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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

MultiHance® demonstrated signifi cantly improved visualization and contrast 
enhancement of CNS lesions when compared with Gadavist® at 0.1 mmol/kg.1†

•  The 0.1 mmol/kg dose of MultiHance demonstrated consistently better lesion visualization for all readers 
compared to all tested MR contrast agents.1-4

•  3 blinded independent readers reported superiority for MultiHance in signifi cantly (P = .0001) more patients for 
all evaluated end points. The opinions of the 3 readers were identical for 61.9%–73.5% of the patients, resulting 
in values of 0.414–0.629 for inter-reader agreement.

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

The individuals who appear are for illustrative purposes. All persons depicted are models and not real patients.
Please see Brief Summary of Prescribing Information including Boxed Warning on adjacent page.

*MRI imaging of the CNS in adult and pediatric patients to visualize lesions with abnormal BBB or abnormal vascularity of the brain, spine and 
associated tissues or to evaluate adults with known or suspected renal or aorto-ilio-femoral occlusive vascular disease. 

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

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

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

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

IMPORTANT SAFETY INFORMATION:

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS

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

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

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

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

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

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

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

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

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

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

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

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

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

Bracco Diagnostics Inc.
259 Prospect Plains Road, Building H
Monroe Township, NJ 08831 USA 
Phone: 609-514-2200
Toll Free: 1-877-272-2269 (U.S. only)
Fax: 609-514-2446
© 2022 Bracco Diagnostics Inc. All Rights Reserved. US-MH-2100018 02/22
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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.  
A brief summary follows.
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†Multicenter double-blind randomized intraindividual crossover study design of 123 patients with known or suspected brain tumors. Each patient received 0.1-mmol/kg doses of MultiHance and Gadavist in 2 identical MR imaging examinations. Contrast agents were 
administered by IV using manual bolus injection (n = 118) or a power injector (n = 4). Both agents were administered at 0.1 mmol/kg of body weight, corresponding to 0.2 mL/kg for MultiHance and 0.1 mL/kg for Gadavist. The interval between the 2 MR imaging 
examinations was > 48 hours to avoid carryover effects but < 14 days to minimize the chance of measurable disease progression or lesion evolution. All images were evaluated by 3 blinded, independent experienced radiologists who were unaffiliated with the study 
centers. Each reader evaluated the patient images separately and independently. Images were evaluated qualitatively for diagnostic information and scored for: 1) lesion border delineation, 2) disease extent, 3) visualization of lesion internal morphology, and 4) lesion 
contrast enhancement compared with surrounding normal tissue. All assessments used a 3-point scales from 1 (examination 1 superior) through 0 (examinations equal) to 1 (examination 2 superior).

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



The Editors of AJNR are pleased to announce  
the annual Lucien Levy Best Research Article 
Award has been presented to

“ Variability of Normal Pressure  
Hydrocephalus Imaging  
Biomarkers with Respect to  
Section Plane Angulation:  
How Wrong a Radiologist Can Be?” 
by P. Ryska, O. Slezak, A. Eklund, J. Salzer, J. Malm, and J. Zizka

AJNRAMERICAN JOURNAL OF NEURORADIOLOGY

LUCIEN LEVY BEST RESEARCH ARTICLE  
AWARD WINNER AND NOMINEES NAMED

Other nominated papers were:

“ Evolution of MRI Findings in Patients with Idiopathic Intracranial Hypertension after Venous Sinus Stenting” by N.F. Belachew, W. Almiri, 
R. Encinas, A. Hakim, S. Baschung, J. Kaesmacher, T. Dobrocky, C.J. Schankin, M. Abegg, E.I. Piechowiak, A. Raabe, J. Gralla, and P. Mordasini

“ Carotid Plaque Composition Assessed by CT Predicts Subsequent Cardiovascular Events among Subjects with Carotid Stenosis” by E. Choi, 
E. Byun, S.U. Kwon, N. Kim, C.H. Suh, H. Kwon, Y. Han, T.-W. Kwon, and Y.-P. Cho

“  Development and Practical Implementation of a Deep Learning–Based Pipeline for Automated Pre- and Postoperative Glioma Segmentation” 
by E. Lotan, B. Zhang, S. Dogra, W.D. Wang, D. Carbone, G. Fatterpekar, E.K. Oermann, and Y.W. Lui

“ Quantifying T2-FLAIR Mismatch Using Geographically Weighted Regression and Predicting Molecular Status in Lower-Grade Gliomas”  
by S. Mohammed, V. Ravikumar, E. Warner, S.H. Patel, S. Bakas, A. Rao, and R. Jain

“   Assessment of MR Imaging and CT in Differentiating Hereditary and Nonhereditary Paragangliomas” by Y. Ota, S. Naganawa, R. Kurokawa, 
J.R. Bapuraj, A. Capizzano, J. Kim, T. Moritani, and A. Srinivasan

“ Resting-State Functional MRI for Determining Language Lateralization in Children with Drug-Resistant Epilepsy” by N.L. Phillips, A.S. Shatil, 
C. Go, A. Robertson, and E. Widjaja

“ Transmantle Pressure Computed from MR Imaging Measurements of Aqueduct Flow and Dimensions” by S.J. Sincomb, W. Coenen,  
E. Criado-Hidalgo, K. Wei, K. King, M. Borzage, V. Haughton, A.L. Sánchez, and J.C. Lasheras

This award is named for the late AJNR Senior Editor who championed its establishment and recognizes the best original research paper 
accepted in 2021. The winning paper was published electronically on April 22, 2021. It was selected by a vote of the Journal’s Editor-in-Chief 
and Senior Editors.
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Over the last 41 years, the editorial 
team of the American Journal of 
Neuroradiology (AJNR) has played  
a pivotal role in shaping our specialty  
of neuroradiology. In June 2023,  
Jeffrey S. Ross, MD, will complete an 
8-year term as the sixth Editor-in-Chief 
(EIC) of the AJNR. He was preceded  
by a number of distinguished editors 
including our first AJNR EIC, Juan M. 
Taveras, MD (1980-1989), followed by 
Michael S. Huckman, MD (1990-1997), 
Robert M. Quencer, MD (1997-2005), 
Robert I. Grossman, MD (2006-2007), 
and Mauricio Castillo, MD (2007-2015).

We especially wish to thank Dr. Jeffrey 
Ross for his extraordinary dedication and 
exceptional contributions to the AJNR. 
Under his strong leadership, the AJNR 
remains the premier clinical neuroimaging 
journal with high-quality, peer-reviewed 
articles that serve as a beacon for achieving 
excellence in patient care, research, and 
teaching. There are an impressive 6867 
subscribers across the globe: 1389 are in 
print and 5472 are digital. 

Dr. Ross has assembled a talented 
international editorial board during his 
tenure. The AJNR issues 12 journals each 
year (  200 pages per issue)—all with 
peer-reviewed articles from highly 
respected researchers in the field. With 
1700+ papers, the number of submissions 
to the journal was record-breaking in 2020. 
Over 80 COVID-19 papers have received 
expedited publication to date, and more 
than 1300 original submissions are 
projected for 2021. The AJNR website had 
an incredible 11.7 million visits in 2021. 
There is also a strong presence on social 
media and subscribers may now avail 
themselves of an enhanced website 
platform. There are 3 monthly podcasts 
including “Issue Highlights,” “Fellows’ 
Journal Club,” and “Annotated Bibliography,” 
which offers continuing medical education. 
In addition, during Dr. Ross’ tenure, the 
Impact Factor and h-index for the journal 
have steadily increased and contribute  
to the AJNR’s international recognition  
as the leading journal for all aspects  
of neuroimaging research, education,  
and best practice.

CALL FOR AJNR  
EDITOR-IN-CHIEF CANDIDATES

A search for a new Editor-in-Chief  
will begin in early 2022. 
The new Editor-in-Chief will be announced in December 
2022 and will transition into the position beginning  
in January 2023. The actual term will begin July 1, 2023. 
The EIC will provide leadership and strategic vision for 
the journal as well as report on all editorial matters to 
the ASNR Board of Directors (BOD). Other responsibilities 
include maintaining the journal’s standard of excellence 
building on its reputation nationally and internationally. 
The EIC will be responsible for conducting, directing, 
and/or supervising the solicitation, evaluation, revision, 
and selection of all scientific and other materials to be 
published in the American Journal of Neuroradiology. 
The incumbent will work efficiently with the journal’s 
online manuscript processing system to conduct initial 
screening of manuscripts; make timely decisions about 
reviewed and revised submissions; provide constructive 
comments for authors as appropriate; write editorials; 
and meet with AJNR staff. 
 In addition, the EIC shall decide upon and approve of 
the content and design of tables of contents, letters to 
the editor, book reviews, advertisements, and other pages 
published in the AJNR as well as oversight of social  
media related to the journal. The EIC will also work  
collaboratively with the journal’s editorial board to  
determine the organizational structure, titles, functions, 
appointments, and terms of all editorial positions  
including reviewers, editorial advisory boards, and senior 
editors. The EIC may appoint senior editors who must  
be senior members of the ASNR. The number of senior 
editors shall be budgeted and approved by the ASNR 
BOD. Senior editors will serve at the pleasure of the EIC 
who shall establish the terms of service, including  
supervising and evaluating performance, and will exercise 
the right to retain or replace any senior editor as the 
workflow or operational demands require. The appoint-
ments of senior editors will be for a term of 1 year initially 
and may be extended at the discretion of the EIC.
 The EIC in performing duties will observe the general 
Policies and Procedures established by the ASNR BOD, 
and will operate within the budget approved by the 
Board of Directors. The EIC will be consulted about, and 
will participate in AJNR operations including advertising, 
publication channels, expense management, and new or 
renewed contracts. The EIC will report regularly to the 
ASNR BOD and will attend Board of Director Meetings 
and other meetings as requested by the Executive  
Director. Each year the Editor will develop a budget 
along with the Managing Editor for approval by the 
ASNR Financial Management Committee and Board of 
Directors. This will be done in a manner consistent with 
the fiscal policies established by the Society.

QUALIFICATIONS OF THE SUCCESSFUL 
CANDIDATE INCLUDE:
• MD degree; Senior Member of ASNR in North 

America, neuroradiology subspecialty certification 
• Familiarity with AJNR and its mission
• Familiarity with ASNR and its mission

• Presently or recently engaged in a leadership role 
in neuroradiology with broad neuroradiology 
knowledge 

• Excellent leadership and supervisory skills to 
motivate and inspire professional staff as well  
as interpersonal skills—impartiality, diplomacy, 
high ethical standards and integrity including  
a clear understanding of the ethical guidelines 
established for scholarly publishing

• Leadership needed to develop and articulate  
a vision and the ability to inspire people with 
that vision 

• Demonstrated track record of academic excellence 
including extensive experience in both publishing 
in and reviewing for peer-reviewed journals

• Excellent communication and writing skills and 
experience in critically appraising scientific articles

• Creativity and passion about finding new ways 
to expand the journal content

• The ability to formulate a budget and assist 
leadership in oversite of journal business decisions 
such as selecting major vendors (e.g., printing, 
composition, redaction, copyediting, and other 
technical aspects affecting journal operations),  
as well as expense and revenue related decisions

• Ability to appoint a strong, diverse,  
and representative team of editors

• High level of organizational skills 
• Editorial board or prior editorial experience 

preferred
The term is for 5 years renewable for an additional 3 years 
for a total of 8 years and subject to annual review by the 
ASNR Board of Directors. It is expected the EIC will  
devote 16-20 hours per week to these duties and a  
stipend will be provided. 
 A diverse, experienced, and knowledgeable search 
committee has been tasked with identifying leading  
candidates. The search committee consists of Tina Young 
Poussaint, MD, FACR, Chair, Mauricio Castillo, MD, FACR, 
Pina Sanelli, MD, MPH, FACR, Carolyn Meltzer, MD, FACR, 
Erin Simon Schwartz, MD, FACR, Joshua Nickerson, MD, 
Courtney Tomblinson, MD, and senior editors including 
Harry Cloft, MD, PhD, Christopher Filippi, MD, Thierry  
Huisman, MD, Peter D. Chang, MD, Lubdha Shah, MD, 
Gregory Zaharchuk MD, PhD, C. Douglas Phillips, MD, 
Yvonne Lui, MD, and Bryan Comstock. The search  
process will include recruiting and nominating candidates, 
interviewing candidates, and reviewing vision statements 
submitted by finalists. The appointment of the new AJNR 
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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.
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PERSPECTIVES

Title: Brain MRI. As with any field in medicine, radiologic imaging is constantly evolving and advancing. MRI is one widely used form of imaging, and it is particularity valuable in
neuroanatomy. Researchers have developed a way to add color to this form of imaging to aid in the differentiation of various anatomic structures and to enhance the informa-
tion on the images. Just as the practice of medicine is not always black and white, my goal as both an artist and a medical student is to add vibrance and color to my anatomic
images/paintings.

Gabriella Mamo, Philadelphia College of Osteopathic Medicine
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REVIEW ARTICLE

Small Vessel Disease, a Marker of Brain Health: What the
Radiologist Needs to Know

A. Mahammedi, L.L. Wang, B.J. Williamson, P. Khatri, B. Kissela, R.P. Sawyer, R. Shatz, V. Khandwala, and
A. Vagal

ABSTRACT

SUMMARY: Small vessel disease, a disorder of cerebral microvessels, is an expanding epidemic and a common cause of stroke and de-
mentia. Despite being almost ubiquitous in brain imaging, the clinicoradiologic association of small vessel disease is weak, and the under-
lying pathogenesis is poorly understood. The STandards for ReportIng Vascular changes on nEuroimaging (STRIVE) criteria have
standardized the nomenclature. These include white matter hyperintensities of presumed vascular origin, recent small subcortical infarcts,
lacunes of presumed vascular origin, prominent perivascular spaces, cerebral microbleeds, superficial siderosis, cortical microinfarcts, and
brain atrophy. Recently, the rigid categories among cognitive impairment, vascular dementia, stroke, and small vessel disease have
become outdated, with a greater emphasis on brain health. Conventional and advanced small vessel disease imaging markers allow a
comprehensive assessment of global brain heath. In this review, we discuss the pathophysiology of small vessel disease neuroimaging no-
menclature by means of the STRIVE criteria, clinical implications, the role of advanced imaging, and future directions.

ABBREVIATIONS: BOLD ¼ blood oxygen level–dependent; CAA ¼ cerebral amyloid angiopathy (SVD type 2); CMB ¼ cerebral microbleeds; cSS ¼ cortical
superficial siderosis; HA ¼ hypertensive arteriolosclerosis (SVD type 1); ICH ¼ intracerebral hemorrhage; PVS ¼ prominent perivascular spaces; STRIVE ¼
STandards for ReportIng Vascular changes on nEuroimaging; SVD ¼ small vessel disease; WMH ¼ white matter hyperintensities

Small vessel disease (SVD) is an umbrella term of disease proc-
esses affecting the small arteries, arterioles, venules, and capil-

laries of the brain. The small vessel injuries cause lesions that can
be detected on pathologic examination and that are now increas-
ingly being recognized on brain imaging.1,2 Although SVD can
be asymptomatic, it commonly coexists with neurodegenerative
diseases and can exacerbate cognitive impairment, increase the
risk of stroke, and worsen outcome after stroke.3-6 In fact, SVD is
an enormous health burden, causing about 25% of ischemic
strokes and most hemorrhagic strokes, is the most common cause
of vascular dementia, and contributes to about half of dementias
worldwide.3,5-8 As the rigid boundaries among vascular demen-
tia, stroke, and SVD fade, the common theme now is brain
health.9,10 The spectrum of SVD includes white matter hyperin-
tensities (WMH) of presumed vascular origin, recent small sub-
cortical infarcts, lacunes, microbleeds, superficial siderosis,

prominent perivascular spaces, microinfarcts, and brain atro-
phy.11,12 There have been competing systems in the past regard-

ing the neuroimaging standards for classification of SVD.

However, due to the substantial variation in how studies have
defined SVD on conventional MR imaging,13,14 a most recent

international effort to establish clinical and research standards to
facilitate a more consistent approach in describing SVD neuroi-

maging was proposed by the STandards for ReportIng Vascular

changes on nEuroimaging (STRIVE).11

There are different types and etiopathogenic classifications of

SVD, with a proposed classification (Table 1).1 Type 1, hyperten-

sive arteriolosclerosis (HA), and type 2, cerebral amyloid angiopa-

thy (CAA) are, by far, the most common sporadic types of SVD in

older adults and the most radiologically well-established entities.15

Although most SVD is sporadic, likely related to hypertension or

other vascular risk factors, a few forms are related to rare genetic

diseases (for example, CADASIL; cerebral autosomal recessive

arteriopathy with subcortical infarcts and leukoencephalopathy;

Fabry disease; Hereditary Endotheliopathy with Retinopathy,

Nephropathy, and Stroke syndrome; and COL4AI), of which

CADASIL is the most common (Table 1).5

In this review, we discuss the underlying mechanisms and
pathophysiology of SVD neuroimaging nomenclature using the
STRIVE criteria, clinical implications, the role of advanced imag-
ing, and future directions. Because SVD is almost ubiquitous in
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adult brain imaging, it is important for radiologists to be familiar
with the imaging spectrum, nomenclature, and clinical relevance.

Pathophysiology and Epidemiology of SVD
The exact pathogenesis of SVD is incompletely understood, but the
most common abnormalities are diffuse arteriolosclerosis, lipohyali-
nosis, and fibrinoid necrosis of small arterioles.2,16-18 Additionally,
embolism or atheroma and other vascular risk factors (diabetes mel-
litus, hypertension, and hypercholesterolemia) are also believed to
play a role.2 Fisher16 suggested that symptomatic lacunar infarcts
were caused by atherosclerosis or embolism in the larger arterioles,
whereas the silent infarcts were likely attributable to lipohyalinosis
or fibrinoid necrosis in the smaller arterioles.2 Lacunar infarcts were
traditionally considered to be mainly caused by lipohyalinosis of
small perforating arteries. However, atherosclerosis in the parental
artery can produce a similar single lacunar infarct by blocking the
orifice of branching arteries.19 A systematic review of Asian studies
reported that parent artery atherosclerosis resulted in 20% of single

lacunar infarcts. There are four possible
mechanisms for lacunar ischemic stroke
that have been proposed: atheroma of
parent arteries (usually MCA) or perfo-
rating arterioles, embolism from the
heart or carotid arteries, and intrinsic
SVD (lipohyalinosis or fibrinoid
necrosis).19,20

Although hypertension is a key risk
factor, many patients with SVD are not
hypertensive.2,21-24 Recent studies sug-
gest more complex mechanisms other
than arteriolosclerosis that can cause
capillary wall dysfunction. The deposi-
tion of lipids in arteriolar walls (microa-
theroma) can damage the endothelium
(Fig 1),2,5 leading to leakage of plasma
proteins and inflammatory cells into the
perivascular tissues.5,25 The BBB dys-
function involving the neurogliovascu-
lar unit can result in vessel stiffening,
inflammation, myelin damage, and sec-
ondary neurodegeneration.2,5,26-28 The

neurogliovascular unit has multiple possible entry points for disease
mechanisms (ie, endothelial cells, pericytes, astrocytes, oligodendro-
cytes, neurons, and the extracellular matrix). At a cellular level, the
disruption of normal astrocyte function decreases neuronal energy
supply, resulting in BBB leakage.2,25,29 Although the exact order of
these events is not well-established, these cellular changes of endo-
thelial failure and inflammation are more dynamic and widespread
than previously thought.2,5 It was also hypothesized that in rodents,
prominent perivascular spaces can be associated with a blockage of
the drainage of interstitial fluid from increased vessel stiffness and
increased arteriolar pulsatility such as with arterial hypertension,
which results in fluid stagnation in the perivascular spaces and thus
decreased interstitial fluid flushing.5,30 This result may impede the
clearance of metabolites (including b -amyloid and other proteins)
from tissues. Alzheimer disease, cerebral amyloid angiopathy, and
several monogenic small vessel diseases are thus being considered as
protein elimination failure angiopathies.5,30

Although there is significant variation in the epidemiology of
SVD markers, the prevalence of these markers is associated with

Table 1: Etiopathogenic classification of cerebral small vessel diseases
Classification

Type 1: HA
Fibrinoid necrosis, lipohyalinosis, microatheroma, microaneurysms
Type 2: Sporadic and hereditary CAA
Type 3: Inherited or genetic SVD (distinct from CAA)
For example, CADASIL, CARASIL, MELAS, Fabry disease, COL4A1 mutations, and so forth
Type 4: Inflammatory- and immunologically-mediated SVD
Examples: Wegener granulomatosis, Churg-Strauss syndrome, microscopic polyangiitis, Henoch-Schönlein purpura, cryoglobulinemic
vasculitis, cutaneous leukocytoclastic angiitis, primary angiitis of the CNS, Sjögren syndrome, rheumatoid vasculitis, scleroderma,
dermatomyositis, and so forth

Type 5: Venous collagenosis
Type 6: Other SVD
Examples: postradiation angiopathy and nonamyloid microvessel degeneration in Alzheimer disease

Note:—MELAS indicates Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like episodes; CARASIL, cerebral autosomal recessive arteriopathy with subcortical
infarcts and leukoencephalopathy.

