reduce the radiation dose. In this study, we
aimed for a special application using low-kiloelectron volt VMI for
improved detection of subtle differences in attenuation. As evi-
denced by the findings, 50-keV VMI have the highest CT attenua-
tion value, followed by 100-kV single-energy images, and the
lowest CT attenuation value at 140–150 kV.

FIG 4. A, 50-keV VMI. B, 100 kV. C, 140 kV. Case 4: Right-side-down CTM with a small focus of
extradural contrast at the right aspect of the thecal sac at T7–8 (arrows). ROI Hounsfield units: A,
50-keV VMI Hounsfield unit maximum (max): 441 HU; mean, 275 HU). B, 100-kV Hounsfield unit
max: 277 HU; mean, 165 HU. C, 140-kV Hounsfield unit max: 163 HU; mean, 102 HU.

FIG 5. A, 50-keV VMI. B, 100 kV. C, 140 kV. Case 5: CTM right-side-down at the level of T11–12
shows linear focus most consistent with a CSF venous fistula (arrows). ROI Hounsfield units: A,
50-keV Hounsfield unit maximum (max): 436 HU; mean, 154 HU. B, 100-kV Hounsfield unit max: 251
HU; mean, 88 HU. C, 140-kV Hounsfield unit max: 125 HU; mean, 33 HU.
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A potential downside of DECT, compared with single-energy
CT, is an increased ionizing radiation dose. There is a paucity of
literature comparing single-energy CTM with dual-energy CTM;
however, one study comparing radiation exposures showed dual-
energy CTM to have 1.6–1.9 times higher dose-length product
and CTDIvol levels in comparison with single-energy CT in the
cervical and thoracic spine. In the same study, whole-spine CTM
performed with a strictly single-energy CT–capable scanner
(Somatom Definition AS1; Siemens) showed a whole-spine mean
CTDIvol of 13.99 mGy (range, 10.13–16.15 mGy) and a dose-
length product of 837.8 (range, 530.5–1033.0).17 As expected,
these data suggest that DECT results in modest-to-moderate
increased radiation exposure.

It is increasingly recognized that there is a subset of patients
with intermediate or high-probability Bern scores on head MR
imaging and a clinical diagnosis of SIH in whom a radiographi-
cally visible leak cannot be found despite multiple myelographic
techniques. Given this difficulty of diagnosing apparently radio-
graphically occult CSF leaks, any technique that can improve the
diagnostic yield and visualization of subtle findings is critical.
The provided examples in this case series demonstrate subtle
areas of extradural contrast on CTM that are either best seen or
only seen on the 50-keV VMI. DECT improves diagnostic accu-
racy by increasing the conspicuity of extradural contrast against
the background. Correlating the appearance of a suspected CSF
leak at different energy levels allows delineation of extradural io-
dine from other hyperattenuating structures such as osteophytes,
heterotopic calcifications, and artifactual volume averaging. Our
results are concordant with those of a recent smaller case series
by Houk et al12 showing improved visualization of subtle CSF
leaks on CTM using VMI reformats.

CONCLUSIONS
This retrospective series is limited by the small number of cases.
However, it adds to the existing literature showing that this novel
use of DECT can aid in the radiographic evaluation of SIH. Given
the intrinsic challenges of finding subtle CSF leaks, neuroradiolo-
gists need to have many tools in their arsenal. This case series
would support further investigation for the applications of DECT
in the setting of SIH. In addition, if available, routine use of dual-
energy technology with virtual monoenergetic images recon-
structed at 50 keV for detection of subtle CSF leaks has the poten-
tial of diagnosing a leak that would otherwise be missed with
conventional imaging.

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

Resisted Inspiration: A New Technique to Aid in the
Detection of CSF-Venous Fistulas

I.T. Mark, M.R. Amans, V.N. Shah, K.H. Narsinh, M.T. Caton, S. Teixeira, and W.P. Dillon

ABSTRACT

SUMMARY: We describe a technique termed “resisted inspiration” that could be used during myelography to decrease superior
vena cava venous pressure and increase lumbar CSF pressure, potentially aiding in the detection of CSF-venous fistulas.