FIG 1. Possible entry points in the pathophysiology of SVD. The order of these events has not
been determined.
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greater age. The association between white matter hyperintensities,
lacunes, prominent perivascular spaces (PVS), and cerebral micro-
bleeds (CMB) and aging has been well-documented.31 Other demo-
graphic factors such as sex and ethnicity/race can also explain the
variability in SVD, though the exact mechanism is poorly under-
stood.31 It was reported that although Blacks and Asians have a
high burden of SVD compared with Whites, Blacks had a lower
prevalence of WMH but a higher prevalence of severe WMH.32

Several population-based studies have characterized SVD in the
“healthy population” and explored the risk factors for SVD.32

Neuroimaging of SVD
Nomenclature and Definitions. Radiologists are well-versed with
the variations in the radiology reports describing SVD, for exam-
ple, WMH, cerebral white matter disease, leukoaraiosis, and age-
related white matter disease. The STRIVE guidelines and standards
were developed to address this variability (Online Supplemental
Data).11 The recommendations were initially applied to research
studies with the potential goal of widespread clinical use to stand-
ardize image interpretation, acquisition, and reporting. The classic
MR imaging markers of SVD include recent small subcortical
infarctions, lacunes of presumed vascular origin, WMH of pre-
sumed vascular origin, PVS, and CMB. Two additional MR imag-
ing markers of SVD that occur with high prevalence in CAA are
cortical superficial siderosis (cSS) and cortical microinfarcts
(Table 2).33

Recent Small Subcortical Infarcts. According to the STRIVE cri-
teria, the term “recent small subcortical infarcts” refers to a recent

infarct occurring in the territory of a perforating arteriole with
symptoms or imaging features that suggest a timeline of a previous
few weeks. However, in most patients, these lesions can appear
without apparent clinical symptoms (silent infarcts) (Online
Supplemental Data).11 The term “recent” is preferred instead of
“acute” because it includes both the hyperacute stage and the first
few weeks of the lesion.11 These lesions typically measure#20mm
in their maximum diameter in the axial plane, though in the coro-
nal plane, they can appear slightly larger and elongated, reflecting
the territory of the occluded perforating arteriole (Fig 2A). They are
best identified with hyperintense signal on DWI, hypointense signal
on an ADC map, and hyperintense signal on T2-weighted and
FLAIR sequences. The most common fate of these lesions on long-
term follow-up is cavitation to become a lacune (in 28%–94%,
depending on the duration of follow-up), turning into a nonspecific
focus of T2/FLAIR hyperintensity, or eventually completely disap-
pearing.2,8 Furthermore, STRIVE proposes that lesions in the basal
ganglia and internal capsule of .20mm are a different subtype
and, therefore, should be classified as striatocapsular infarcts instead
of small subcortical infarcts. Similarly, infarcts of the anterior cho-
roidal artery are etiologically and anatomically distinct.

Lacunes of Presumed Vascular Origin. The STRIVE guidelines
define lacunes of presumed vascular origin as round or ovoid, sub-
cortical, fluid-filled cavities (with signal similar to that of CSF in all
sequences), measuring between 3 and 15mm in diameter, consist-
ent with a previous, small subcortical infarct or hemorrhage located
in deep gray and white matter and in a territory of perforating arte-
riole (Fig 2B and Online Supplemental Data). These lesions

Table 2: Visual grading scales for SVD markers and total SVD score

MR Imaging Sequence and Visual Rating
Total SVD Scorea

Type 1: Hypertensive42 Type 2: CAA33

Classic markers
Lacune T2WI/FLAIR Any lacunes: 1 point
WMH FLAIR/Fazekas scale (0–3):

Periventricular WMH:
0¼ absent;
1¼ caps or pencil-thin;
2 ¼ smooth halo;
3¼ irregular extending to deep WM

Deep WMH:
0¼ absent;
1¼ punctate foci;
2 ¼ beginning confluence;
3¼ large confluent areas

Deep WMH (Fazekas 2 or 3)
or periventricular WMH
(Fazekas 3): 1 point

Deep WMH (Fazekas 2 or 3) or
periventricular WMH
(Fazekas 3): 1 point

PVS T2WI 4-point visual rating scale:
0: no PVS; 1 (mild): #10 PVS; 2 (moderate): 11–20
PVS; 3 (moderate to severe): 21–40 PVS; and
4 (severe): .40 PVS

.20 PVS in the basal
ganglia: 1 point

.20 PVS in CSO: 1 point

Microbleeds T2* GRE/SWI; several visual scores are
available including MARS and BOMBS

Any microbleed: 1 point 2–4 Cortical CMB: 1 point;
$5 cortical CMB: 2 points

New markers
cSS T2* GRE/SWI, categorized as focal or

disseminated
Focal cSS: 1 point; disseminated
cSS: 2 points

Cortical
microinfarct

High-field MR imaging
(.3T)
3D T1WI
3D DIR

Note:—GRE indicates gradient recalled-echo; MARS, Microbleed Anatomical Rating Scale; BOMBS, Brain Observer MicroBleed Scales; CSO, centrum semiovale; cSS, corti-
cal superficial siderosis; BG, basal ganglia; DIR, double inversion recovery.
a Type 1: Hypertensive; type 2: CAA.
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typically demonstrate a surrounding gliotic rim of T2 FLAIR hyper-
intensity (Figs 3 and 4), which can be a useful feature when present.
A peripheral gliotic rim can also surround perivascular spaces when
they pass through an area of white matter hyperintensity. Although
lacunes are commonly seen in older patients without symptoms,
they are associated with an increased risk of stroke, dementia, and
gait impairment.5,11

WMH of Presumed Vascular Origin.WMH of presumed vascular
origin are characterized by hyperintense lesions on T2 FLAIR
and decreased attenuation on CT in the periventricular/deep cere-
bral white matter, subcortical gray matter, basal ganglia, and

brainstem. Although the Fazekas visual
rating scale (Fig 3) is the most com-
monly used method to assess the bur-
den of WMH, there is a lack of a
rigorous method to accurately quantify
the WMH burden.34 Furthermore, a
fronto-occipital gradient was used in
few studies to describe the difference in
the severity of WMH between the fron-
tal and occipital lobes.33,35 It was sug-
gested that patients with obvious
occipital-dominant WMH were more
likely to develop complications from
SVD such as lobar intracranial hemor-
rhage than healthy controls.35 The se-
verity of WMH is strongly associated
with cerebrovascular disease, vascular
risk factors, gait disturbance, cognitive
symptoms, and poststroke functional
outcomes.3,11

Perivascular Spaces, Also Called
Virchow-Robin Spaces. Perivascular
spaces are extensions of the extracere-
bral fluid space that are covered by the
pia mater, which surrounds cerebral
vessels from the brain surface into and
through the brain parenchyma. These
are commonly microscopic and not
visible on conventional neuroimaging,
but when they become prominent and
numerous, they are considered a
marker of SVD. PVS have been shown
to be associated with other SVD
markers such as WMH and lacunes,
but not atrophy.11 PVS have a signal
intensity similar to that of CSF in all
sequences and appear round or ovoid
with a diameter of ,3mm but can
appear more elongated when imaged
parallel to the course of the penetrat-
ing vessel. They are typically located in
the inferior basal ganglia, centrum
semiovale, and midbrain and do not
have a surrounding gliotic rim (in

contrast with lacunes) (Fig 2C and Online Supplemental Data).
Although lacunes and PVS can have similar MR imaging features,
pathologic studies have demonstrated that lesions that
are,3mm in diameter are more likely to be perivascular spaces
than lacunes.11 A traversing vessel can sometimes be seen in the
center of a perivascular space when imaged at high resolution,
another differentiator of PVS versus lacunes (Fig 2C). The sever-
ity of PVS is typically assessed on axial T2-weighted images using
a validated 4-point visual rating scale based on the total number
of PVS (0 indicating no PVS; 1 [mild], #10 PVS; 2 [moderate],
11–20 PVS; 3 [moderate to severe], 21–40 PVS; and 4 [severe],
.40 PVS) in the basal ganglia and centrum semiovale (Table

FIG 2. A, Recent subcortical infarct in the right lentiform nucleus in a 59-year-old woman with a
history of hypertension. From left to right, axial DWI, ADC map, FLAIR, and coronal T2WI show
restricted diffusion (solid white arrow, A). On coronal T2WI, the elongated morphology of the
acute infarct in the craniocaudal axis (dashed white arrow, A) is related to the territory of a per-
forating artery. B, A lacune of presumed vascular origin in a 67-year-old man with a history of de-
mentia. From left to right, axial DWI, T2WI, FLAIR, and T1WI show a remote lacunar infarct in the
left frontal corona radiata, which demonstrates T2 hyperintensity with a peripheral rim of gliosis,
best seen on FLAIR image (solid white arrow, B). C, Prominent perivascular spaces in a 63-year-old
man with a history of dementia. A prominent perivascular space is noted in the left insular region
with a centrally traversing vessel (solid white arrow, C), without peripheral gliosis on the FLAIR
image (dashed arrow, C). Additionally, there are .20 dilated perivascular spaces in the bilateral
basal ganglia on axial T2WI (circles, C). D, Cerebral microbleeds with cSS in an 87-year-old man
with a history of CAA who presented with a worsening mental status. Axial SWI demonstrate
multiple foci of susceptibility artifacts predominantly involving the basal ganglia and thalami, con-
sistent with microbleeds. Additional areas of scattered cortical subarachnoid hemorrhagic stain-
ing (arrows, D) indicate cortical superficial siderosis.
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2).33 The topography of PVS can be a
helpful characteristic of the underlying
SVD type: PVS are likely associated
with arteriolosclerosis when located in
the basal ganglia, and they are more
likely to be related to CAA when
located in the centrum semiovale (Fig
4).10 However, the clinical significance
of PVS remains unclear; a few studies
have reported that PVS can be associ-
ated with an increased risk of demen-
tia if located in the basal ganglia and
white matter.5,10,36

CMB. CMB are small round or ovoid
lesions (#10mm in diameter) of
marked hypointensity with associated
blooming on T2 gradient-echo (T2*) or
other sequences that are sensitive to
susceptibility effects, especially SWI
(Fig 2D and Online Supplemental
Data). CMB correspond to hemosid-
erin-laden macrophages in perivascular
tissue, consistent with vascular leakage
of blood cells.5 Several visual scores are
available, including the Microbleed
Anatomical Rating Scale and the Brain
Observer MicroBleed Scales, which

FIG 4. SVD MR imaging markers of the two most common etiopathogenic types of cerebral SVD in older adults, HA and CAA. BG indicates ba-
sal ganglia; EPVS: enlarged prominent perivascular spaces.

FIG 3. Fazekas scale of WMH grading.
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have reasonable intrarater and interrater reliability for the presence
of definite microbleeds.37,38 In fact, a few recent publications have
proposed a novel automatic method to detect CMB from MR
images by exploiting the 3D convolutional neural network.39 CMB
are associated with an increased risk of cognitive decline and ische-
mic and hemorrhagic stroke, though the risk of dementia appears
higher in patients with CMB restricted to a superficial/lobar loca-
tion compared with those with deep involvement.5,10 Two other
hemorrhagic manifestations of SVD include cSS and spontaneous
intracerebral hemorrhage (in contrast to secondary hemorrhage
due to other causes such as trauma and vascular malformations).

Total SVD Score
Although the neuroimaging markers have typical characteristics,
in practice, it is difficult to distinguish lacunes, PVS, and WMH
of presumed vascular origin because they are often closely related.
A few studies have suggested combining these MR imaging

markers and using a more comprehen-
sive approach to assess total SVD bur-
den.33,40 Total SVD score is a simple
and pragmatic way of assessing overall
brain health and has been shown to be
a prognostic indicator of cognitive
decline and recurrent stroke (Fig 5).
The total burden of lesions in specific
anatomic locations can also be used for
lesion-symptom associations and has
been shown to be associated with cog-
nitive impairment and gait and mood
disorders.5,40,41 For instance, a total
SVD score in CAA was proposed by
Charidimou et al33 and can potentially
provide a more practical framework to
better evaluate the effect of CAA-
related brain damage on clinical out-
comes. A similar total MR imaging
SVD burden approach was proposed in
HA by Klarenbeek et al.42 The imaging
rating points of total SVD burden are
outlined in Table 2.

Imaging in HA versus CAA
HA (type 1) and CAA (type 2) are the
most common sporadic SVD types in
older adults (Fig 4 and Table 2) with
intrinsically different pathophysiology,
clinical significance, and prognosis.15

HA predominantly affects small perfo-
rating end arteries of the deep gray
nuclei and deep white matter, whereas
CAA results from b -amyloid deposi-
tion within the cortical and leptomenin-
geal arteries. Both types are common
causes of ischemic manifestation, intra-
cranial hemorrhage, and cognitive
impairment. Although both types can
be associated with similar imaging

markers, including CMB, WMH, lacunar infarcts, and PVS, the
anatomic distribution of these markers can be helpful to differenti-
ate these 2 entities radiologically. Lobar/superficial and cortical dis-
tribution is consistently associated with CAA, whereas the
involvement of deep brain regions and the basal ganglia is most of-
ten associated with HA (Fig 4 and Table 2).15,33,36,42-44

Furthermore, deep CMB are typically associated with arterioloscle-
rosis, whereas a strictly superficial/lobar location is characteristic of
CAA.10 CAA is characteristically associated with lobar CMV, cSS,
centrum semiovale perivascular spaces, and multiple punctate
FLAIR WMH (typically.10) with a predilection for the posterior
regions.15,33,44 A peri-basal ganglia pattern of WMH is strongly
linked to arteriolosclerosis (Fig 4).15

Clinical Implications
Clinical manifestations of SVD and poor brain health can be var-
ied. The presenting clinical symptoms can be abrupt, such as a

FIG 5. High SVD burden in a 55-year-old man with a history of arterial hypertension. Note multi-
ple microbleeds in the left thalamus and occipital lobe (dotted arrows) on SWI (A), remote lacu-
nar infarcts in the right centrum semiovale (white arrows, B), and WMH Fazekas 2 on FLAIR (B).
More than 20 dilated perivascular spaces are seen on axial T2WI (circle, C) and remote lacunar
infarct in right lentiform nucleus (white arrow, C). The total SVD score is 4. The patient developed
an acute lacunar infarct (black arrow) on DWI (D) 10months later.

AJNR Am J Neuroradiol 43:650–60 May 2022 www.ajnr.org 655



resulting intracerebral hemorrhage (ICH) or, more insidious,
manifesting as progressive cognitive decline, mood disorders,
extrapyramidal symptoms, and depression. This variability can
be due to multiple factors including characteristics of vascular
injury (type, location, and extent), the degree of comorbidities,
and resilience factors such as brain reserve, which refers to the
capacity to cope with brain pathology.5 Many clinical symp-
toms relate to secondary neurodegeneration due to the global
effects of SVD such as brain atrophy.5,45-50 Several studies have
shown that subcortical infarcts and WMH can induce loss of a
connected cortex distal to the infarct through degeneration of
white matter tracts, which results in secondary cortical thinning,
and neurodegeneration.45,47,48 The main clinical manifestations of
SVD follow.

SVD and Ischemic Stroke. SVD causes approximately 25% of all
acute ischemic strokes, mainly in the form of lacunar infarction.10

Although stroke recurrence is similar to that in other stroke sub-
types, the proportion of patients with lacunar infarct who are de-
pendent at 3 years is 42%.10 Approximately 30% of patients with
lacunar stroke will develop cognitive impairment, mostly involving
executive functions, attention, and psychomotor speed.10

SVD and ICH. ICH presumed due to SVD can result in devastat-
ing complications with high morbidity and mortality and a signif-
icant risk of recurrence.51 CMB are present in 52% of patients
with first-ever ICH and 83% of those with recurrent ICH.51 The
location of recurrent ICH can relate to the distribution and sever-
ity of underlying SVD, particularly CMB and superficial siderosis,
which could help in identifying patients at high risk of ICH recur-
rence.51 Furthermore, it is reported that the presence of$5 CMB
can be associated with recurrent lobar ICH.33

SVD and Cognitive Decline. SVD coexists with Alzheimer disease
and Alzheimer disease–related dementia, can worsen cognitive
outcome, and is the most common cause of vascular dementia,
contributing to about 50% of dementias.5-7,10 Recent data suggest
that WMH burden is associated with an increased risk of devel-
oping dementia, including the Alzheimer disease type,3 and that
arteriolosclerosis increases the odds of Alzheimer disease demen-
tia, independent of the effect of Alzheimer disease pathology.10

SVD and Parkinsonism. SVD at baseline, particularly WMH bur-
den and lacunes, was associated with an increased risk of parkin-
sonism.52 Furthermore, microbleeds and gray matter atrophy
were found to increase the risk of vascular parkinsonism.47

Advanced Imaging for SVD
While SVD markers are extremely common findings on conven-
tional MR imaging, there are still weak associations of the imaging
markers and the heterogeneous clinical expression of SVD.8,53 One
potential reason is that conventional MR imaging measures tend to
be focal, whereas SVD is increasingly thought of as a global, whole-
brain phenomenon. Furthermore, the severity and nature of clinical
symptoms can be vastly different in patients with radiologically
identical SVD lesions.47 A network-based and/or global approach
to observe subclinical SVDmanifestations may explain this discrep-
ancy. Advanced imaging techniques such as high-field MR imaging,
DTI, blood oxygen level–dependent (BOLD)MR imaging, and per-
fusion imaging show considerable promise.2

High-Field MR Imaging. A recent MR imaging–identifiable marker
of SVD is cortical microinfarcts. Microinfarcts, especially those in
the deep gray matter, are best detected with an MR imaging field
strength of$3T. High-field (7T) MR imaging shows a greater abil-
ity to detect remote microinfarcts.54 Most interesting, postmortem

FIG 6. Sample pipeline for studying brain connectivity for assessing global brain health. A, Data are processed to generate structural (tractogra-
phy) or functional (fMRI) connectivity measures. B, A parcellation scheme is applied to obtain connectivity between different regions. C, The
connectivity data are represented as an adjacency matrix. D, Network properties are calculated on the adjacency matrix. In the sample image,
regions in the network are sized by importance (ie, centrality) and edges are sized by the strength of the connection.
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studies have shown that the penumbra of microinfarcts can extend
up to 12 times larger than the microinfarct core, which is the only
component visible with conventional MR imaging.47 Characterizing
the penumbra and distribution of microinfarcts may be clinically
important because they are known to lead to a reduced capability of
adjacent axons to conduct action potentials.55

DTI. In addition to measures related to white matter integrity,
such as fractional anisotropy, one can also characterize the struc-
tural connectivity with tractography, an important marker for
global brain health and cognition (Fig 6). In connectivity space,
regions are often called “nodes” and the connections between
them are called “edges.” The collection of all nodes and edges for
a network can be represented as a connectivity matrix, where
each row and column represent a node and entries represent con-
nections.56 Network properties can be derived from these matri-
ces that describe network integration and which nodes are the
most important for successful functioning. Studies using these
network measures have shown that patients with SVD have
decreased local and global network integration in the prefrontal
and interhemispheric tracts, compared with healthy controls.57

Additionally, studies have suggested that SVD may lead to loss of
energy-dependent long-range white matter connections, which
disrupt the structure of the network. This can result in lowered
efficiency and connectivity of the most important regions in the
brain for normal functioning (sometimes called the “rich-club”),
leading to impaired cognition.58 The connectivity and whole
brain–based studies are gaining popularity and may lead to the
discovery of novel biomarkers and explanations for the heteroge-
neity of symptoms seen in SVD.

BOLDMRI. BOLDMR imaging is a technique that measures cere-
bral blood flow by detecting relative regional differences in oxy-
genated and deoxygenated blood supply.59 Cerebrovascular
reactivity can be derived using this technique in tandem with
induced hypercapnia (called a CO2 challenge). A recent study in
patients with SVD showed that lower cerebrovascular reactivity,
increased venous pulsatility, and decreased foramen magnum
CSF volume were associated with a greater burden of WMH and
a more severe basal ganglia rating of PVS.60 Other studies have
indicated the role of aortic arch stiffening as a potential contribu-
tor in SVD through excessive pulsatile energy transmitted to the
cerebral vasculature as part of brain-heart coupling.61

Another use of BOLD MR imaging is fMRI. Like tractogra-
phy, fMRI can be analyzed in terms of brain connectivity. Using
connectivity-based techniques with resting-state fMRI data,
researchers have shown that patients with SVD have reduced
connectivity in the prefrontal, parietal, and cingulate cortices,
with corresponding increases in cerebellar connectivity and
impaired deactivation of the default mode network.62,63

Perfusion Imaging. Recently, compromised BBB integrity has
gained traction as an early biomarker for SVD and may play an
important role in understanding SVD pathogenesis.64 There are 2
primary methods for measuring BBB integrity and microvascula-
ture with MR imaging. The first, and most reliable method, is
dynamic contrast-enhanced MR imaging with the use of an appro-
priate pharmacokinetic model.65 Using this technique, researchers

have shown a positive correlation of SVD severity (ie, worse
SVD = more compromised BBB) and decreased BBB integrity in
patients with lacunar stroke and worse clinical outcome.66,67 The
second method, which does not involve a contrast agent, is arterial
spin-labeling.68 While arterial spin-labeling has not been used to
detect early biomarkers of SVD, it has been used to differentiate
subgroups of patients with SVD. For example, a recent study
showed that CBF, measured by 3D arterial spin-labeling, was sig-
nificantly decreased globally and locally in the temporal lobe, fron-
tal lobe, hippocampus, thalamus, and insula in patients with
increasing subcortical vascular cognitive impairment.69 There is a
rich research opportunity to fully characterize the properties of the
microvasculature in patients with SVD using arterial spin-labeling.

The multitude of advanced imaging techniques being used
now and yet to be developed will undoubtedly lead to a redefini-
tion of how we understand and think about SVD.

Vessel Wall Imaging
MRA and CTA are important to detect abnormalities in the lumen
of vessels but cannot characterize the vessel wall.70 Vessel wall
imaging has recently been developed to address this limitation, en-
abling better detection of nonstenotic lesions and better characteri-
zation of stenotic lesions.71,72 Briefly, vessel wall imaging is
achieved using a sequence with high spatial resolution with opti-
mal contrast-to-noise, attained by suppressing luminal blood.71

Several parameters affect the quality of the resulting images, such
as field strength, 2D-versus-3D imaging, and a blood-nulling tech-
nique, but there has not yet been a thorough analysis of the trade-
offs among these permutations.71 Intracranial atherosclerosis pro-
vides a key example of how vessel wall imaging can advance our
knowledge of SVD. Intracranial atherosclerosis has been down-
played as a contributor to SVD, likely because traditional vascular
sequences (ie, MRA) can only assess luminal stenosis in large
arteries.73 Vessel wall imaging has revealed that intracranial athero-
sclerosis burden, which is dependent on features of both the lumen
and the vessel wall, is related to cortical and subcortical infarcts,
microinfarcts, and WMH.73 Several other pathologies can be cap-
tured by vessel wall imaging and may elucidate the etiology of
SVD, such as atherosclerotic plaque, large-vessel vasculitis, and dis-
crimination of reversible cerebral vasoconstriction syndrome.70

Artificial Intelligence Advances in SVD
While identifying the presence of at least 1 lacune or cerebral
microbleed is straightforward in most situations, visual grading
of WMH and PVS poses a unique challenge because the rating
scales are inherently subjective, with poor agreement among neu-
roradiologists.74 MR imaging, specifically T2 FLAIR imaging, is
the primary way thatWMH are assessed due to even higher inter-
reader variability using CT scans. An automated algorithm using
CT scans was able to perform as well as experts at delineating
WM lesions, but it varied widely with .90% around the mean
estimate.75 Previous studies have shown some success in predict-
ing the evolution of WMH and cognitive outcomes in patients
with WMH.76,77 However, more research is needed on the quan-
tification of WMH because the studies with this focus have been
largely in patients with multiple sclerosis.78,79 WMH in patients
with additional findings, such as lacunar or cortical infarcts,
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present a difficult challenge for current algorithms. Furthermore,
fully automated quantification of WMH, either by the Fazekas
scale or volumetric measurement using a standard of care medi-
cal imaging (rather than research sequences) is difficult.
Attempting to grade PVS with automated artificial intelligence
tools is even more of a challenge, with only 1 study that showed
good performance in the centrum semiovale but poor perform-
ance in the basal ganglia.80 There are great opportunities for
future research to explore these rating scales for greater intersub-
ject agreement, particularly in routine imaging, and come up
with efficient and reproducible artificial intelligence brain health
solutions.

CONCLUSIONS AND FUTURE DIRECTIONS
Small vessel disease is a rising epidemic associated with detri-
mental brain health. Neuroimaging plays a fundamental role in
identifying SVD. The recognition of endothelial and neuroglio-
vascular unit dysfunction as the main underlying mechanisms
of SVD is fundamental to develop the role of advanced neuroi-
maging techniques. A more comprehensive approach to gauge
total SVD burden, rather than individualizing and classifying
each of these markers separately, is needed in future studies.
This may provide a more complete estimate of the full impact of
SVD on the brain to better assess total brain health and the
effect of SVD-related brain damage. Finally, as radiologists, it is
critical that we use standardized terminology to describe SVD
in both clinical and research settings.
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REVIEW ARTICLE

Beyond Diffusion Tensor MRI Methods for Improved
Characterization of the Brain after

Ischemic Stroke: A Review
E.V.R. DiBella, A. Sharma, L. Richards, V. Prabhakaran, J.J. Majersik, and S.K. HashemizadehKolowri

ABSTRACT

SUMMARY: Ischemic stroke is a worldwide problem, with 15 million people experiencing a stroke annually. MR imaging is a valuable
tool for understanding and assessing brain changes after stroke and predicting recovery. Of particular interest is the use of diffu-
sion MR imaging in the nonacute stage 1–30 days poststroke. Thousands of articles have been published on the use of diffusion MR
imaging in stroke, including several recent articles reviewing the use of DTI for stroke. The goal of this work was to survey and put
into context the recent use of diffusion MR imaging methods beyond DTI, including diffusional kurtosis, generalized fractional ani-
sotropy, spherical harmonics methods, and neurite orientation and dispersion models, in patients poststroke. Early studies report
that these types of beyond-DTI methods outperform DTI metrics either in being more sensitive to poststroke changes or by better
predicting outcome motor scores. More and larger studies are needed to confirm the improved prediction of stroke recovery with
the beyond-DTI methods.

ABBREVIATIONS: AD ¼ axial diffusivity; AK ¼ axial kurtosis; DKI ¼ diffusional kurtosis imaging; FA ¼ fractional anisotropy; FM ¼ Fugl-Meyer; GFA ¼ gener-
alized fractional anisotropy; MD ¼ mean diffusivity; MK ¼ mean kurtosis; NODDI ¼ neurite orientation dispersion and density imaging; PLIC ¼ posterior limb
of the internal capsule; RD ¼ radial diffusivity; SHORE ¼ simple harmonic oscillator-based reconstruction and estimation; vic ¼ neurite density; WMTI ¼ white
matter tract integrity

Stroke or a cerebrovascular accident is a problem worldwide,
with 15 million people having a stroke annually, and it is a

widespread cause of long-term disability and mortality.1 MR
imaging is a valuable tool for understanding and assessing brain
changes after stroke and predicting recovery. Of particular inter-
est is the use of diffusion MR imaging after the hyperacute stage,
at 1–30days poststroke. Thousands of articles have been pub-
lished on the use of diffusion MR imaging in stroke, including
several recent articles reviewing the use of DTI in stroke.2-4 The
goal of this work was to survey and put into context the recent
use of diffusion MR imaging methods beyond DTI, including dif-
fusional kurtosis imaging (DKI),5 generalized fractional anisot-
ropy (GFA),6 and neurite orientation dispersion and density
imaging (NODDI) models,7 in patients poststroke. These meth-
ods use functional representations that either better match wider

ranges of diffusion data or tie to biophysical models that may bet-
ter inform stroke studies. Early works report that these types of
methods outperform DTI metrics.

Time Course of Ischemic Stroke
Approximately 87% of strokes are ischemic, while 13% are hem-
orrhagic; this review focuses on ischemic stroke. Because more is-
chemic strokes occur in the territory of the MCA than in other
locations, most ischemic strokes affect the motor system. For
example, 80% of individuals with stroke have impaired upper ex-
tremity motor function acutely.8,9

The typical time course of ischemic stroke (Online
Supplemental Data) begins with an acute phase in which ische-
mia results from development of either an in situ or embolic
thrombus that lodges in a cerebral blood vessel, reducing or
stopping blood flow to neural tissue served by that vessel. Soon
after reduction of downstream blood flow, cytotoxic edema
develops in the ischemic area and the cells in both gray and
white matter swell, reducing the extracellular space from �20%
to 4%–10%.10 Such cell swelling is due to the lack of oxygen that
impedes adenosine triphosphate production needed for active
transport by Na1/K1 ATPase to keep Na ions in balance.10

Ischemic areas with blood flow of , 10mL/100g become dam-
aged in ,6 minutes,10 creating an ischemic core.11 Membrane
configurations also change and form blebs,10,12 also termed
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axonal beading.13 Acute treatments with tPA or catheter-based
clot removal can be very helpful in limiting or avoiding neural
damage if the patient presents early poststroke.

During the next weeks and months, the ischemic area turns
into a necrotic core and the whole brain changes in a variety of
ways. In the peri-ischemic area, Wallerian degeneration14 of the
myelinated tracts is generally detectable at a few days poststroke
and continues for months. Wallerian degeneration is the process
of demyelination and disintegration of the distal axons that
occurs after injury to a neuron. Axonal swelling is also character-
istic of the early stage of Wallerian degeneration. Wallerian
degeneration may occur both near and far from the ischemic bed.
For example, rats with MCA occlusion exhibited Wallerian
degeneration in the nonischemic corpus callosum.14

Lesions in one hemisphere also promote changes in the unle-
sioned (contralateral) hemisphere, depending on the amount of
damage to the ipsilesional motor system. Degeneration of trans-
callosal fibers, increased branching and pruning of dendrites, and
increased contralateral corticospinal tract sprouting have been
reported.15 Jones and Adkins16 suggest that overcompensation
with the nonparetic side promotes remodeling in the contrale-
sional hemisphere and may cause synaptic competition with the
lesioned hemisphere and reduce recovery in the paretic limb.

Neuroimaging with MR imaging plays several roles in stroke;
the focus of this review is the use of diffusion MR imaging in the
nonhyperacute-but-early stage 1–30days poststroke, sometimes
termed the subacute stage.

Diffusion MR imaging is widely used to assess and study
stroke. MR imaging diffusion-weighted images reflect how water
protons diffuse during short time spans. The water diffusivity
depends on the local environment of the water protons. For
example, in intact myelinated fibers, water protons diffuse with
little restriction along the axon or fiber. In CSF, diffusion is iso-
tropic and protons move relatively freely in all directions. While
MR imaging diffusion images are acquired on millimeter scales,
the diffusion reflects hindrances and restrictions to water mobil-
ity due to microstructures, with scales on the order of microns.
Thus, diffusion provides information about the integrity of neural
microstructures, but in a complicated way because the brain has a
variety of neuronal cell bodies, axons, dendrites, and glial cells in
each image voxel. The different compartments and the orienta-
tions of the fibers in the cell and the intra- and extracellular
spaces influence the diffusion signal.17

Standard diffusion MR imaging acquires unweighted (b ¼ 0)
and diffusion-weighted images with diffusion weighting in multi-
ple directions. Parameters such as ADC maps are calculated. The
diffusion tensor signal representation uses a low-order cumulant
expansion of diffusion18 and enables obtaining parameters such
as fractional anisotropy (FA), mean diffusivity (MD), axial diffu-
sivity (AD), and radial diffusivity (RD). Diffusion imaging and
DTI have been reviewed in many places.19 The Online
Supplemental Data show an example of some of these different
parameters from DTI.

There has also been a tremendous amount of work, which is
doubling every 2.9 years (see Fig 1 in Novikov et al20), on diffu-
sion MR imaging microstructural mapping techniques. These
methods use higher-order signal expansions (such as DKI) or

other signal representations21 or model-based approximations to
the biophysics. The motivation is that these models can be more
specific to particular structures in a voxel and thus give more in-
formation regarding health or disease. The different signal repre-
sentations and models are derived in different ways and require
different data acquisitions than DTI, in particular with regard to
q-space sampling and b-values (Online Supplemental Data).
However, many of the parameters can be derived from the same
acquisitions, and some of the studies listed in the Online
Supplemental Data give parameters from several different repre-
sentations or models, using the same data set. The Online
Supplemental Data also show an example of some of these differ-
ent parameters from most of the methods that are detailed later
in this review.

For stroke, most of the work has focused on the corticospi-
nal tract and white matter.22 Gray matter has been studied in
healthy individuals with a NODDI model23 and with a model
designed for gray matter 24 (which may require very high b-val-
ues). There are limited studies using beyond-DTI microstruc-
tural mapping methods to look at gray matter in human
subjects with stroke, though DKI5 and diffusion spectrum
imaging25 have been used.

Diffusion MR Imaging in Stroke
In regions of ischemic stroke, signal in diffusion-weighted images
is decreased acutely.26 The reason that diffusion decreases in
stroke is not completely understood, though a number of studies
give some insight into the process. For example, as described
above, ischemic neurons undergo axonal swelling. If axons swell
and intra-axon diffusion compared with extra-axonal diffusion is
quite different, then having more intra-axonal space, which is
more restricted to diffusion, could result in lower diffusion (and
higher signal) on the MR images. However, a study using fluoro-
deoxyglucose molecules found that the molecule diffuses equally
in both intra- and extracellular spaces and diffusion in both
spaces decreases (�40% ADC decrease) in ischemic conditions.27

More recent works have evolved estimates of intra-axonal diffu-
sion and its relation to extracellular diffusion.28-30 A likely partial
explanation for slower, more restricted diffusion in stroke regions
is that axons become “beaded,” more tortuous instead of purely
cylindric structures so that the total cell surface area is preserved
during the swelling.31 In this case, diffusion may become more
restricted, especially in the axonal direction. Simulations have
shown that water ADC decreases in beaded structures.13,31

Photomicrographs12 and confocal microscopy have shown such
structures.32

Other factors such as the multiexponential diffusion change
with b-value, water exchange, and the axonal g-ratio (outer-to-
inner axon diameter ratio),20 also play roles in imaging diffusion
after stroke. Water exchange between fast and slow diffusion
components has been studied,33 and the biophysics of white mat-
ter in the context of diffusion imaging was reviewed by Nilsson et
al.34 More recently, a beyond-DTI method sensitive to exchange
was proposed (Online Supplemental Data).35

We move now to consider some of the works that illustrate
how MR imaging has been used in the assessment of stroke and
for prediction of stroke recovery.
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Diffusion MR Imaging for Predicting Recovery from Stroke.
Diffusion MR imaging has many potential uses in subacute
stroke, including understanding the time course of brain changes,
predicting the response to specific therapeutic interventions, and
selecting and monitoring therapy. Predicting motor recovery has
been a highly studied objective.2

Why Predict Recovery? Stroke research includes both hyperacute
evaluation and treatment with thrombolysis or mechanical clot
removal and less acute evaluation. “Time is brain,” and as
described above, and for suitable patients presenting to the hospi-
tal within 24 hours, tPA and thrombectomy procedures often
help recovery by reducing the extent of neural damage. Yet, while
these procedures reduce damage from stroke, they usually do not
eliminate such damage. After hyperacute procedures and for the
�80% of subjects who do not receive such intervention, rehabili-
tation is commonly needed. How the brain recovers after stroke
and the best therapy and therapy timing for each stroke survivor
after the hyperacute phase are open questions. Therapy within
the first few weeks after stroke is likely to be more effective due to
the heightened neuroplasticity potential at that time.

Predicting recovery is, thus, a highly sought-after goal.36-38

Accurate prediction is needed to plan discharge, set patient goals,
choose therapy (therapies aimed at reducing impairment versus
therapies to train compensation strategies and assistive technolo-
gies), and offer the patient a prognosis.39 Recovery predictions
also allow better testing of newly developed recovery therapies
that hope to promote greater recovery than spontaneous recovery
or current therapies.

Nonimaging Methods for Stroke Recovery Prediction. A variety
of prediction methods have been used, such as those based on
changes in the NIHSS,40 but prediction methods that do not use
imaging typically have poor specificity (36% in Hemmen et al40)
or only estimate a binary outcome (favorable or not favorable),
which is not as useful clinically. Recovery depends, in part, on the
size and the location of the ischemic area and on a variety of
other factors such as demographics, systemic atherosclerosis, and
social support networks.

Strokes causing motor deficits are commonly said to display
proportional recovery—that is, in the first 3months following
stroke, 70% of the new impairment is recovered41-44 in most indi-
viduals, while the other individuals (“atypical responders”) have
much less recovery. This finding is based on function at baseline
measured with the Fugl-Meyer (FM) upper extremity assess-
ment,45 which has a range of 0–66. For example, DFM= 0.7 �
(66-FMinitial) 1 0.4 predicted recovery reasonably well in 160 of
211 subjects.43 However, it was recently shown by two separate
groups that mathematic coupling and ceiling effects incorrectly
biased the previous findings and that random recovery could give
results similar to proportional recovery when the previously pub-
lished analysis methods were used.46,47 Thus, we may understand
recovery less than we think we do, and there is additional motiva-
tion for methods such as MR imaging to bolster our ability to
characterize and predict recovery from stroke.