ABBREVIATIONS: CVF ¼ CSF-venous fistula; IIH ¼ idiopathic intracranial hypertension; LP ¼ lumbar puncture; SIH ¼ spontaneous intracranial hypotension;
SVC ¼ superior vena cava

Spontaneous intracranial hypotension (SIH) can be a debilitat-
ing disease that often manifests as orthostatic headaches. One

cause of SIH is a CSF-venous fistula (CVF).1 Unfortunately, tradi-
tional cross-sectional imaging with CT and MR imaging is unable
to detect a CVF.2,3 Therefore, the diagnosis of a CVF is made by
myelography under CT (CTmyelography), MR imaging (MRmy-
elography), or fluoroscopy (digital subtraction myelography).4-6

All 3 of these techniques are contingent on visualizing contrast
that is placed into the subarachnoid space via lumbar puncture
(LP) and subsequent passage of contrast from the CSF to a radicu-
lar vein. The passage of contrast is driven by the CSF-to-venous
pressure gradient. The purpose of our article was to demonstrate a
new technique of resisted inspiration that decreases superior vena
cava (SVC) pressure while increasing lumbar CSF pressure
(thereby maximizing the pressure gradient), a potential adjunct to
myelography to improve diagnostic evaluation for a CVF.

MATERIALS AND METHODS
Consecutive patients presenting for venous manometry or LP
between April and May of 2022 were included under institutional
review board approval. Venous and CSF manometry were per-
formed during a series of breathing maneuvers at a single tertiary

medical center (University of California, San Francisco). Pertinent
patient demographic variables were also collected for all patients.

Breathing Technique
Changes in SVC venous and lumbar CSF pressures were measured
at rest to serve as a baseline. Measurements were also obtained dur-
ing normal (nonresisted) inspiration and a Valsalva maneuver.
Resisted inspiration was performed by inspiring through a 5-mL slip
tip syringe (BD Medical). Pressure was measured at mid-resisted
inspiration (measured as the half-way point between start and end
inspiration) and end-resisted inspiration.

Venous Manometry
Venous pressures were prospectively recorded in 4 patients under-
going a catheter cerebral venography and manometry procedure
for a separate clinical indication. All venous manometry was per-
formed in the SVC, which is the drainage pathway of the azygos
system, the common venous outflow system of a CVF.7 The ma-
nometry zero point was set 1.5 inches anterior to the external audi-
tory canal in accordance with our institution’s standard for
cerebral venous manometry. We collected details of the procedure,
including access site, catheter type, and venous manometry with
the 5 breathing techniques.

CSF Manometry
Lumbar CSF pressures were prospectively recorded in 4 separate
patients undergoing a clinically indicated CT-guided LP. Pressure
was measured with the patient in the lateral decubitus position
with a Compass for Lumbar Puncture disposable pressure trans-
ducer (Centurion). Details of the procedure including the patient
position, access level, and needle size, length, and type were
recorded. CSF manometry was recorded with the same breathing
technique used for venous manometry.
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RESULTS
Venous Manometry Patients
All 4 patients underwent a clinically indicated catheter venogram
with manometry. Patient demographics and details of each pro-
cedure are listed in Table 1. Venous access was obtained in all
4 patients through the right common femoral vein. Venous pres-
sure was measured with a 6F Benchmark 0.071-inch (Penumbra)
guide catheter in patients 1–3 and a 5F UCSF-2/Berenstein III
catheter (Cordis) in patient 4. The indication for the venograms
included the following: idiopathic intracranial hypertension (IIH)
work-up in a patient found to have a transverse sinus stenosis
that was subsequently stented (patient 1), 2 cases of pulsatile tin-
nitus work-up without causative findings on venograms (patients
2 and 3), and 1 follow-up diagnostic case of a prior transverse
venous stent for IIH (patient 4). On average and relative to resting
pressure, the Valsalva maneuver increased (118mm Hg) venous
pressure, while inspiration (�4mm Hg), mid-resisted inspiration
(�14mmHg), and end-resisted inspiration (�25mmHg) decreased
venous pressure as depicted in Fig 1.

CSF Pressure Patients
Four patients underwent a CT-guided LP with CSF manometry.
CT guidance was chosen per our institutional preference. Patient
demographics and procedural details are listed in Table 2. All
patients who underwent an LP were in the lateral decubitus

position (3 in right lateral, 1 in left lat-
eral). A 9-cm 22-ga Quincke tip needle
(BD Medical) was used to access the the-
cal sac at L5–S1 in each patient. On aver-
age and relative to rest breathing, the CSF
pressure increased with each maneuver
including Valsalva (15.25 cm H2O), nor-
mal inspiration (12.5 cm H2O), mid-
resisted inspiration (14.25 cm H2O), and
end-resisted inspiration (17 cm H2O) as
depicted in Fig 2.