Imaging Methods for Prediction of Stroke Recovery. MR imag-
ing methods such as diffusion, perfusion, fMRI, spectroscopy,

and T1- and T2-weighted images give insight into the location
and severity of stroke.48,49 Perfusion imaging to delineate ische-
mic areas is typically used in concert with diffusion imaging at
the hyperacute stage of stroke to see if the ischemic area exceeds
(defining a larger area at risk) or matches the restricted diffusion
area. Match/mismatch criteria can inform the hyperacute use of
thrombectomy and tPA.50 These methods are applied at the
hyperacute stage and are typically less valuable for longer-term
recovery prediction. fMRI was shown to relate more weakly to
motor deficits than tract integrity based on diffusion imaging.51

Moreover, task fMRI relies on patient cooperation, effort, and
ability to perform motor tasks, which may be compromised on
the basis of the severity of stroke, though resting state functional
connectivity may be promising.52 T1 and T2 methods are often
used to size lesions but correlate relatively poorly with motor
function compared with also considering lesion location and load
on a fiber tract (gauged with diffusion imaging53,54). Lesion load
is also a relatively poor predictor of recovery. Adding DTI enables
better assessment of stroke and prediction of recovery.

DTI Methods for Predicting Stroke Recovery
DTI uses a signal representation that is limited to representing,
for example, a Gaussian distribution of diffusion displacement
and a single fiber direction in each voxel, which may not accu-
rately reflect the mixture of glia, myelin, neurons, extracellular
space, CSF, and microvasculature that can exist within a voxel.
Still, DTI metrics are sensitive to stroke-related changes, and
numerous studies have used DTI to better understand and char-
acterize changes after stroke48,54 and to gauge the effects of
therapies.55

While DTI and particularly FA are useful, histology studies
have shown that FA is not a specific biomarker because it con-
flates myelination, fiber dispersion, and intra-/extraneurite con-
tributions. FA is widely used despite its nonspecific nature. For
example, a recent review4 reported good correlation between a
DTI metric such as FA and a motor outcome metric such as FM
or NIHSS (which is not as useful a measure of motor capabilities
as FM) scores, though a few of the studies did not find significant
predictive correlations from the FA metrics at some stages.56-58

Kumar et al2 did a meta-analysis on 6 small studies with outcome
measures such as NIHSS and reported a pooled r=0.82. They
pointed out the need for larger, prospective studies to better
determine the utility of FA metrics for predicting outcomes. As
highlighted below, these retrospective studies report best-fit lin-
ear correlations for the data obtained and would not be expected
to perform as well when doing prospective predictions.

Tractography from DTI has also been useful for studying
stroke and predicting recovery. For example, tractography meth-
ods for defining tract-based ROIs4 and connectivity analysis
methods59,60 have been developed.

Diffusion methods stand to benefit from beyond-DTI meth-
ods that can in some ways consider crossing fibers, structural
compartments with hindered or restricted diffusion, and non-
Gaussian distributions of the diffusive motion of water in the
brain. Here, we seek to complement the recent DTI in stroke
reviews2-4 by focusing on works that used beyond-DTI methods
for obtaining microstructural parameter maps in stroke. Several
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studies have reported better correspondence of these microstruc-
tural mapping methods with motor outcomes, and others have
reported greater changes between ipsilesional and contralesional
regions in the microstructural parameters compared with DTI,
implying greater sensitivity to stroke effects.

Beyond-DTI Methods for Stroke
New diffusion methods have been developed that better separate
the diffusion signal contributions from fiber dispersion and
intra-/extraneurite compartments. More samples in q-space
(Online Supplemental Data) provide better angular resolution of
fibers,61-65 allow estimating the non-Gaussian portions of the sig-
nals (kurtosis), and enable estimating models of biophysical com-
partments along with fiber orientations and dispersions. Such
compartment models are well-described in multiple articles,
including the supplement in Lakhani et al.66 Because the adverse
impact of stroke is, in part, from disrupting white matter connec-
tivity, better measures of assessing fiber bundle integrity could
give better insight and predictive power over current techniques.
This white matter assessment is one way that beyond-DTI meth-
ods may provide significant additional information. Currently,
the only beyond-DTI methods used with stroke applications to
date include the following: DKI, white matter tract integrity
(WMTI), GFA, NODDI, simple harmonic oscillator-based recon-
struction and estimation (SHORE) parameters, and 1 article
using different diffusion times to estimate the rate of kurtosis.

DKI. The standard DTI representation is appropriate in freely dif-
fusing isotropic media such as CSF. For areas with restricted dif-
fusion such as within axons, Jensen et al67 proposed extending
the DTI signal representation to add a higher-order term:

lnðS bð Þ
S 0ð ÞÞ ¼ �bDþ 1

6
b2D2K;

where K is the kurtosis. To have sufficient data to fit these higher-
order terms uniquely, one must have data acquired at multiple
nonzero b-values. As with DTI, a kurtosis tensor can be defined
to take into account diffusion directions. When DKI is used to fit,
the DTI tensor portion has 6 unknowns and the DKI tensor val-
ues include 15 unknowns, so at least 21 q-space samples and a
b=0 image are typically needed. For typical brain microstructure
and diffusion acquisition parameters, the non-Gaussian portion
of the diffusion signal68 will not be prevalent if b#1000 mm2/s.
Acquisitions vary but may include, for example, 15 directions at
b=1000 and 15 directions at b=2000 (Online Supplemental Data).
The additional microenvironment complexity in stroke may
make DKI a better approach than DTI.

Most of the beyond-DTI research in stroke has been with
DKI, with 10 articles in rat stroke models,69-78 a recent review ar-
ticle,79 and 10 articles in humans (Online Supplemental Data).
The rat model studies found larger changes with mean kurtosis
(MK) and axial kurtosis (AK) compared with DTI metrics. Sizing
of lesions was also studied with ex vivo MR imaging, and the
studies found that DKI metrics such as MK were larger than
those in MD and histology.72,78 However, with in vivo MR imag-
ing and a different segmentation method, others reported that

the DKI metrics yielded lesion sizes smaller than MD volumes.77

In addition, sizing has not been shown to be very predictive of
motor recovery.80 Possibly more promising from the rat model
studies is that the DKI parameters changed more with time (or
compared with the contralateral hemisphere) than the DTI pa-
rameters due to stroke. This increased sensitivity to stroke was
also found in the studies with humans. The Online Supplemental
Data summarize the details of each of these DKI human imaging
poststroke articles.

The relatively widespread use of DKI compared with other
beyond-DTI methods is likely due to modest acquisition require-
ments, GE Healthcare’s early implementation of DKI in their
FuncTool software on the scanner, and early reports of potential.
For example, Hui et al,5 in 2012, reported that MK changed more
than FA in stroke regions relative to the nonstroke hemisphere
(ipsilesional and contralesional regions) in 44 subjects with
stroke, though there was no evaluation of the clinical importance
of such changes. Fast kurtosis methods using ,20 diffusion-
weighted images have also been developed81 and used in rat
studies.71,74

Ideally, FM scores at 6–12weeks poststroke serve to measure
motor outcomes, and such scores were measured in 2 DKI
articles. In Spampinato et al,82 the MK ipsilesional/contralesional
ratio gave the best correlation with FM scores (r=0.85). The AK
ratio also was predictive (r=0.78), while DTI MD (r=0.69), and
FA (r=0.4) ratios had lower associations with FM scores. Li et
al83 grouped patients into good responders (.10-point FM
change) or poor responders. Then a relative axial kurtosis AK
measure (ipsilesional–contralesional)/contralesional) gave the
best discrimination of the 2 groups and was superior to DTI
methods. The study in Yu et al84 used NIHSS scores rather than
FM and found lower correlations, but still the relative AK metric
gave the highest correlation (r=0.3) with NIHSS scores. DTI
methods in Yu et al showed no changes in the cortical spinal tract
on the stroke side relative to the contralateral side (and hence no
correlation with NIHSS).

The WMTI method was included in 2 of the DKI articles.5,82

WMTI assumes intra- and extra-axonal compartments and esti-
mates axonal water fraction, intra-axonal AD, extra-axonal axial
and radial diffusivities, and the tortuosity of the extra-axonal
space. WMTI assumes all parallel axons and so is only applied in
the corpus callosum, or where FA.0.3.5,82 WMTI parameters
were calculated along with DKI, and the axonal water fraction
correlated (r=0.63) with FM scores in Spampinato et al.82 More
recent nonstroke works relaxed the parallel axon requirement
using a WMTI-Watson model that includes fiber dispersion,
though the method assumes axially symmetric diffusion, so it was
only applied in the spinal cord.85

Besides DKI, other beyond-DTI methods have been explored
for use in patients with stroke. The Online Supplemental Data
summarize the 9 articles that have investigated other methods:
GFA, SHORE, NODDI, and rate of kurtosis methods have all
shown promising results in patients with stroke.

GFA. GFA is obtained from the orientation distribution function,
which can be calculated from the 3D ensemble average propaga-
tor.21 The 3D ensemble average propagator is obtained, for
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example, by 3D Fourier transform from Cartesian-sampled q-
space data.86 Then, similar to how FA is calculated from DTI
data as SD(l ) / RMS(l ), where l is the eigenvalue of the diffu-
sion tensor and RMS stands for root mean square, GFA ¼ SD
(w )/RMS(w ), where w represents the orientation distribution
function.21 GFA can be considered as an extension of FA in vox-
els that have crossing/touching fibers, so it may give a better mea-
sure of fiber disarray in stroke.

The GFA studies in the Online Supplemental Data came from
diffusion spectrum imaging, which acquires a Cartesian grid of q-
space samples with a relatively high bmaximum (4000–8000 s/mm2).
Most of these studies took the unusual approach of studying only
the contralesional side. GFA revealed microstructure changes in
the contralesional side during poststroke remodeling.6,25,87-89 Most
of these studies used the same data set of �10 patients with stroke
who had been imaged with a 26-minute diffusion acquisition.6,25,89

GFA in the contralesional side was highly predictive of the 6 -
month NIHSS score (r2 ¼ 0.84 adjusted).6 Combining GFA 1

NIHSS1 age had an even higher correlation (r2 ¼ 0.96 adjusted)
in this small study.6 Other parameters (SHORE) were also calcu-
lated from this data set, as described below.

SHORE. The SHORE method calculates propagator anisotropy,
along with measures of the ensemble average propagator variance
(mean square displacement), return-to-the-origin probability, the
return-to-the-axis probability, and the return-to-the-plane proba-
bility.90 These parameters when evaluated in a subcortical loop of
tracts gave high correlations with 6-month NIHSS scores.91

Galazzo et al25 added comparison with DTI and evaluated find-
ings in gray matter. Both articles used the 10-person diffusion
spectrum imaging data set from Granziera et al6 and evaluated
only the contralesional side.

Compartment Model Methods. Unlike the FA, GFA, and
SHORE parameters that arise from signal representations that do
not postulate a particular underlying biophysical model, a num-
ber of compartment-based models have been developed. These
models, of which NODDI is a good example, estimate micro-
structural multicompartment (intra-axon, extra-axon, CSF com-
partments for NODDI) and fiber-dispersion parameters. This
approach is thought to be useful for characterizing dispersed or
crossing fibers92 and for estimating white matter degeneration in
the subacute phase of stroke when Wallerian degeneration and
glial scarring processes are occurring.93 A few groups have
recently reported NODDI models to be useful in stroke imaging
in rats94 and humans.7,95-97 These findings are despite the fact
that NODDI fixes diffusivity parameters to 1.7 (and to 3.0 s/mm2

in spinal fluid), and these parameters are not uniformly correct in
healthy individuals and are less accurate in stroke regions. It is
also known that NODDI “neurite density” (also called vic) does
not reflect the density of neurites in tumor and in stroke (where
it has been called the “restricted diffusion index”). The only
NODDI study including outcome measures (FM scores) was
Hodgson et al,96 in which the best outcome predictor was found
to be the orientation dispersion index (optimism-adjusted r2 ¼
0.83), though vic (or the “restricted diffusion index”) also

correlated r2 ¼ 0.70, as did GFA (r2 ¼ 0.57). Other parameters
including DTI and stroke size and lesion load did not correlate as
well.

The two other NODDI stroke studies included DKI and also
studied changes in microstructure across time.7,97 The study of
Wang et al 97 was unpaired: The same subject was not imaged at
multiple time points. Still, the percentage difference of the orien-
tation dispersion index in the stroke area relative to the contrale-
sional side was larger than other NODDI parameters, MK, FA, or
MD. Correlation with time since stroke onset was also highest
with the orientation dispersion index. Mastropietro et al7 ana-
lyzed only the posterior limb of the internal capsule (PLIC) and
cerebral peduncle regions and reported significant differences
between their ipsilateral and contralateral sides for the orientation
dispersion index and other parameters including FA, AD, RD,
kurtosis anisotropy, and AK. Other parameters (MD, MK, vic,
isotropic volume fraction) did not show significant differences.

Other biophysical factors, such as different T2s in intra-axonal
and extracellular compartments, water exchange, and Gaussian
diffusion assumed in compartments, could all be of interest but
are not included in the compartment model methods. Using dif-
ferent diffusion times while maintaining the same b-value is also
of interest and was recently shown to help predict chronic stroke
areas in 5 subjects with stroke.35 That method estimated the
exchange rate (rate of kurtosis) using an equation based on a 2-
compartment model with exchange. Other models such as
NODDI assume no water exchange between the myelin and the
intracellular and extracellular compartments, though there is evi-
dence for a mixture of fast and slow exchange.34 Such exchange
causes signal changes due to different diffusivities and relaxivities
(possibly negligible) in the different compartments.98 A multi-
shell acquisition with 2 diffusion times was used in Lampinen et
al35 to obtain a parameter sensitive to the exchange rate. Results
showed faster exchange in the ischemic stroke areas.35

The Online Supplemental Data summarize the methods with
outcome measures (FM or NIHSS) graphically, with the graph
edges reflecting the number of subjects in each comparison.

Acquisition and Analysis Diversity in Beyond-DTI Methods
The beyond-DTI studies varied considerably in the acquisition.
Besides a range of angular q-space sampling and different shells or
b-values, there were wide differences in spatial resolution (0.94–
3mm in-plane, 1.5- to 4-mm section thickness), number of slices
(range, 9–64), acquisition time (range, 2–27minutes), and imaging
time poststroke (range, 6 hours to 4weeks). A large high-resolution
highly sampled q-space data set similar to that with connectome
imaging would be ideal to determine the value of higher resolution
and sampling for the use of beyond-DTI methods in stroke.

Different acquisition parameters may lead to different results.
This possibility is best known in DTI; for example, Table 1 in
Barrio-Arranz et al99 describes results from 14 studies of different
spatial resolutions, b-values, or diffusion directions and how FA
and MD changed. Less has been studied with beyond-DTI meth-
ods, but for example, NODDI results are a function of b-values
and gradient directions.100 This finding again is motivation for
large rigorous studies in stroke with overcomplete sampling and
outcome measures for validation.
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Analysis methods tended to be from either ROIs in parts or
all of the cortical spinal tract (PLIC, the cerebral peduncle, and
the corona radiata) and/or from manually identified ischemic
regions. Note that it has been shown in DTI that different fitting
methods (linear, nonlinear) give significantly different results.101

Beyond-DTI methods such as a more rapid NODDI fitting
method102 also are known to affect results compared with the
original slower NODDI fitting method. A few studies used tract-
based analyses and/or voxel-based analyses. Atlas-based regions
were often used, though it is not known how well the atlas
matches tracts in stroke regions with disrupted fiber tracts.
Trade-offs with SNR and with how different beyond-DTI param-
eters vary with voxel size are yet to be studied in subjects with
stroke. Even if ROI analysis methods are used, it could be that
imaging with smaller voxels could better inform microstructure
and tractography methods.

Note that for predicting stroke recovery and following stroke
recovery, we are interested not only in local stroke effects but also
global stroke effects. The best focus and most relevant informa-
tion to understand and predict adaptations are still not known.
For example, some have found the PLIC to be the most predictive
of future motor function, even if the stroke was not in the PLIC.
This finding may be because the PLIC is a hub with incoming
sensory neurons and outgoing motor control neurons and the
way that stroke, even in other regions, affects the PLIC is telling.
Alternatively, this may simply be from the small sample size and
limited comparisons with other fiber tracts; other regions or com-
posites of regions may provide improved predictive information.

The different acquisitions, nonstandard processing, and few
studies with relatively few subjects that include motor stroke out-
comes mean that larger studies with FM scores and current acqui-
sition techniques including simultaneous multislice methods103 are
needed to better understand the impact of beyond-DTI methods.
While the scan times vary widely, from 2 to 27minutes (Online
Supplemental Data), this variation is, in part, due to limited cover-
age, spatial resolution, and q-space sampling choices. Acquisition
requirements for optimal performance for the different methods
are not yet known in stroke. It is likely that all of the beyond-DTI
methods can be made clinically practical (,5 minutes) with
advanced acquisition (simultaneous multislice) and deep learning
techniques,104 though those techniques are still evolving and being
evaluated. Direct comparisons between the beyond-DTI methods
and investigation into combining parameters from different meth-
ods should also be performed in the context of stroke.

Other Considerations
As pointed out by Kim et al,38 90% of neurologic biomarker stud-
ies, including most DTI studies as well as most nonimaging
methods, did not use an independent set of stroke data to cross-
validate their prediction model. Thus, the results are a best case
of predicted correlation, retrospectively, with the given data set.
The beyond-DTI studies reported in the tables here did not per-
form cross-validation, though 1 small study used k-fold cross-val-
idation96 to have more confidence in the predictive value. The
studies also did not identify or discuss minimally clinically im-
portant differences,38 which will be essential to further develop
and translate these promising new methods to clinical use.

Another open question is how outcome predictions vary as a
function of therapy. This question includes acute treatments such
as tPA or thrombectomy and therapies such as brain-computer
interface methods. The brain-computer interface has shown
promising results in small studies of people with chronic stroke;
recovery may be enhanced, especially if such therapies are started
early after stroke. Indeed, advanced diffusion-based metrics may
be able to predict who would benefit the most from the brain-
computer interface or other types of therapies; plasticity or reor-
ganization changes may be measurable with beyond-DTI param-
eters while confounding the interpretation of FA. The ability of
diffusion methods to differentiate ipsilateral-versus-contralateral
contributions of motor tracts to upper extremity function may
also inform stroke rehabilitation approaches.105

The many exciting new advances in neuroimaging and partic-
ularly in beyond-DTI methods are likely to have a highly signifi-
cant impact in the context of predicting stroke recovery, for
improving our understanding of brain changes after stroke, and
for providing unique advantages when selecting personalized
stroke therapy. However, this review also makes clear that there
is a need for rigorous studies to better evaluate and translate these
microstructural mapping methods to clinical application.

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

Implementation of a Low-Field Portable MRI Scanner
in a Resource-Constrained Environment:

Our Experience in Malawi
K. Chetcuti, C. Chilingulo, M.S. Goyal, L. Vidal, N.F. O’Brien, D.G. Postels, K.B. Seydel, and T.E. Taylor

ABSTRACT

SUMMARY: Low-field, portable MR imaging may expedite patient management in the setting of critical illness. We successfully imple-
mented low-field MR imaging at the Queen Elizabeth Central Hospital in Malawi; a low-resource setting. We present our experience
of low-field, portable MR imaging start-up and use in Malawi; the first of its kind in Sub-Saharan Africa, together with complementary
troubleshooting mechanisms that may be used especially in similar resource-constrained contexts.

Low-field, portable MR imaging scanners may aid in the care
of critically ill patients, especially those in whom transport to

fixed magnets is challenging. These include unconscious coma-
tose patients undergoing evaluation in emergency departments
or bed-bound in-patients who have developed sudden-onset neu-
rologic deficits. Portability of this family of MR imaging scanners
enables this imaging technique to be used as a point-of-care tool,
potentially leading to a faster diagnosis and expedited treatment,
which may be life-saving. Other favorable characteristics that sep-
arate this type of low-field scanner from a high-field scanner
include reduced overall scanner purchase price and running costs
(reduced energy consumption), reduced costs relating to infra-
structure requirements to house and operate it compared with a
high-field scanner, reduced or often nullified electromagnetic in-
terference, and increased patient comfort (reduced noise during
scan acquisition and reduced patient-perceived claustrophobia).
Conversely, low-field portable scanners have lower resolution
and contrast of acquired images, constraints with regard to coil
types limiting the body parts accessible to imaging, and limited

sequence acquisitions (as in for example the current inability to
acquire postcontrast T1-weighted images).1,2

Although most experience with this imaging technique has
taken place in high-income countries, medical care facilities in
low-resource settings may also benefit from this technology. In
many low- and middle-income countries, there is a high burden
of both communicable and noncommunicable diseases with a
predilection for the neuroaxis. MR imaging diagnostics may be
pivotal in establishing diagnoses and optimizing patient manage-
ment. In environments where conventional CT and MR imaging
are often unavailable, access to a low-field, portable MR imaging
scanner may transform a wide variety of patients’ diagnostic jour-
neys, treatment plans, and outcomes.

We recently implemented a low-field (0.0625T), portable MR
imaging scanner at the Queen Elizabeth Central Hospital in
Blantyre, Malawi. In the past year, our facility has acquired 260
brain scans using this technology. Indications for imaging are di-
vided into the routine clinical care arm (for which infections, pe-
diatric developmental delay, and, to a smaller extent, posttrauma
prognostication are the most common indications) (Fig 1), and
the clinical research arm (Fig 2).

Here, we describe the challenges that our group encountered
during this process of low-field MR imaging scanner implemen-
tation in a resource-constrained environment and the solutions
we implemented to overcome these problems. Our experiences
may be applicable to implementation of such technology in other
low-resource environments (Table).

Challenge I: Logistics of Delivery and Receipt of
Equipment
Currently, the only available portable low-field MR imaging scan-
ner is Hyperfine Swoop (Hyperfine Research). The first challenge
in implementing this technology for our group in Malawi was
transporting the scanner to southeastern Africa. Safe and efficient
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equipment transportation from the
manufacturer to the receiving hospital
is often a daunting and multistep pro-
cess. There are few shippers with expe-
rience in the transportation of large,
heavy, delicate imaging equipment.
When the equipment reaches its final
destination, it is often received only by
those working in the hospital and not
by manufacturer’s representatives (Fig
3). Because uncrating and setup is a
complex process, it is important that
at least 1 person with prior training on
the container-unpacking process be
present during equipment receipt. The
process of uncrating and setup
requires supplementary tools at the
receiving site and knowledge of the
indicators on the external shell of the
container to ensure proper care of the
equipment during transportation. At
the time of receipt, the container must
be examined for gauges indicating
possible equipment malalignment or
temperature breaches during transit.
Once the Hyperfine Swoop is
unpacked, it can be set up so that the
scanner is ready for use immediately.
In our facility, the time interval
between opening the crate and scan-
ning our first patient was 4 hours.

Solutions. Once a suitable shipper is
identified, flexibility and back-up
plans (in case the route of travel is in-
terrupted) are needed. Accuracy and
clear communication with shipping
agents relating to the dimensions of
the holding crate are vital to avoid
unnecessary in-transit equipment-
delivery delays.

FIG 1. Hyperfine Swoop MR images of a 12-year-old child who was admitted to the pediatric
ward at our institution with focal neurology, reduced consciousness, and septicemia when CT
imaging was not available at our institution. The child’s MR imaging demonstrated a right-sided
subdural empyema, which was confirmed at surgery. MR imaging findings were of a well-defined,
septated T2-weighted hyperintense subdural fluid collection associated with mass effect (A),
with a corresponding T1-weighted hyperintense subdural fluid collection (B).

FIG 2. Hyperfine Swoop MR images of a 6-year-old child who was admitted to our institution
under the research study arm with a decreased level of consciousness and malaria parasitemia.
The child’s MR imaging demonstrates typical findings associated with malarial encephalopathy of
diffuse right-sided parietotemporal T2-weighted hyperintensity in the gray and subcortical white
matter with an associated localized mass effect in the form of sulcal effacement on the coronal
T2-weighted sequence (A), with corresponding restriction of diffusion on the DWI b=900 image
and ADC images (B and C).

Challenges encountered and proposed solutions for low-field MR imaging implementation in a resource-limited setting
Challenge Proposed Solution/Troubleshooting Option

Equipment delivery and
receipt logistics

Needs assessment of the most reliable and safe equipment transportation route
Use of a reputable carrier with tracking facilities
Insurance coverage
Uncrating and setup training before equipment receipt
Acquisition of tools needed for uncrating and setup before equipment receipt
On receipt, close inspection of external container gauges for warnings

Equipment roadmap Needs assessment of the expected routes of equipment portability within the health care facility
Construction of low-incline, smooth ramps to mitigate steep and irregular terrain

Equipment storage Needs assessment of storage and operating conditions inclusive of temperature and humidity
Equipment operation Training of end user operators
Equipment utilities Needs assessment of hospital infrastructure including electricity supply and Internet speed

Acquisition of a manufacturer-recommended compatible electrical surge protector
Non-resource-constrained
specific items

Patient and equipment safety
Patient privacy and confidentiality
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In our case, a member of our team traveled to the manufac-
turer’s headquarters in Connecticut to receive training on how to
uncrate and inspect the equipment on receipt at its final
destination.

Challenge II: Building a Roadmap for Equipment
Movement
The Hyperfine Swoop MR imaging scanner weighs 630 kg and is
moved by a motor at its base. Movement of the equipment up
ordown inclines of.5° is not recommended by the manufacturer
because the motor may not be powerful enough to safely navigate
these inclines or declines. Therefore, the terrain over which the
MR imaging scanner is to be transported must be closely exam-
ined before equipment receipt. Off-loading from long-distance
transport, often by forklift, may not be able to deliver the
machine close to its final location. Challenges in low-resource
hospital settings include steep or rough terrain inclinations, nar-
row passageways (the Hyperfine Swoop is 158 cm wide), or
unroofed building routes.

Solutions.We suggest a thorough predelivery review of the road-
map on which the scanner will be maneuvered to allow mitiga-
tion of terrain challenges before equipment receipt. In our case,
terrain challenges required a re-evaluation of the setting in which
the scanner would be housed. Additional troubleshooting mecha-
nisms include the construction of strong, shallow-incline, smooth
ramps at crucial locations.

Challenge III: Equipment Storage
As with all imaging equipment, low-field, portable MR imag-
ing scanners must be stored and operated within a range of
temperature and humidity conditions. These variables are
especially important in low-resource peri-equatorial locations
where a stable and uniform health care facility environment
may not be present.

Solutions. Our group suggests a thorough needs assessment fo-
cusing on optimal environment preparation through the installa-
tion of air conditioning and dehumidifier units at sites where
equipment is intended to be stored before equipment receipt.
The manufacturer recommends that the Hyperfine Swoop be
operated and stored at temperatures of 15–30 °C with an operat-
ing humidity of 15%–85%, noncondensing.

Challenge IV: Operating the Equipment
The lower magnetic field strength of portable MR imaging sys-
tems results in fewer restrictions on the site of equipment stor-
age or operation. Metal objects are allowed in the scanning
room in proximity to the scanner. This adds to the cost-effec-
tiveness of this type of imaging because acquiring MR imaging–
compatible equipment (eg, patient monitors and transportation
trolleys) is unnecessary. No previous radiography technology
training is required to operate a portable, low-field MR imaging
scanner; the equipment was designed for use by clinicians at the
point of care—a quality that makes it very attractive for use in
resource-constrained settings where trained radiographers are
uncommon. Nonetheless, operators require training from the
manufacturer. Optimally, they should be identified and trained
before scanner receipt.

Solutions.While the Queen Elizabeth Central Hospital is fortu-
nate to have an MR imaging–trained radiographer on staff,
other nonradiography team members have successfully oper-
ated the equipment. A manufacturer-led remote training ses-
sion on equipment operation and a user-friendly iPad (Apple)
control panel interface led to successful scan acquisition by
non-radiography-trained operators. Excellent support from
the manufacturer, including trouble shooting and periodic
software upgrades, is crucial to the smooth operation of the
equipment.

Challenge V: Adapting to Different Patient Populations
The Hyperfine Swoop is FDA-approved for use in children.
However, currently available portable, low-field MR imaging
scanners only accommodate adult-sized head coils. Head posi-
tioning of young children within the coil is challenging. If a
child’s head is not placed far in enough into the coil, it produces
an artifact in the occipital region of the images, impacting the
completeness of interpretation.

Solutions. The percentage of the patient’s head that is located
within the scanner is indicated on the Hyperfine app when
imaging begins. Our group recommends that after acquiring the
first localizer sequence, special attention be paid to a flashing
red alert icon in the top right of the iPad controller screen. If
this icon is clicked and the error message indicates that the

FIG 3. The Hyperfine Swoop, still crated, at the time of receipt at our
institution.
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“percentage of section detected” is ,75%, the patient needs to
be repositioned with the head placed further into the coil. Our
preferred technique to overcome this challenge is to swaddle
and cross the child’s arms over the thorax in a cloth, allowing
the patient to be placed further within the coil. Padding under
the patient’s upper back also aids in moving the head further
into the coil (Fig 4). We suggest noting this alert immediately
after obtaining localizer sequences to correct the patient’s posi-
tion and avoid artifacts on subsequently acquired images.

Challenge VI: Equipment Utility Challenges
Images obtained by the scanner are stored in the Internet
cloud. Both a stable electrical supply and adequate Internet
speed and stability are required for the scan acquisition and
uploading of images for interpretation. Achieving appropriate
Internet bandwidth speed and stability can be challenging
in resource-constrained environments. A slow or unstable
Internet connection results in loss of communication between
the iPad console and the scanner, necessitating a complete
restart of the scan. Slow uploading of images to the cloud
results in delays in both image interpretation and patient
management. In Malawi, an Internet bandwidth speed of
$2.1 MB per second allows smooth image acquisition and
uploading.

Solutions. Before the receipt and setup of the equipment in
Malawi, our group acquired a permanently connected voltage-
compatible, manufacturer-recommended electrical surge protec-
tor. The scanner is otherwise operated through a standard AC
wall power outlet.

In the relatively infrequent instances in which image
upload to the cloud platform was delayed due to temporary
Internet unavailability, our group resorted to 1 of 2 trouble-
shooting mechanisms. If a radiologist was on site during ac-
quisition, the images may be directly visualized on the iPad
controller. If a radiologist was not physically present, screen-
shots of the iPad controller could be emailed to remotely
placed radiologists for preliminary interpretation. Once
Internet connectivity was restored, radiologists provided full
interpretation using conventional methods using the full
PACS functionality. These 2 troubleshooting mechanisms
enabled a short turnaround time to provide a preliminary
report, ensuring little-to-no adverse clinical care impact
related to delayed MR imaging interpretation.

Challenge VII: Site Nonspecific Challenges
Other implementation challenges are not context- or equipment-
specific. These include gentle patient maneuvering into the scan-
ner to avoid patient or equipment harm and ensuring equipment
cleanliness. As with high-field scanners, patient noncooperation
leading to motion artifacts may reduce the ability to acquire
high-quality images. We use “feed and wrap” techniques for neo-
nates, swaddling and imaging during periods of natural sleep
whenever possible, in a sleep-conducive MR imaging scanner
environment. Sensitivity to patient privacy and confidentiality is
a further priority.

FIG 4. The Hyperfine Swoop at our institution is set up in an appro-
priately optimized temperature- and humidity-controlled dedicated
scanning room (A) with a patient scanning couch of an appropriate
height adjacent to it. B and C, The blue padding block was sourced by
our group and is applied within the head coil of the scanner with the
gray manufacturer-provided padding applied over it, extending onto
the patient’s scanning couch. The role of the blue padding block is to
elevate the patient’s head a little further, thereby optimizing the
patient’s head position further in the scanner head coil for more opti-
mal head coverage during scanning. A patient model within the scan-
ner (D) demonstrating the swaddling technique and a detailed view
of the patient’s head position within the head coil (E).
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Solutions. We have a predefined equipment-cleaning program
followed by designated, preselected personnel. We ensure patient
privacy and confidentiality through restriction of image access on
the cloud platform to preselected authorized personnel.

Our successful implementation of this technology at the
Queen Elizabeth Central Hospital, the largest public health
care facility in Malawi, has facilitated patient care. Successful
implementation required a large amount of logistical plan-
ning, flexibility, and improvisation. Close and timely postde-
livery support by the manufacturer is crucial to our ongoing
success. With careful planning, imaging modalities such as
this low-field, portable MR imaging scanner now in place in

our hospital can be implemented in other resource-con-
strained environments.

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

Radiomics-Based Machine Learning for Outcome Prediction in
a Multicenter Phase II Study of Programmed Death-Ligand 1

Inhibition Immunotherapy for Glioblastoma
E. George, E. Flagg, K. Chang, H.X. Bai, H.J. Aerts, M. Vallières, D.A. Reardon, and R.Y. Huang

ABSTRACT

BACKGROUND AND PURPOSE: Imaging assessment of an immunotherapy response in glioblastoma is challenging due to overlap in
the appearance of treatment-related changes with tumor progression. Our purpose was to determine whether MR imaging radio-
mics-based machine learning can predict progression-free survival and overall survival in patients with glioblastoma on programmed
death-ligand 1 inhibition immunotherapy.

MATERIALS AND METHODS: Post hoc analysis was performed of a multicenter trial on the efficacy of durvalumab in glioblastoma
(n = 113). Radiomics tumor features on pretreatment and first on-treatment time point MR imaging were extracted. The random sur-
vival forest algorithm was applied to clinical and radiomics features from pretreatment and first on-treatment MR imaging from a
subset of trial sites (n = 60–74) to train a model to predict long overall survival and progression-free survival and was tested exter-
nally on data from the remaining sites (n = 29–43). Model performance was assessed using the concordance index and dynamic area
under the curve from different time points.

RESULTS: The mean age was 55.2 (SD, 11.5) years, and 69% of patients were male. Pretreatment MR imaging features had a poor pre-
dictive value for overall survival and progression-free survival (concordance index = 0.472–0.524). First on-treatment MR imaging
features had high predictive value for overall survival (concordance index = 0.692–0.750) and progression-free survival (concordance
index = 0.680–0.715).

CONCLUSIONS: A radiomics-based machine learning model from first on-treatment MR imaging predicts survival in patients with
glioblastoma on programmed death-ligand 1 inhibition immunotherapy.

ABBREVIATIONS: AUC ¼ area under the curve; C-index ¼ concordance index; ET ¼ enhancing tumor; IQR ¼ interquartile range; OS ¼ overall survival;
PFS ¼ progression-free survival; PD-1 ¼ programmed cell death protein 1; PD-L1 ¼ programmed death-ligand 1; WT ¼ whole tumor

G lioblastoma is the most common primary malignant brain
tumor among adults.1 The current standard of care is maxi-

mal surgical resection followed by radiation and temozolomide
chemotherapy. However, eventual progression of the tumor is
typical with limited further treatment options and a dismal me-
dian overall survival (OS) of 15months and 5 -year survival of

,10%.2 Despite advances in the understanding of molecular
changes in glioblastoma, effective targeted therapies are lacking,
and bevacizumab, a monoclonal antibody against the vascular
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endothelial growth factor, is the only approved addition to recur-
rent glioblastoma management.3

Preclinical studies of programmed cell death protein 1 (PD-1)
pathway inhibition showed promising results in glioma.4,5

However, in clinical trials, PD-1 inhibition via nivolumab concur-
rently with chemoradiotherapy or radiation therapy did not
improve progression-free survival (PFS) or OS in newly diagnosed
glioblastoma6,7 or improve OS compared with bevacizumab in
recurrent glioblastoma.8 Although the overall response rate to nivo-
lumab was low (8%) in patients with recurrent glioblastoma, the
response was more durable relative to bevazicumab.8 Durvalumab
(MEDI4736) is a monoclonal antibody against human pro-
grammed death-ligand 1 (PD-L1) that has shown clinical efficacy
with an acceptable safety profile9 and is being studied in multiple
cancer subtypes, including glioblastoma.

Imaging assessments in glioma are challenging due to the
overlap in the appearance of treatment-related changes with tu-
mor progression, particularly in the setting of multimodality
treatment.10,11 Considering the possible low response rate to
immunotherapy12 and the poor median OS in glioblastoma,
imaging-based metrics to predict response and improved survival
early are desirable to make appropriate treatment decisions.
Radiomics methods enable quantification of multisequence imag-
ing data from spatially heterogeneous tissues, and machine learn-
ing techniques allow integration of these multiple quantitative
metrics.

Here, we performed a post hoc analysis of a multicenter Phase
II study (NCT02336165) of patients with glioblastoma under-
going durvalumab therapy with MR imaging radiomics and
machine learning techniques. The aim of this study was to deter-
mine whether MR imaging radiomics-based machine learning
can predict PFS and OS in patients with glioblastoma on PD-L1
inhibition immunotherapy.

MATERIALS AND METHODS
This was a post hoc analysis of data from a Phase II clinical trial to
evaluate the clinical efficacy and safety of durvalumab (MEDI4736)
in glioblastoma (NCT02336165) conducted at 8 sites (7 in the
United States, 1 in Australia) and enrolling 162 patients between
March 2015 and January 2017 into 5 noncomparative patient cohorts
(Fig 1 and Online Supplemental Data). The Online Supplemental
Data summarize the trial inclusion/exclusion criteria. The institu-
tional review board (Dana-Farber Cancer Institute) approved this
trial, and all patients provided written informed consent. Of the
162 patients enrolled, 3 did not receive MEDI4736 due to clinical
decline (n=1), seizure (n=1), or withdrawal of consent (n=1)
before drug administration (Fig 1).

Imaging
MR imaging was performed approximately every 2months dur-
ing treatment, once during on-study follow-up, and at least every
6months during poststudy follow-up. Brain MR imaging was
performed on 1.5T or 3T scanners before and after the adminis-
tration of gadolinium-based contrast media. Brain MR imaging
protocol included sagittal and/or axial T1-weighted images, axial
T2, axial T2-FLAIR, postcontrast axial or coronal fast spin-echo
or 3D T1-weighted gradient-echo images, and susceptibility
weighted imaging (Online Supplemental Data).

Imaging data were not available for central review for the
Australian site (n=4) and for 1 US patient (n=1); hence, these
were excluded. For this study, imaging performed pretreatment
and at the first on-treatment time point was analyzed. First on-
treatment MR imaging refers to the first MR imaging obtained af-
ter starting treatment and was performed approximately 8weeks
after initiation of treatment. Only patients with complete T1 pre-
contrast, T2, T2-FLAIR, and T1 postcontrast imaging were
included in the study for each time point (Fig 1).