DISCUSSION
In the current study, we found that
resisted inspiration can dramatically
decrease SVC venous pressure and con-
currently increase CSF pressure, which
has the effect of increasing the CSF-
to-venous pressure gradient. Increasing
this gradient will likely improve detec-
tion of a CVF using myelography, a

notoriously challenging diagnosis. This is the first description of
resisted inspiration as an adjunctive maneuver during myelogra-
phy to potentially help increase the conspicuity of a CVF.

MR myelography, CT myelography, and digital subtraction
myelography have been described as different diagnostic techni-
ques to identify a CVF.4,5 Each of these techniques requires the
passage of contrast from the CSF to the venous system, which is
driven by the CSF-to-venous pressure gradient. One prior article
has described the effects of respiration on CVF detection.
Amrhein et al8 have shown the benefit of end inspiration with the
visualization of CVF on a CT myelogram and digital subtraction
myelography. We have built on this work by showing that
resisted inspiration dramatically decreases the venous pressure
and increases the CSF pressure to an even greater extent com-
pared with normal (nonresisted) inspiration.

Deep inspiration leads to negative intrathoracic pressure,
increased cardiac return, and subsequent decreased venous pres-
sure.9,10 If normal inspiration can generate decreased SVC venous
pressure, then resisted inspiration that requires greater effort from
the muscles of inspiration should further decrease venous pressure.
Gutzeit et al11 showed that resisted inspiration increases the SVC/in-
ferior vena cava blood flow for opacification of the pulmonary
arteries and thereby aids in the detection of pulmonary emboli on
CT angiography. While this effect was seen with resisted inspiration,
they only noted minimal effect with normal inspiration.

Table 1: Individual patient demographics and SVC manometry readings in 4 patients who underwent a catheter venogram

Venous Pressure (mm Hg)

Patient
Age (yr)/

Sex Indication BMI
Rest

Pressure Valsalva
Normal

Inspiration
Mid-Resisted
Inspiration

End-Resisted
Inspiration

1 57/F IIH 34.5 3 11 –1 –8 –16
2 63/M Pulsatile tinnitus 24.8 1 27 –1 –15 –26
3 69/F Pulsatile tinnitus 31.6 2 25 –6 –15 –31
4 52/F IIH 42.6 10 25 8 –2 –11

Note:—F indicates female; M, male; BMI, body mass index.

FIG 1. SVC venous pressure changes with 4 different techniques relative to the SVC venous pres-
sure while breathing at rest. End-resisted inspiration leads to the greatest drop in pressure, which
is far greater than with normal inspiration.
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Most interesting and somewhat unexpected, inspiration (both
resisted and normal) leads to an increase in CSF pressure.
Downward contraction of the diaphragm increases intrabdominal
pressure and leads to an influx of blood into the epidural veins
and, thus, increases pressure on the thecal sac.12

The CSF-to-venous pressure gradient should dictate the flow of
CSF and, therefore, intrathecal contrast across a fistula. A 1-way
valve between the SVC and azygos vein resists reflux of high pres-
sure from the SVC into the azygos system but would facilitate low
pressure in the SVC into the azygos system.13 This outcome is im-
portant as new and effective treatments become available for CVF,
which include transvenous endovascular embolization14 in addition
to surgical ligation and percutaneous fibrin glue injection.15

There are several limitations to our study. First, we studied a
small number of separate patients for venous and CSF manometry.
Ideally, we would study the pressure differences in a larger number
of patients who would undergo both venous and CSF manometry.
However, the venous manometry changes with resisted inspiration
were large and consistent across all 4 patients and markedly differ-
ent from both breathing at rest and normal inspiration. These
results have already caused a change in the myelography technique
at our institution. Finally, we used SVC pressure as a surrogate for
pressure within the azygos system. While this is the most common

venous drainage pathway of CVF, there
are other venous drainage patterns7 that
may not be affected by pressure changes
in the SVC to the same degree.

CONCLUSIONS
We describe a technique termed “resisted
inspiration” that could be used during
myelography to decrease SVC venous
pressure and increase lumbar CSF pres-
sure, which may potentially aid in the
detection of CVFs.

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

Zoltan Patay, MD, PhD (1957–2022)

On July 23, 2022, we lost our beloved colleague, master clini-
cian, teacher, scientist, mentor, global citizen, and foremost

exceptional friend, Zoltan Patay. He passed away in Hungary, the
country where he was born, a country that always remained his
home base, his happy place, and a place where he frequently
returned to celebrate life with those who meant the most to him:
his wife Livia, his son Farkas, his daughter Eszter, and his
parents.