FIG 1. Flow chart of the study population.
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Progression was defined on the basis of the modified Response
Assessment in Neuro-Oncology criteria13,14 if the patient met any
one of the following criteria:

1. A 25% increase in the sum of the products of perpendicular
diameters of enhancing lesions (over best response or baseline
if no decrease) on stable or increasing doses of corticosteroids

2. Any new lesion
3. Clear clinical deterioration not attributable to other causes
apart from the tumor

4. Failure to return for evaluation due to death or deteriorating
condition.

Patients with suspected progression were permitted to con-
tinue therapy at least until confirmation of progression on fol-
low-up imaging in 8weeks.

Image Postprocessing
Image postprocessing methods are reported per the Image
Biomarker Standardization Initiative guidelines (Online
Supplemental Data).15 The T2-FLAIR images were used to seg-
ment the whole tumor (WT) VOI, which includes enhancing tu-
mor, infiltrating tumor, and vasogenic edema while postcontrast
T1 images were used to determine the enhancing tumor (ET)
VOI on the pretreatment and first on-treatment time point MR
imaging. For segmentation, we used a semiautomated level trac-
ing tool on 3D Slicer, Version 4.4 (http://www.slicer.org). All
included imaging sequences (T2, T2-FLAIR, T1, T1 postcontrast)
were skull-stripped,16 and image intensities were corrected for
low-frequency intensity nonuniformity via N4 bias field correc-
tion. Image intensities were then normalized using the median

and interquartile range (IQR) of image intensities17 of the normal
brain VOI (defined as the region outside the WT VOI, Fig 2)
using Matlab (R2015a; MathWorks). All imaging sequences were
resampled to 1mm and spatially registered to the T1 postcontrast
images using rigid followed by affine transformation with the
Matlab Imaging Processing Toolbox.

Radiomics Feature Extraction and Feature Selection
The radiomics feature extraction was performed using Matlab
and included features from the open-source radiomics package
by Vallières et al18,19 (Online Supplemental Data). In this pack-
age, 3 feature categories were included to characterize the tumor
shape (10 features), intensity histogram (18 features each for 4
sequences [T1, T2, T2-FLAIR, T1 postcontrast]), and texture (40
features each for the aforementioned 4 sequences).18,20 A total of
242 features were included for each VOI (WT and ET) for a total
of 484 imaging features for each time point in addition to 5 clini-
cal features of age, race, sex, study site, and treatment regimen.
The treatment regimen was included as a feature to account for
the heterogeneity in population (newly diagnosed versus recur-
rent glioblastoma and durvalumab monotherapy versus combi-
nation therapy).

Feature selection was performed using feature variability and
redundancy. Feature variability, a measure of stability, was
assessed as the percentage difference between the feature value
before and after shifting the tumor VOI 3 voxels in all directions.
The variability for each feature was obtained for each case and
then averaged over all cases to obtain the average feature variabil-
ity for each feature. Features with a variability of .150% were
removed. Next, redundant features, defined as features with a

FIG 2. Radiomics and machine learning workflow. T1C indicates T1 post contrast imaging.
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Spearman correlation of.0.8, P, .05 with another feature, were
removed.

Radiomics Model Training
The random survival forest algorithm21 was applied using the sci-
kit-survival 0.17.1 Python module.22 Censored survival data (see
Statistical Analysis section) including event (death or progres-
sion) and time to event were input into the algorithm along with
the selected feature set. Tuning of hyperparameters was per-
formed using a grid search, and the optimized parameters are
included in the Online Supplemental Data.

Radiomics Model Performance
To assess the generalizability of radiomics models across multiple
centers, we designed 3 separate experiments using data from dif-
ferent sites for model training and model testing, while keeping
the ratio of the number of patients in training and testing groups
to about 2–3:1 (Fig 1 and Online Supplemental Data). After each
model was trained using the “training” group, the model per-
formance was evaluated in an intentionally withheld external
“testing” group.

1. Training with sites 2–6 (n= 70–72) and testing with site 1
(n= 31–32)

2. Training with sites 1 and 3–6 (n= 73–74) and testing with site
2 (n=29)

3. Training with sites 1 and 2 (n= 60–61) and testing with sites
3–6 (n= 41–43).

These experiments were conducted separately for pretreat-
ment and first on-treatment MR imaging–derived features (com-
bined with clinical variables, Online Supplemental Data). Model
performance was assessed using both the concordance index (C-
index) and dynamic area under the curve (AUC) for different
time points.23

Top-Performing Features
For each experiment, the top 20 features were reported along
with their corresponding weights in the trained model (Online
Supplemental Data). The top features were calculated using “out
of bag” samples, which are sets of outcomes in the training set
that are randomly excluded frommodel training. This step avoids
overlap with the training data when analyzing the strength of a
given feature.

Statistical Analysis
Overall survival was defined as the time from therapy initiation
to death, and progression-free survival was defined as the time
from therapy initiation to progression of disease. If the patient
was alive at the last follow-up, the OS was censored at the time of
last clinical follow-up; in patients with stable or improved disease
at last follow-up, PFS was censored at the last imaging follow-up.
These results are based on the data lock date of November 20,
2019, for OS and September 6, 2019, for PFS. The accuracy of the
model was assessed using the C-index and dynamic AUC for dif-
ferent time points. Statistical analyses used Python, Version 3.7.6.

RESULTS
Patient Characteristics
A total of 113 patients with complete imaging of the 154 enrolled
in this trial were included in this analysis, including 103 patients
who had complete pretreatment imaging and 102 who had com-
plete first on-treatment imaging (Fig 1). The demographics and
treatment regimen of the included patients are presented in Table
1. Of the 113 patients included in the study, 103 had progression
(median PFS = 106 days; IQR = 56–150.5 days) and the remaining
10 were censored at the last imaging follow-up available. Ninety
of the 113 patients died during follow-up (median OS =
207.5 days; IQR = 150.5–393.5 days), and the remaining 23 were
censored at the last clinical follow-up.

The median time from pretreatment imaging to the start of
treatment was 7 days (IQR= 6–14 days) and from the start of
treatment to first on-treatment imaging was 55.5 days (IQR= 54–
56 days).

Radiomics Model Performance
After we removed high-variability features and redundant fea-
tures from the original 489 features, the pretreatment models
each included 162–267 features and the first on-treatment mod-
els included 168–200 features. The radiomics models trained
using pretreatment imaging features showed poor performance
in predicting OS and PFS (C-index = 0.472–0.521 for OS and C-
index = 0.472–0.524 for PFS in the testing cohort). Conversely,
the radiomics models trained using first on-treatment imaging
features showed a high C-index for the prediction of OS in the
out of bag training cohort (C-index = 0.690–0.721) and testing
cohort (C-index = 0.692–0.750, Table 2). Dynamic AUC plots
for the first on-treatment models predicting OS (Online
Supplemental Data) showed a peak AUC between 300 and
600 days postenrollment.

The first on-treatment imaging features–based radiomics
model also showed a high C-index for the prediction of PFS in
the out of bag training (C-index= 0.641–0.660) cohort and in the
testing cohort (C-index= 0.680–0.715, Table 2). Dynamic AUC
plots for the first on-treatment models predicting PFS showed
variable AUC peak times, ranging from approximately 125 to
400days.

Table 1: Patient characteristics
Characteristics n = 113

Age (mean) (yr) 55.2 (SD, 11.5)
Male (No.) (%) 78 (69%)
Race
White 99 (87.6%)
African American 1 (0.9%)
Asian 1 (0.9%)
Other 3 (2.7%)
Unknown 9 (8.0%)
Treatment regimen
Cohort A 30 (26.5%)
Cohort B 26 (23.0%)
Cohort B2 23 (20.4%)
Cohort B3 19 (16.8%)
Cohort C 15 (13.3%)
Median PFS (IQR) (days) 106 (56–150.5)
Median OS (IQR) (days) 207.5 (150.5–393.5)
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Top-Performing Features
Because the models trained using first on-treatment MR imaging
features had the best performance, they were used for determina-
tion of top-performing features. In each experiment with first on-
treatment MR imaging features, the 20 top-performing features
were predominantly texture features with a few shape features
included (Online Supplemental Data). The treatment regimen
was feature 12 of 20 in one of the models (Online Supplemental
Data), but it was not a top-performing feature in any of the other
first on-treatment models. Demographics and study site were not
included in the top features for any of the first on-treatment
models.

DISCUSSION
There is a need for identification of specific imaging features for
response assessment and reliable imaging-based prognostic
markers in glioblastoma. Our multicenter study demonstrates
that a radiomics model combining first on-treatment MR imag-
ing features and clinical variables can accurately predict OS and
PFS on durvalumab PD-L1 inhibition immunotherapy. The
results were consistent across treatment sites with heterogeneous
imaging protocols as confirmed by site-specific analysis with in-
dependent testing.

An increasing number of clinical trials are evaluating immu-
notherapy approaches for malignant glioma, but there are limited
data assessing machine learning–based or other quantitative
methods for imaging-based prognosis in patients with gliomas on
immunotherapy. Radiomics prediction of survival on PD-L1 in-
hibition immunotherapy has previously been studied in other
malignancies, including bladder cancer24 and non-small-cell lung
cancer.25 In glioma, previous work has used radiomics features
and machine learning to predict PD-L1 expression and subse-
quently found that the predicted high PD-L1 subgroup correlated
with better prognosis.26 There is also an extensive body of litera-
ture that has assessed the role of machine learning in various
other aspects of glioma imaging,27 including determination of gli-
oma grade,28 genomic status,29 segmentation,30 and prediction of
survival.31 Radiomics-based supervised machine learning algo-
rithms have shown that shape and texture features extracted from

conventional and advanced MR images can predict survival in
gliomas of varying grades.32,33 In recurrent glioblastoma treated
with bevacizumab, pretreatment texture and volumetric features
were predictive of progression and survival.34,35 However, in
recurrent high-grade gliomas treated with bevacizumab and radi-
ation, posttherapy scan texture features were predictive of overall
survival.36 Despite the differences in study populations, these
models are similar to our results in which 75%–85% of top-per-
forming first on-treatment features were texture features (Online
Supplemental Data). A combination of deep and supervised
learning using clinical features, tumor location, size, and features
extracted from postcontrast T1 images, fMRI, and DTI have also
been successful in predicting survival accurately in newly diag-
nosed glioblastoma.37

Our study identified texture features from all conventional
imaging sequences for both enhancing andWT volume contribu-
tory to predicting survival from first on-treatment MR imaging.
Our goal using first on-treatment MR imaging was to assess
immunotherapy-related imaging changes as opposed to progres-
sion-related changes because progression timelines and types
vary across the dataset. The predictive value of first on-treatment
imaging features may reflect biologic differences in responders
versus nonresponders to immunotherapy, including molecular
alterations and changes in immune expression and infiltration.38

The heterogeneity of the study population and integration of var-
ied imaging protocols are strengths of the study. Similar out-of-
bag and testing C-index values in each of the site-specific first-on
treatment analyses demonstrate that the first on-treatment imag-
ing feature-based prediction model is generalizable (Table 2).

Although overall survival in the durvalumab study was low,
with a median survival of 208 days, 20% of the study population
was alive at the time of last follow-up. The response rate to
immunotherapy in solid and hematologic malignancies is also
reported to be 20%–30%.39 Although the efficacy of checkpoint
inhibitors in glioblastoma is unclear, preliminary results suggest a
durable response in a small subset of patients.40 Early imaging-
based biomarkers that predict response to immunotherapy41 can
inform clinical decision-making.

Our study has several limitations. The relatively small sample
size is a limitation, and the results need verification in larger

Table 2: Radiomics model performance for prediction of OS and PFS
Outcome/ MR Imaging
Time Point Training Site Testing Site

OOB Training, Mean
C-Index (95% CI)

Testing AUC, Mean
C-Index (95% CI)

OS
Pretreatment Sites 2–6 (n = 72 Site 1 (n = 31) 0.471 (0.467–0.474) 0.521 (0.515–0.527)

Site 1, 3–6 (n = 74) Site 2 (n = 29) 0.523 (0.517–0.530) 0.472 (0.468–0.476)
Site 1–2 (n = 60) Site 3–6 (n = 43) 0.529 (0.526–0.532) 0.485 (0.483–0.488)

First on-treatment Sites 2–6 (n = 70) Site 1 (n = 32) 0.690 (0.688–0.692) 0.750 (0.747–0.753)
Site 1, 3–6 (n = 73) Site 2 (n = 29) 0.710 (0.708–0.713) 0.748 (0.744–0.752)
Site 1–2 (n = 61) Site 3–6 (n = 41) 0.721 (0.719–0.723) 0.692 (0.691–0.694)

PFS
Pretreatment Sites 2–6 (n = 72) Site 1 (n = 31) 0.469 (0.467–0.472) 0.524 (0.518–0.530)

Site 1, 3–6 (n = 74) Site 2 (n = 29) 0.521 (0.515–0.526) 0.472 (0.469–0.476)
Site 1–2 (n = 60) Site 3–6 (n = 43) 0.528 (0.524–0.531) 0.486 (0.484–0.488)

First on-treatment Sites 2–6 (n = 70) Site 1 (n = 32) 0.660 (0.658–0.663) 0.691 (0.688-0.693)
Site 1, 3–6 (n = 73) Site 2 (n = 29) 0.641 (0.640–0.643) 0.715 (0.712–0.717)
Site 1–2 (n = 61) Site 3–6 (n = 41) 0.648 (0.645–0.650) 0.680 (0.677–0.683)

Note:—OOB indicate out of bag.
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prospective trials and assessment for generalizability to other
immune checkpoint inhibitors. The sample size also did not allow
us to analyze advanced MR imaging variables such as DWI/
ADC or perfusion and various molecular alterations or study
the radiomics features in individual treatment regimens or
progression patterns separately. Instead, the treatment regi-
men was included as a variable in the random forest survival
analysis, where it was among the top-performing features in
only one of the first on-treatment models. In a larger check-
point inhibitor trial, we hope to conduct similar experiments
to further investigate the impact of treatment variation on
model performance, expand on this work to train models
based on distinct progression mechanisms, and validate results
across other checkpoint inhibitors. Last, while the variation in
image-acquisition parameters in this study supports the poten-
tial generalizability of the model, it also limits the reproduci-
bility of the imaging dataset used for model training.

CONCLUSIONS
We created and validated a robust machine learning model for
prediction of OS and PFS in patients with glioblastoma on PD-L1
inhibition immunotherapy using first on-treatment MR imaging
features across multiple institutions with varying imaging proto-
cols. Future studies are necessary to further assess the generaliz-
ability of the model and to combine additional clinical and
advanced imaging features for more robust prediction of survival
and progression.
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ORIGINAL RESEARCH
ADULT BRAIN

Radio-Pathomic Maps of Cell Density Identify Brain Tumor
Invasion beyond Traditional MRI-Defined Margins

S.A. Bobholz, A.K. Lowman, M. Brehler, F. Kyereme, S.R. Duenweg, J. Sherman, S.D. McGarry, E.J. Cochran,
J. Connelly, W.M. Mueller, M. Agarwal, A. Banerjee, and P.S. LaViolette

ABSTRACT

BACKGROUND AND PURPOSE: Currently, contrast-enhancing margins on T1WI are used to guide treatment of gliomas, yet tumor
invasion beyond the contrast-enhancing region is a known confounding factor. Therefore, this study used postmortem tissue sam-
ples aligned with clinically acquired MRIs to quantify the relationship between intensity values and cellularity as well as to develop
a radio-pathomic model to predict cellularity using MR imaging data.

MATERIALS AND METHODS: This single-institution study used 93 samples collected at postmortem examination from 44 patients with
brain cancer. Tissue samples were processed, stained with H&E, and digitized for nuclei segmentation and cell density calculation. Pre-
and postgadolinium contrast T1WI, T2 FLAIR, and ADC images were collected from each patient’s final acquisition before death. In-house
software was used to align tissue samples to the FLAIR image via manually defined control points. Mixed-effects models were used to
assess the relationship between single-image intensity and cellularity for each image. An ensemble learner was trained to predict cellular-
ity using 5 � 5 voxel tiles from each image, with a two-thirds to one-third train-test split for validation.

RESULTS: Single-image analyses found subtle associations between image intensity and cellularity, with a less pronounced relation-
ship in patients with glioblastoma. The radio-pathomic model accurately predicted cellularity in the test set (root mean squared
error ¼ 1015 cells/mm2) and identified regions of hypercellularity beyond the contrast-enhancing region.

CONCLUSIONS: A radio-pathomic model for cellularity trained with tissue samples acquired at postmortem examination is able to
identify regions of hypercellular tumor beyond traditional imaging signatures.

ABBREVIATIONS: CD31 ¼ cluster of differentiation 31; CPM ¼ cellularity prediction map; GBM ¼ glioblastoma; IHC ¼ immunohistochemically; MIB-1 ¼
Mindbomb Homolog 1 index; NGG ¼ non-GBM glioma; RMSE ¼ root mean squared error; TIC ¼ gadolinium-enhanced T1WI

H igh-grade primary brain tumors such as glioblastomas
(GBMs) are associated with particularly dismal prognoses,

with a mean survival rate of around 12–18months postdiagnosis.1

Precise localization of tumor margins, currently performed using

multiparametric MR imaging, is essential to maximizing the efficacy
of surgical and radiation treatments for these tumors as well as
monitoring tumor progression. T1WI acquired following injection
with a gadolinium contrast agent (T1C) is used to identify regions
where active tumor has disrupted the blood-brain barrier. Contrast
enhancement is used to define the extent of the primary tumor
region.2 Hyperintense regions on FLAIR images are thought to indi-
cate a combination of tumor-related edema3-5 and infiltrative non-
enhancing tumor.6 Multi-b-value DWI is also typically included in
glioma imaging protocols and is used to calculate quantitative ADC
maps. These maps identify areas of restricted diffusion that may
indicate either hypercellular tumor7-10 or coagulative necrosis.11

Tumor heterogeneity has been a recent focus in imaging stud-
ies of GBM. With noninvasive imaging, regional heterogeneity is
readily measurable, but capturing heterogeneity with pathology
samples is challenging. It can be achieved with en bloc resec-
tion12,13 or repeat sampling with image-guided biopsies. Each of
these techniques requires properly aligning samples to their loca-
tion on the imaging, which can be difficult due to the loss of
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orientation information during sectioning. Other issues such as
brain shift during craniotomy and the inability to sample regions
outside the suspected tumor region further complicate these
strategies. Despite these challenges, pathologic measurement of
tumor heterogeneity is crucial to improving the localization of
multiple tumor pathologies as well as validating imaging signa-
tures beyond the currently accepted tumor boundary.

Studies at postmortem examination have shown that viable tu-
mor can exist as far as 10 cm beyond contrast enhancement, where
heterogeneous pathologic features may confound traditional MR
imaging interpretations.9,11,14 Due to the sampling limitations of bi-
opsy samples, pathologic validation of the MR imaging signatures is
warranted beyond the contrast-enhancing region and in the post-
treatment state. This study used large tissue samples collected across
the brain at postmortem examination to validate current imaging
signatures as well as develop predictive tools to assess prospective
tumor beyond the contrast-enhancing region. Specifically, this
study tested the hypotheses that multiparametric MR imaging

intensity values are associated with tu-
mor cellularity at postmortem examina-
tion and that a radio-pathomic model
trained on postmortem data can accu-
rately identify regions of hypercellular
tumor beyond traditional imaging
signatures.

MATERIALS AND METHODS
Patient Population
This single-institution study was
approved by the institutional review
board of the Medical College of
Wisconsin, and written, informed con-
sent was obtained from each partici-
pant. A total of 44 consecutive patients
with pathologically confirmed brain
tumors were enrolled in this study.
Subjects collected before 2021 have
been retrospectively reclassified in con-
cordance with the 2021 World Health
Organization Classification standards
for brain tumors.15 Patients underwent,
on average, 1.55 operations, with 19
patients undergoing .1 operation and
3 patients undergoing no operation.
Subjects included in this study par-
tially overlap with small subsets used
for prior articles.9,16,17 Clinical histor-
ies and demographic information are
shown in Table 1. A diagrammatic
representation of the tissue and the
imaging data-collection process is
shown in Fig 1.

MR Image Acquisition and
Preprocessing
T1, T1C, and FLAIR and DWI-derived
ADC images collected from the

patient’s last clinical imaging session before death were included
for analysis (See the Online Supplemental Data for sample acquisi-
tion parameters). All images were rigidly aligned with each sub-
ject’s FLAIR image using the FMRIB Linear Image Registration
Tool (FLIRT; http://www.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT).18-20

All nonquantitative images (T1, T1C, FLAIR) were intensity-nor-
malized by dividing the voxel intensity by its whole-brain SD.21,22

Gray and white matter probability maps were computed using
SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/).

Pathologic Feature Extraction
A total of 93 tissue samples were collected across all patients using
previously described methods (See the Online Supplemental Data
for further details).9,11,16 After digitization, images were processed
using Matlab 2020b (MathWorks) to extract pathologic features for
quantitative analyses. First, a color deconvolution algorithm was
used to project color data in terms of relative stain intensities,
resulting in an image with color channels representing hematoxylin,

Table 1: Clinical and demographic summary for study samplea

Overall GBM NGG Other
No. of subjects 44 32 10 2
Age (yr) 60.2 (13.7) 62.4 (11.6) 50.3 (15.3) 75.5 (13.4)
Overall survival (mo) 40.4 (61.5) 35.3 (64.9) 64.3 (46.1) 2.0 (0)
Radiation treatment (y/n) 39/5 29/3 10/0 0/2
Chemotherapy (y/n) 40/4 30/2 10/0 0/2
Tumor-treating fields (y/n) 28/16 16/16 0/10 0/2
Other treatment (y/n) 7/37 5/27 2/8 0/2
Time between last MR imaging
and death (days)

63.0 (62.1) 49.6 (42.3) 111.8 (93.1) 33.0 (13.4)

Note:—Y/n indicates yes/no.
a Quantitative values are presented as mean (SD).

FIG 1. Overview of the data-collection process. A, MR imaging data are collected from the
patient’s final imaging session before death and coregistered, and T1, T1C, and FLAIR images are in-
tensity-normalized. Tissue fixation and sampling involve the use of 3D printed brain cages and
slicing jigs to preserve structural integrity relative to the MR imaging. Following staining, tissue
samples are digitized for cellularity calculation using an automated nuclei segmentation algo-
rithm. B, In-house software is used to align each tissue sample to the FLAIR image using manually
defined control points and ROIs. C, Single-image cellularity associations are computed using
mixed-effects models, and a bagging regression ensemble is trained to predict cellularity using 5
� 5 voxel tiles from each image using a two-thirds to one-third train-test split.
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eosin, and residual color information.23,24 Images were then down-
sampled by a factor of 10 to smooth color data for improved nuclei
segmentation as well as to decrease processing time. Cell nuclei
were highlighted by applying filters on each color channel to selec-
tively identify positive hematoxylin staining, and individual nuclei
were identified using Matlab’s regionprops function. Cell count was
computed across 50 � 50 superpixels and converted to cells per
square millimeter. Segmentations for extracellular fluid and cyto-
plasm were computed and converted to proportions of the super-
pixel occupied by the component of interest. All segmentations
were visually inspected for quality assurance, and sample segmenta-
tions are provided in the Online Supplemental Data.

MRI-Histology Coregistration
Previously published in-house software (written in Matlab) was
used to precisely align histology images to each patient’s clinical
imaging (See the Online Supplemental Data for further
details).9,11,16,25,26 Voxel intensity values from T1, T1C, FLAIR, and
ADC images as well as cellularity values for each studied voxel were
then collected across the aligned tissue sample area and used for
subsequent analyses. Across all 93 samples, a total of 578,668 voxels
were included. All MR imaging and histology data were then
sampled to the most common cross-sectional MR imaging dimen-
sions (matrix size¼ 512� 512, voxel size¼ 0.4397 � 0.4397mm).

Statistical Analyses
Single-Image Analyses. Linear mixed-effects models were used to
quantify associations between MR imaging values and cellularity.
Image intensity was included as a main effect, with time between
the last MR imaging and patient death (in days) and gray/white
matter probability included as covariates. Patient number was
included in the model to account for patient-specific confounds.
Regression coefficients and R2 values (conditional and marginal)
were reported to quantify the relationship between MR imaging
intensity and cellularity in terms of slope and explained variance,
respectively.

To specifically compare diagnosis-level differences in the rela-
tionship between MR imaging intensity and cellularity, we com-
puted similar mixed-effects models for each image type, including a
term for the interaction between image intensity and diagnosis, with
diagnostic groups corresponding to GBM, non-GBM glioma
(NGG), and Other. The Other category consisted of 1 patient with
brain metastases originating from the colon and 1 patient with a
classically hypercellular diffuse large B-cell lymphoma. Both patients
did not receive treatment for their brain tumors and can thus pro-
vide a proxy for radiologic-pathologic relationships in the untreated
state. Due to the large number of observations relative to the
patient-level data set size, P values were considered a poor measure
of meaningful significance (all P, .00001). Therefore, measures of
effect size are reported for this subanalysis. Analogous models were
also calculated for extracellular fluid and cytoplasm as the depend-
ent variables to examine other cellular factors that may drive imag-
ing values, which are presented in the Online Supplemental Data.

Radio-Pathomic Modeling. A random forest ensemble algorithm
was used as the framework for developing a radio-pathomic
model of cellularity in 30 subjects. Specifically, a bootstrap

aggregating (bagging) model was used (100 learning cycles, learn
rate ¼ 1), which fits independent weak learners across several in-
dependent bootstrapped samples from the training data set to
obtain a combined ensemble model that minimizes variance
across learners.27,28 Inputs for this model were intensity values
from 5 � 5 voxel tiles across each image to incorporate spatial
and contextual information. The models were then applied to
MRIs from 14 held out test set subjects to test generalizability
(Table 2). Performance was quantified using root mean squared
error (RMSE) values. Predictions were then plotted for test set
subjects to assess successful identification of hypercellularity
beyond traditional imaging signatures, defined for this study as a
substantial relative increase in cell density compared with the sur-
rounding tissue and corresponding area on the contralateral
hemisphere. Due to the inter- and intratumoral heterogeneity of
the tumors included in this study, an absolute threshold for tu-
mor-related hypercellularity could not be defined, though relative
hypercellularity estimations aligned well with pathologically iden-
tified regions of tumor on a subset of samples used for validation
(Online Supplemental Data).

RESULTS
Single-Image Analyses
Mixed-effects model results for the single image analyses are pre-
sented in Fig 2. T1, T1C, and FLAIR images demonstrated posi-
tive associations with cellularity (T1 b ¼ 160.23 [5.11],
conditional R2 ¼ 0.35, marginal R2 ¼ 0.012; T1C b ¼ 480.60
[4.00], conditional R2 ¼ 0.44, marginal R2 ¼ �0.074; FLAIR
b ¼ 152.50 [3.12], conditional R2 ¼ 0.34, marginal R2 ¼ 0.010).
ADC values demonstrated a negative association with cellularity
(b ¼ �153.72 [5.45], conditional R2 ¼ 0.34, marginal R2 ¼
0.008). When we split data by diagnostic group (GBM versus
NGG versus Other), stronger relationships between image inten-
sity and cellularity were observed for NGG and Other patients
across each image except the precontrast T1, with the largest
diagnostic discrepancy seen in the ADC-cellularity relationship
(T1 b ¼ 135.56 [4.10], conditional R2 ¼ 0.15, marginal R2 ¼
0.014; T1C b ¼ 615.22 [3.76], conditional R2 ¼ 0.30, marginal
R2 ¼ 0.126; FLAIR b ¼ 277.51 [2.83], conditional R2 ¼ 0.18,
marginal R2 ¼ 0.036; ADC b ¼ 168.24 [2.84], conditional R2 ¼
0.16, marginal R2 ¼ 0.016). The GBM group showed an opposite-
direction relationship compared with the Other group for the
precontrast T1 intensity, with only a subtle relationship seen in
the NGG group.

Table 2: Clinical and demographic summary for training and
test set groupsa

Training Test
Diagnosis (GBM/NGG/Other) 24/4/1 8/6/1
Age (yr) 62.5 (12.9) 55.8 (14.5)
Overall survival (mo) 39.9 (69.5) 41.3 (44.9)
Radiation treatment (y/n) 25/4 14/1
Chemotherapy (y/n) 26/3 14/1
Tumor-treating fields (y/n) 12/17 4/11
Other treatment (y/n) 3/26 4/11
Time between last MR imaging
and death (days)

46.2 (39.2) 95.5 (83.9)

Note:—Y/n indicates yes/no.
a Quantitative values are presented as mean (SD).
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Radio-Pathomic Mapping
A summary of model performance, including training and test
set RMSE values and a scatterplot summarizing sample predic-
tion values, is provided in Fig 3. Overall training and test set
RMSE values (389 and 1015 cells/mm2, respectively) show some
degree of overfitting regarding the training data set, but they gen-
erally indicate accurate prediction of cellularity. A small subset of
subjects also performed worse than the general test set, as indi-
cated by the high RMSE outliers in Fig 3. The scatterplot, which
demonstrates sample predictions in terms of T1SUB (T1C–T1),
FLAIR, and ADC intensity values, shows indications of expected

relationships (ie, FLAIR-ADC mis-
match associated with hypercellular-
ity) but also shows that traditional
hypercellularity signatures are often
nonspecific. Sample predictions for
test set subjects are included in Fig 4,
in which cellularity predictive maps
(CPM) for the whole brain are pro-
vided with the clinical images for each
patient, as well as the pathologic
ground truth from the aligned post-
mortem slide. These sample predic-
tions show that the CPMs calculated
from the radio-pathomic model accu-
rately predict several regions of
increased cellularity beyond the tradi-
tional contrast-enhancing region and
discriminate between hypercellular
and nonhypercellular regions within
contrast enhancement. Additionally, a
tissue sample from a region of pre-
dicted hypercellularity beyond con-
trast enhancement on a 64-year-old

man’s test set subject (diagnosed with a GBM) was sampled and
immunohistochemically (IHC) stained to confirm the presence
of active tumor (Fig 5). Specifically, Ki-67 staining, which is used
to calculate the Mindbomb homolog-1 Index (MIB-1 index) as a
measure of mitotic activity, and cluster of differentiation 31
(CD31), which stains positive in regions of angiogenesis, were
collected in addition to standard H&E staining. Sample MR
images and CPMs are presented for the test set subject designated
for IHC analysis, along with tissue maps indicating the MIB-1
index, positive CD31 staining, and actual cellularity. The CPM
identifies a region of hypercellularity toward the perimeter of the

FIG 2. Single-image results depicting the relationship between image intensity and cellularity for each contrast. b values for the left-handed
plots indicate the change in cellularity per SD increase in image intensity and indicate positive associations for T1, T1C, and FLAIR, with the
expected negative association between ADC and cellularity present. b values for the right-handed plots indicate the difference in slope among
patients with GBM and NGG and Other patients, indicating that patients with GBM show less pronounced cellularity associations than patients
with NGG across all image types, with the exception of T1 intensity.

FIG 3. A, Subject-level RMSE values for the training and test data sets. Despite some degree of
overfitting, the test set RMSE indicates that the radio-pathomic model is able to accurately pre-
dict cellularity across most subjects. B, Sample predictions for test set imaging values presented
in terms of their T1SUB, FLAIR, and ADC intensity values. Patterns suggest the presence of tradi-
tional imaging signatures but also indicate the lack of specificity for these signatures with regard
to hypercellularity. TISUB indicates T1C–T1.
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posterior FLAIR hyperintense region of the left hemisphere, out-
side the T1 contrast enhancement. The tissue-derived cellularity
map confirms the presence of hypercellularity in this region, with
MIB-1 staining indicating high mitotic activity in the left-handed
portion of the hotspot and positive CD31 staining indicating

increased angiogenesis throughout the
hotspot, confirming likely tumor
presence.

DISCUSSION
By means of tissue samples taken at
postmortem examination aligned to
the patients’ clinical imaging, this study
assessed relationships between imaging
and pathology in the posttreatment
state, as well as beyond the contrast-
enhancing region. Linear mixed-effects
model–based analyses of image inten-
sity values found that single-image sig-
natures explain a relatively small
proportion of cellularity variance.
Additional analyses found an effect of
tumor type on the cellularity-intensity
relationship, with reduced cellularity
associations seen in patients with GBM
compared with those with NGG across
all image types. We developed a radio-
pathomic model using a bagging en-
semble architecture, which predicted
cellularity accurately on withheld sub-

jects, despite performing less reliably in a small subset of cases. The
model accurately predicted regions of hypercellularity beyond con-
trast enhancement and other traditional imaging signatures, and
IHC staining confirmed the presence of tumor within nonenhanc-
ing hypercellularity.

FIG 4. Sample predictions for 3 representative subjects, including a 43-year-old man diagnosed with a grade III anaplastic astrocytoma (A), a 48-
year-old man diagnosed with a GBM (B), and a 31-year-old woman diagnosed with a grade III anaplastic astrocytoma (C). These predictions indi-
cate that the radio-pathomic model is able to predict regions of hypercellularity beyond the contrast-enhancing region as well as in the absence
of restricted diffusion on the ADC image.

FIG 5. IHC staining for a nonenhancing region of predicted hypercellularity outside of contrast
enhancement (a 64-year-old man diagnosed with GBM). The ROI corresponds to an actual region
of hypercellularity seen on H&E staining as well as portions of high MIB-1 index and CD31 positiv-
ity. These molecular features indicate that this CPM-identified region contains active, proliferat-
ing tumor beyond the contrast-enhancing region. CPM indicates cellularity prediction map.
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The general trends for increased cellularity associated with
increased contrast enhancement and FLAIR intensity support the
notion that these features relate to the pathologic effects of the tu-
mor. However, these features failed to account for most cellularity
variance and, in some cases, failed to identify regions of hypercellu-
lar tumor. Past studies have particularly highlighted ADC values as
a correlate for cellularity. This study finds evidence of this negative
association, though the strength of this relationship is more subtle
in comparison with previous studies. Previous studies have sug-
gested that radiation therapy and other treatments may influence
these signatures because induced necrosis may confound tradi-
tional interpretations of these features.29,30 Diagnostic factors may
play a role here as well because the results of this study show that
GBM cases, which present with a wide range of pathologic charac-
teristics, have less pronounced relationships between cellularity
and imaging values than their lower-grade, more pathologically
homogeneous counterparts.31-33 Further studies probing the effects
of different treatments and tumors on imaging characteristics may
be able to further delineate these discrepancies between hypercellu-
lar and visually identifiable tumor. Particularly, studies comparing
radio-pathomic signatures between patients who have and have
not received treatment postsurgery could indicate how the rela-
tionship between MR imaging and pathology deviates in the
treated state from that of the natural progression of glial tumors.
Future studies modeling treatment duration and timing are
warranted.

The performance statistics for our radio-pathomic model sug-
gest that our model can accurately assess tumor cellularity in
patients with brain cancer. Most subjects in the test set had a RMSE
within an SD of each subject’s cellularity, indicating that the model
has the capacity to generalize to unseen data. These results thus
demonstrate the feasibility of developing radio-pathomic models for
pathologic features using postmortem tissue data, which have the
added benefits of larger sampleable tissue areas and the presence of
treatment-related effects. Sample whole-brain CPMs indicate that
the radio-pathomic model can highlight regions of hypercellularity
beyond contrast enhancement, suggesting that radio-pathomic
modeling may provide improved localization of hypercellular tumor
areas in the posttreatment setting. Posttreatment modeling is critical
for tracking longitudinal tumor development in a clinical setting
because models that can account for the effects of various treat-
ments on imaging signature will provide more reliable estimates of
tumor presence than those developed in the absence of treatment.
Studies mapping genetic signatures associated with treatment resist-
ance, immune response, and treatment receptivity using these tech-
niques may even be able to noninvasively distinguish among areas
of tissue that would benefit from different treatment types.
Additionally, future studies with larger samples might use these
maps to track differences in more specific brain cancer subtypes,
such as monitoring nonenhancing behavior and the hypercellular
growth rate between glioblastoma and other high-grade gliomas.

The CPMs generated from this radio-pathomic model pro-
vide early insight into clinical uses for noninvasive imaging
models for pathologic information collected at postmortem ex-
amination. By using commonly acquired clinical scans (T1, T1C,
FLAIR, ADC), this model can provide predictions on retrospec-
tive data as well as predict cellularity in future subjects without

adding additional scan time to a patient’s clinical MR imaging
acquisition. However, less common add-on acquisitions meas-
uring perfusion, spectroscopy, and chemical exchange saturation
transfer properties have shown great promise in identifying
pathologic signatures of tumors, and it is likely that including
these images in future studies may improve our models further.

Limitations
While the results of this study are promising, there are several limi-
tations that warrant noting. This study developed voxelwise predic-
tions across hundreds of thousands of observations, though the
subject-level sample size is still small by machine learning stand-
ards. Additionally, cellularity was used as the ground truth mea-
surement for this study due to its quantitative, calculatable nature.
However, hypercellularity is a nonexclusive and indirect marker of
tumor pathology, and future studies focused on predicting actual
tumor presence may be better suited to distinguishing tumor hyper-
cellularity from features like immune response. Likely, the largest
contributing factor to the limits of this study is the time between
MR imaging acquisition and tissue collection. While we statistically
controlled for this factor, it is possible that confounding effects such
as tumor growth within this period may influence the results
beyond statistical covariance. While it is feasible to perform MR
imaging on the postmortem brain to circumvent this time delay,
changes in tissue perfusion and properties resulting from brain
extraction and fixation would make the radio-pathomic model dif-
ficult to generalize to in vivo imaging. These specific weaknesses are
avenues for future research, in which the delay between the time of
death and final MR imaging are modeled extensively.

CONCLUSIONS
This study evaluated multiparametric MR imaging signatures of
brain tumor pathology and developed a radio-pathomic model
for brain cancer using machine learning. Our predictive maps of
tumor cellularity highlighted tumor beyond conventional boun-
daries and plausibly tracked tumor growth using longitudinal
imaging. We hope that these algorithms may be useful in the
future for treatment planning and tumor monitoring.
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ORIGINAL RESEARCH
ADULT BRAIN

DSC Perfusion MRI–Derived Fractional Tumor Burden and
Relative CBV Differentiate Tumor Progression and Radiation

Necrosis in Brain Metastases Treated with Stereotactic
Radiosurgery

F. Kuo, N.N. Ng, S. Nagpal, E.L. Pollom, S. Soltys, M. Hayden-Gephart, G. Li, D.E. Born, and M. Iv

ABSTRACT

BACKGROUND AND PURPOSE: Differentiation between tumor and radiation necrosis in patients with brain metastases treated with
stereotactic radiosurgery is challenging. We hypothesized that MR perfusion and metabolic metrics can differentiate radiation ne-
crosis from progressive tumor in this setting.