Zoltan was born in Hungary, and attended the prestigious
Fazekas Mihály High School in Budapest, known for its long tra-
dition of excellence in mathematics and sciences. He graduated
from the equally renowned research-oriented Medical School
of the Semmelweis University in Budapest in 1982. After grad-
uation, he completed residencies in neurology at the St.
Stephen Hospital and Central Military Hospital in Budapest
between 1982 and 1987. Zoltan subsequently expanded his for-
mal training into the field of radiology, completing residencies
in radiology between 1987 and 1992 at the Departments of
Radiology of the Central Military Hospital in Budapest and the
Hospital Louis Pasteur in Colmar, France. The combination of
both training programs became the foundation of his career in
neuroradiology.

In 1992, Zoltan accepted a position as a Specialist Registrar in
Neuroradiology in the Department of Radiology of the Erasmus
Hospital at the Free University of Brussels in Belgium. He
enjoyed 2.5 years of the highest level of academic neuroradiology
under the mentorship of Professor Danielle Balériaux. In
November 1994, Zoltan returned to Hungary as the newly
appointed Chair of the Department of Neuroradiology at the
Central Military Hospital in Budapest. During his tenure in
Budapest, he completed and successfully defended his PhD dis-
sertation, “Applied MR-Neuroangiography,” at the Hungarian
Academy of Sciences. By the end of 1997, Zoltan had become rec-
ognized for his exceptional expertise in neuroradiology, which, in
combination with his interest and flexibility to explore new chal-
lenges and opportunities, launched his career outside Europe.

Zoltan first embarked on an academic journey in the Middle
East, where he served as Consultant Neuroradiologist and later as
head of the Section of Neuroradiology in the Department of
Radiology of the King Faisal Specialist Hospital and Research
Center in Riyadh of the Kingdom of Saudi Arabia between 1997
and 2007. During his tenure there, he became one of the most
reputable experts in the imaging, discovery, and understanding
of multiple inborn errors of metabolism that may affect the
brain.

Ten years later, Zoltan switched continents and joined the
Department of Radiologic Sciences at the St. Jude Children’s
Research Hospital in Memphis, Tennessee. This move again
showed his incredible flexibility and eagerness to be a life-long

learner by expanding his expertise in the field of pediatric neuro-
oncology. Zoltan was recruited to serve as the head the Section of
Neuroradiology, and in 2016, he was selected to be the Chair of
the Department of Diagnostic Imaging, a position he held with
much virtue until his untimely death. His extensive training,
combining a broad clinical-neurologic foundation with a deep
understanding of the corresponding neuroimaging patterns, his
curiosity and vision to apply advanced imaging techniques for
the better understanding of pediatric neurologic diseases, and his
tenures in Budapest, Colmar, Brussels, Riyadh, as well as
Memphis made him a world-renowned expert in pediatric
neuroradiology.

Zoltan collected all the accolades of an exceptional academic
career. He published countless articles and book chapters and
was recognized for his crystal-clear scientific presentations with
more than 300 invited lectures at national and international
scientific meetings. Zoltan received honors from multiple pres-
tigious imaging societies, including honorary memberships in
the Turkish Society of Neuroradiology, the Hungarian Society
of Radiology, and the European Society of Neuroradiology.
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He presented many named lectures including the Derek
Harwood-Nash Lecture and the Marco Leonardi Plenary
Lecture. He was honest and calm, caring and compassionate,
eloquent and humble, optimistic and full of humor, a global
citizen with an exceptional willingness and energy to embrace
any new challenge that lay ahead of him allowing for a broad
vision of life. Zoltan was a true friend. He never lost his cool,
and he always took the best of what life had to offer. He was an
excellent listener, curious and interested in the well-being of
his colleagues and friends, always sharing his joys in life with
everyone. Words cannot describe enough what a wonderful

person he was. Those who had the pleasure of knowing him
were truly blessed and will keep him in fond memory.

Last, but not least, Zoltan was a true family man. He deeply
loved his wonderful wife Livia and his dear children Farkas
and Eszter. He was so proud of his loved ones. Zoltan epito-
mized what a successful life is about: family and friends, doing
good and being humble, and believing in the good of
humanity.

Zoltan, we will miss you forever, we will never forget you.

T.A.G.M. Huisman
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ERRATUM

In the article “Introduction of Ultra-High-Field MR Imaging in Infants: Preparations and Feasibility” (K.V. Annink, N.E. van der Aa,
J. Dudink, et al. AJNR Am J Neuroradiol 2020;41:1532–37 10.3174/ajnr.A6702) Table 1 and Fig 3 contained errors. The correct table

and figure are the following:

Textual Changes

ABSTRACT
BACKGROUND AND PURPOSE: Cerebral MR imaging in infants is usually performed with a field strength of up to 3T. In adults, a
growing number of studies have shown added diagnostic value of 7T MR imaging. 7T MR imaging might be of additional value in
infants with unexplained seizures, for example. The aim of this study was to investigate the feasibility of 7T MR imaging in infants. We
provide information about the safety preparations and show the first MR images of infants at 7T.

MATERIALS AND METHODS: Specific absorption rate levels during 7T were simulated in Sim4life by using infant and adult models.
A newly developed acoustic hood was used to guarantee hearing protection. Acoustic noise damping of this hood was measured and
compared with the 3T Nordell hood and no hood. In this prospective pilot study, clinically stable infants, between term-equivalent age

Duke Centered Ella Centered Charlie Centered Charlie –50 mm FH Charlie +50 mm FH
Global SAR
Average SAR for 1 W input power (W/kg) 0.066 0.069 0.091 0.075 0.109
Average SAR per B12 (W/kg/mT2) 0.462 0.465 0.320 0.477 0.484
Average B1

1 in central section for 1 W
input power (mT)a

0.379 0.385 0.542 0.397 0.475

Peak SAR
Peak local SAR (10 g averaged) for 1 W
input power (W/kg)

0.435 0.398 0.487 0.345 0.643

Peak local SAR (10 g averaged) per B1
2

(W/kg/mT2)
3.04 2.63 1.72 2.19 2.85

a The power optimization procedure of the MR imaging scanner software calibrates the needed input power to achieve a certain B1 in the subject. This calibration is
based on the average B1

1 in a central section of the subject (brain in this case).

FIG 3. Local SAR levels in adult head (left) and Charlie in the different coil positions. Shifts of an infant in the x and y directions are unlikely
because of limited space; therefore, the results are not included in the figure. The SAR values when infant Charlie is positioned 50mm in the
x or y direction are comparable with those in the150-mm FH position.

http://dx.doi.org/10.3174/ajnr.A7660
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and the corrected age of 3 months, underwent 7T MR imaging immediately after their standard 3T MR imaging. The 7T scan protocols
were developed and optimized while scanning this cohort.

RESULTS: Global and peak specific absorption rate levels in the infant model in the centered position and 50-mm feet direction did
not exceed the values used by the scanner to calculate energy deposition. Hearing protection was guaranteed with the new hood.
Twelve infants were scanned. No MR imaging-related adverse events occurred. It was feasible to obtain good-quality imaging at 7T for
MRA, MRV, SWI, single-shot T2WI, and MR spectroscopy. T1WI had lower quality at 7T.

CONCLUSIONS: 7TMR imaging is feasible in infants, and good-quality scans could be obtained.

RESULTS
Preparation: SAR Simulation
The global SAR and peak local SAR of the virtual infant model did exceed the SAR of the adult models (in the center position by138%
and 112% compared with Duke, respectively) (Table 1). However, the calculated SAR per B12 values are all below the values used by
the scanner to calculate energy deposition (1.83W/kg/uT2 for global SAR and 4.96W/kg/uT2 for peak local SAR. Numbers as provided
by the manufacturer).

Global and peak local SAR levels were highest when the infant model was positioned 150-mm FH. Furthermore, in this position,
the local SAR showed hotspots in the neck/shoulder transitions (Fig 3).

The SAR per B12 was lower in the infant model in the center position than in the adult models, meaning that less power is needed to
reach the same B1.

DISCUSSION
We demonstrated that scanning infants in a 7T scanner is feasible and results in good-quality images. While optimization of the
sequences is ongoing, we already demonstrated that some sequences showed more details compared with 3TMR imaging.

When the infant’s head was further in the coil than isocenter, SAR levels were highest. Thus, the center position of the infant in the
coil is essential. Therefore, the position of the infant’s head was constrained in the coil, making it mechanically impossible to put the
infant’s head farther in the coil than center position.
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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. � 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
� 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 e� 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 bene� -
cial in directing the proper therapy and improving overall long-term 
patient outcomes and containing costs. Getting the diagnosis right the 
� 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. � 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. 

� 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. E� 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 signi� 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

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.

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 

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. E� orts to 
carefully manage treatment approaches require improvements in 
protocol design, contrast administration in imaging, and utilizing 

time is crucial to ensure proper 
treatment begins quickly.

For more information on MRI contrast agents, precision medicine, and reducing cost of care please visit braccomr.com

© 2022 Bracco Diagnostics Inc.
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