MATERIALS AND METHODS: We retrospectively evaluated MRIs comprising DSC, dynamic contrast-enhanced, and arterial spin-
labeling perfusion imaging in subjects with brain metastases previously treated with stereotactic radiosurgery. For each lesion, we
obtained the mean normalized and standardized relative CBV and fractional tumor burden, volume transfer constant, and normal-
ized maximum CBF, as well as the maximum standardized uptake value in a subset of subjects who underwent FDG-PET. Relative
CBV thresholds of 1 and 1.75 were used to define low and high fractional tumor burden.

RESULTS: Thirty subjects with 37 lesions (20 radiation necrosis, 17 tumor) were included. Compared with radiation necrosis, tumor
had increased mean normalized and standardized relative CBV (P = .002) and high fractional tumor burden (normalized, P = .005;
standardized, P = .003) and decreased low fractional tumor burden (normalized, P = .03; standardized, P = .01). The area under the
curve showed that relative CBV (normalized = 0.80; standardized = 0.79) and high fractional tumor burden (normalized = 0.77;
standardized = 0.78) performed the best to discriminate tumor and radiation necrosis. For tumor prediction, the normalized relative
CBV cutoff of $1.75 yielded a sensitivity of 76.5% and specificity of 70.0%, while the standardized cutoff of $1.75 yielded a sensi-
tivity of 41.2% and specificity of 95.0%. No significance was found with the volume transfer constant, normalized CBF, and standar-
dized uptake value.

CONCLUSIONS: Increased relative CBV and high fractional tumor burden (defined by a threshold relative CBV of $1.75) best differ-
entiated tumor from radiation necrosis in subjects with brain metastases treated with stereotactic radiosurgery. Performance of
normalized and standardized approaches was similar.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; DCE ¼ dynamic contrast-enhanced; FTB ¼ fractional tumor burden; Ktrans ¼ vol-
ume transfer constant; max ¼ maximum; nCBF ¼ normalized CBF; nRCBV ¼ normalized relative CBV; RCBV ¼ relative CBV; RN ¼ radiation necrosis; sRCBV ¼
standardized relative CBV; SRS ¼ stereotactic radiosurgery; SUV ¼ standardized uptake value

Perfusion and metabolic imaging markers such as relative CBV
(RCBV) acquired with DSC, volume transfer constant (Ktrans)

acquired with dynamic contrast-enhanced (DCE) imaging, CBF
acquired with arterial spin-labeling (ASL), and standardized
uptake value (SUV) acquired with [18F] FDG-PET have been
investigated to overcome the diagnostic challenge of differentiat-
ing progressive tumor and radiation necrosis (RN) in the post-
treatment brain tumor setting.1-3 A relatively newly described
DSC-derived metric, fractional tumor burden (FTB), which is
defined as the volume fraction of contrast-enhancing voxels
above or below a defined RCBV threshold, has also shown
increasing potential for spatial discrimination of tumor and treat-
ment effect.2

Single quantitative perfusion values (such as mean, median, or
maximum RCBV) may not accurately reflect the spatial heteroge-
neity of tumor. FTB, however, can provide per-voxel assessment
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of the entire contrast-enhancing lesion volume. While a previous
study used 1 RCBV threshold in the evaluation of tumor,3 we
have recently shown, in a study of recurrent glioblastoma, that 2
normalized RCBV thresholds (1 and 1.75) can classify voxels into
low- and high-FTB classes, which define fractions of the contrast-
enhancing volume with low and high blood volume, respectively,
and can help differentiate treatment necrosis from tumor as well
as guide clinical decision-making.4 Therefore, FTB maps allow
spatial representation of areas of suspected tumor and treatment
effect, because both can coexist in various proportions within a
given lesion.2,3 Standardization of RCBV, which uses a method to
transform RCBV maps to a standardized intensity scale without
the need for operator-defined reference ROIs (potentially mini-
mizing variability in the acquisition of RCBV measurements),5

has also shown performance similar to that of normalized RCBV
in distinguishing tumor from treatment effect.6

In this study, we evaluated the utility of DSC-derived FTB in
patients with brain metastases after previous treatment with stero-
tactic radiosurgery (SRS). We hypothesized that the use of 2 RCBV
thresholds (using normalized and standardized approaches) to
define low and high FTB, as in our prior study of recurrent glio-
blastoma,4 could be effective in distinguishing progressive tumor
from RN in previously treated brain metastases. In this study,
RCBV refers to either normalized or standardized RCBV, while
nRCBV and sRBV refer specifically to normalized and standar-
dized RCBV, respectively. A secondary goal was to evaluate the
performance of metrics derived from other perfusion and meta-
bolic techniques, including DCE, ASL, and FDG-PET.

MATERIALS AND METHODS
Subjects
This retrospective study was approved by Stanford University’s
institutional review board. Through a key word search of our
PACS database, we identified subjects with brain metastases pre-
viously treated with SRS between May 2018 to October 2020.
Inclusion criteria were the following: 18 years of age or older, his-
tory of brain metastases previously treated with SRS, and post-
treatment perfusion MR imaging showing at least 1 suspicious
contrast-enhancing lesion (defined by interval growth post-SRS),
with the longest lesion diameter measuring$10mm. Subjects
were excluded if they had nonenhancing lesions, extensive sus-
ceptibility related to blood or surgical material (obscuring .50%
of the target lesion) on raw precontrast DSC images, a histopa-
thologic diagnosis of lymphoma or a primary brain tumor such
as glioma, or if a clinical assessment of the lesion ground truth
could not be established at the time of the study. In a subset of
patients who had PET-MR imaging, evaluation of the presence of
metabolic activity was performed. Clinical demographics, histo-
pathologic information, and treatment history were obtained
through the electronic medical record.

Imaging Acquisition
MRIs were performed on 3T scanners (Discovery MR750 or Signa
Architect, GE Healthcare, n=28; Magnetom Skyra, Siemens, n=2).
Most imaging was acquired as part of the RN protocol of our insti-
tution, which consisted of the following sequences (in order of ac-
quisition): pregadolinium 3D T1-weighted inversion recovery fast-

spoiled gradient recalled, ASL, DCE, T2-weighted, DSC, and post-
gadolinium 3D T1 inversion recovery fast-spoiled gradient recalled.

ASL imaging (TR/TE = 4000 /10ms, in-plane spatial resolu-
tion = 3mm, section thickness = 4mm, skip = 0mm, with the
labeling plane at the level of the foramen magnum) was performed
with a 3D background-suppressed fast spin-echo technique with-
out vascular suppression using a pseudocontinuous labeling time
of 1.5 seconds, followed by a 2-second postlabeling delay.

DCE imaging consisted of 5 axial 3D fast-spoiled gradient
recalled flip angle series (2°, 5°, 10°, 15°, and 20°) used for T1 map-
ping, followed by acquisition of the dynamic images (TR/TE = 3–5/
1–2ms, flip angle = 30°, section thickness = 3mm with 0-mm skip,
FOV = 240mm, matrix = 128 � 128 mm, 70 phases, 20 slices/
phase, 4 seconds/phase) obtained after the intravenous injection of
0.05mmol/kg of gadobenate dimeglumine (MultiHance; Bracco
Diagnostics). This initial contrast load served as a preload dose to
help correct for leakage effects in subsequent DSC imaging.
Following DCE and T2-weighted acquisitions, a second 0.05-
mmol/kg gadolinium dose was administered for DSC (TR/TE =
1800 /35–40ms, section thickness = 5mm with 0mm skip with 20
images covering the brain, flip angle = 60°, matrix = 128 �
128mm, FOV = 240mm). If DCE was not acquired, a dose of
0.05mmol/kg of gadolinium was still administered as a preload
dose before T2-weighted and DSC imaging.

A subset of subjects underwent FDG-PET imaging on a 3T
PET-MRI scanner (Signa) using TOF capability, following an in-
travenous injection of 5–6mCi of [18F] FDG. The time from
injection to imaging was 45–75minutes. Attenuation correction
was performed with zero TE MRI, using proton density differen-
ces to classify soft tissues, air, and bone in the head. While PET
data were acquired, axial 3D T1 spoiled gradient-recalled images
were acquired for PET attenuation correction, with generation of
in-phase, out-of-phase, fat, and water images using the Dixon
method. In addition, axial proton density–weighted zero TE
images (TR/TE = 400/0.02ms, FOV = 264mm, matrix = 110 �
110mm, section thickness = 2.4mm with 0-mm skip) were
acquired.

Image Processing and Analysis
A second-year neuroradiology fellow (F.K.) performed all image
segmentation and ROI placement. All ROIs were reviewed, con-
firmed, and adjusted (if necessary) by a board-certified neurora-
diologist with 10 years of brain tumor imaging interpretation and
segmentation experience (M.I.). Each lesion was analyzed sepa-
rately in subjects with.1 lesion.

DSC Processing and Analysis
We used a workstation equipped with OsiriX MD Imaging
Software (Version 7.0; http://www.osirix-viewer.com) and a FDA-
cleared plug-in (IB Neuro, Version 2.0; Imaging Biometrics),
which uses established leakage-correction methods, to process per-
fusion data and calculate RCBV and FTB.2,3,7,8 For semiautomated
image processing, we used IB Rad Tech (Version 2.0; Imaging
Biometrics), a workflow engine that generates quantitative D T1
and FTB maps from the IB Delta Suite (Version 2.0; Imaging
Biometrics) and IB Neuro plug-ins (Imaging Biometrics), accord-
ing to a previously described workflow.4,8 Normalization was
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performed relative to the contralateral normal-appearing white
matter. Standardization was built into the software algorithm and
did not require additional operator-defined input. For each
approach, we used 2 previously tested RCBV thresholds (1 and
1.75) to define 3 FTB classes: FTBlow, percentage of contrast-
enhancing voxels with RCBV of#1.0; FTBmid, percentage of vox-
els with RCBV between 1.0 and 1.75; and FTBhigh, percentage of
voxels with RCBV of$1.75. An sRCBV of 1.56 was also evaluated
as a threshold for tumor, given a prior report of this value indicat-
ing .88% probability of tumor.3,9 Percentage values from the 3
FTB classes were summed to 100%. Mean nRCBV and sRCBV val-
ues of the contrast-enhanced volumes were generated for each sub-
ject. Contrast-enhanced T1-weighted images of the lesion
superimposed on the FTB map containing assigned colored voxels
for each class (FTBlow = blue; FTBmid = yellow; FTBhigh = red) and
a histogram displaying voxels for the contrast-enhancing volume
were also generated.

DCE Processing and Analysis
We used OsiriX MD (Version 7.0) and a commercially available
plug-in for DCE analysis (IB DCE, Version 2.0; Imaging
Biometrics). Using the semiautomated pipeline of the software,
which includes automated generation of the vascular input func-
tion, operator-defined segmentation of the entire contrast-
enhancing volume on contiguous dynamic contrast-enhanced
T1-weighted images, and pharmacokinetic modeling using the 2-
compartment Tofts model, we acquired mean Ktrans values of the
contrast-enhancing lesion volume.

ASL and PET Processing and Analysis
Postprocessed ASL imaging was performed by an automated
reconstruction script that sent CBF images directly to the PACS.

PET images were reconstructed using TOF ordered subsets ex-
pectation maximization (32 subsets, 8 iterations, 256 � 256mm
matrix, standard z-axis filter, cutoff of 3) and zero TEMRI.

Analysis was performed by manually drawing an ROI around
the margin of each enhancing lesion on a single image section
that contained the area of maximum enhancement (excluding as

much cystic or necrotic areas as possible) on axial postgadoli-
nium, T1-weighted imaging using OsiriX MD (Version 7.0). The
ROI was then transferred to coregistered and postprocessed ASL
images to obtain the maximum CBF value and coregistered MRI-
based attenuation-corrected FDG-PET images calculated from
the PET 45- to 75-minute summed raw data to obtain the maxi-
mum standardized uptake value (SUVmax). Studies have shown
that SUVmax is a more reliable and accurate parameter for quanti-
fication.10 SUVmax ratios were then produced by normalizing the
SUV maps to the pons, which was chosen as a reference area
because its metabolism and volume are least affected by disease.11

For consistency, the CBFmax of the lesion was also used for ASL,
similar to use in prior studies of quantification,12 and normalized
to the pons to obtain the maximum normalized CBF value
(nCBF).

Determination of Ground Truth Diagnoses
The diagnosis of tumor was based on fulfilling one of the following
criteria: 1) final histopathologic diagnosis in the electronic medical
record if the patient underwent resection (n=6); 2) clinical deter-
mination by a radiation oncologist (S.S. and E.L.P.) of a tumor-
progression diagnosis and need for further treatment (ie, repeat
SRS or whole-brain radiation therapy or a CNS-penetrating sys-
temic agent) (n=3); and 3) a decreased contrast-enhancing size of
the lesion after repeat SRS, performed after the study perfusion
MR imaging (n=8). The diagnosis of RN was based on fulfilling
one of the following criteria: 1) final histopathologic diagnosis in
the electronic medical record if the patient underwent resection
(n=7); and 2) clinical determination by a radiation oncologist (S.S.
and E.L.P.) of an RN diagnosis without the need for further treat-
ment (ie, the lesion became smaller on serial MR imaging without
tumor-directed therapy, n=13).

For FTB-histopathology correlation, a neuropathologist with
.25 years of experience (D.E.B.) evaluated H&E stains of all sub-
mitted specimens (mean, 2; range, 1–5) in each subject who had
undergone surgical resection. Percentages of tumor and necrosis/
gliosis were visually estimated in each specimen. In subjects with

Table 1: Demographics and clinical information

RN (n = 20 Lesions) Tumor (n = 17 Lesions)
Age (mean) (SD) (yr)a 65 (8.9) 54 (12.8)
Sex (male/female)a 9:8 3:10
Primary tumorb

Lung 10 (50.0%) 3 (17.6%)
Breast 5 (25.0%) 9 (52.9%)
Melanoma 2 (10.0%) 0
Colorectal 2 (10.0%) 0
Tonsillar 1 (5.0%) 0
Sinonasal 0 3 (17.6%)
Ovarian 0 2 (11.8%)
Surgical resection for determination of histopathologic ground truth diagnosisb 7 (35.0%) 6 (35.2%)
Interval time between end of radiation and first MR imaging (median) (range) (mo) 24.9 (4–109) 16.3 (3–41)
Interval time between end of radiation and PET-MR imaging (median) (range) (mo)c 27.9 (14–117) 12.4 (6–37)
Total radiation dosage (mean) (SD) (Gy) 24.5 (4.2) 22.8 (3.1)

a Thirty subjects who had a total of 37 lesions (n = 20 RN; n = 17 tumor) were included in age and sex analyses.
b Percentages for primary tumor type and surgical resection are relative to the total number of lesions within each column.
c Subset of 17 subjects who had a total of 20 lesions (n = 8 RN, n = 12 tumor) who underwent PET-MRI.
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.1 specimen, percentages of tumor and necrosis/gliosis were
obtained by taking the average across all submitted specimens.

Statistical Analyses
Descriptive statistics were used to report demographics, clini-
cal information, and perfusion metrics. We used the non-
parametric Mann-Whitney test to compare nRCBV and
sRCBV, FTB (using nRCBV and sRCBV threshold values of 1
and 1.75), nCBF, Ktrans, SUV, and D T1 between the tumor and
RN groups. The performance of each of these metrics to distin-
guish tumor from RN was evaluated with the area under the curve
(AUC). Sensitivity, specificity, positive predictive value, and nega-
tive predictive value were determined for all tumor RCBV thresh-
olds used in the study with MedCalc (Version 20.013; MedCalc
Software). A Spearman r correlation was used to compare each
FTB class with the percentages of tumor burden and necrosis/glio-
sis (RN) determined by histopathologic examination. P, .05 was
considered statistically significant for all analyses. Statistical analy-
ses and figures were conducted and created with GraphPad Prism
software (Version 9.2.0; GraphPad Software).

RESULTS
Subjects
A total of 39 subjects were initially identi-
fied. Subjects were excluded if they had
nonenhancing lesions (n=3), extensive
susceptibility on raw DSC images (n=2),
and a histopathologic diagnosis of lym-
phoma or other primary brain tumors
(n=3). One subject was excluded
because a clinical assessment of the lesion
ground truth could not be made at the
time of the study (n =1). After assess-
ment of eligibility, 30 subjects with a
total of 37 brain metastases (n=20 RN,
n=17 tumor) were included in the anal-
ysis. All subjects underwent the study
perfusion MR imaging, comprising
DSC (n=30), DCE (n=26), and ASL
(n=26). A subset of 17 subjects with 20
total lesions (n=8 RN, n=12 tumor)
underwent FDG-PET MR imaging.
Table 1 summarizes the demographics
and clinicopathologic information.
Figures 1 and 2 demonstrate representa-
tive DSC imaging performed in subjects
with RN and tumor, respectively.

Quantitative FTB and RCBV (DSC)
With the normalized approach, tumor

had higher FTBhigh (P= .005) and

nRCBV (P= .002) and lower FTBlow
(P= .03) than RN (Table 2). No signifi-

cance was found with FTBmid (P= .17).

AUCs to differentiate tumor from RN

were as follows: 0.71 for FTBlow (95%

CI, 0.53–0.89; P= .03), 0.63 for FTBmid

(95% CI, 0.45–0.81; P= .17), 0.77 for FTBhigh (95% CI, 0.60–0.93;

P= .005), and 0.80 for nRCBV (95% CI, 0.64–0.96; P= .002) (Fig

3A and Table 2). For tumor prediction, the nRCBV threshold of

$1.75 yielded a sensitivity of 76.5% and specificity of 70.0%, posi-

tive predictive value of 71.8%, and negative predictive value of

74.9% (Table 3).
With the standardized approach, tumor had higher FTBhigh

(P= .003) and sRCBV (P= .002) and lower FTBlow (P= .01) com-

pared with RN (Table 2). No significance was found with FTBmid

(P= .89). AUCs to differentiate tumor from RN were as follows:

0.75 for FTBlow (95% CI, 0.57–0.92; P= .01), 0.51 for FTBmid (95%

CI, 0.32–0.71; P= .89), 0.78 for FTBhigh (95% CI, 0.62–0.95;

P= .003), and 0.79 for sRCBV (95% CI, 0.63–0.95; P= .002) (Fig

3B and Table 2). For tumor prediction, the sRCBV cutoff of$1.75

yielded a sensitivity of 41.2%, specificity of 95.0%, positive predic-

tive value of 89.2%, and negative predictive value of 61.8% (Table

3). The sRCBV cutoff of$1.56 yielded similar results, with a sensi-

tivity of 47.1%, specificity of 90.0%, positive predictive value of

82.5%, and negative predictive value of 63.0% (Table 3).

FIG 1. RN in a 58-year-old man with metastatic colon cancer presenting 17months after surgical
resection of a right parietal metastasis treated with SRS. A, Recurrent contrast-enhancing lesion
at the site of the original tumor on axial T1-weighted postcontrast image. On DSC, the masslike
lesion shows low RCBV (B) and predominantly FTBlow (blue) voxels (C). Low perfusion is consistent
with pathology-proved RN (with,5% viable tumor cells).

FIG 2. Progressive tumor in a 33-year-old woman with breast cancer presenting 8months after sur-
gical resection of a left frontal metastasis treated with stereotactic radiosurgery. A, A recurrent
contrast-enhancing lesion at the site of the original tumor on an axial T1-weighted postcontrast
image. On DSC, the masslike lesion shows high RCBV (B) and predominantly FTBhigh (red) voxels (C).
High perfusion is consistent with pathology-proved progressive tumor.
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Quantitative Ktrans (DCE), nCBF (ASL), SUV (FDG-PET), and
D T1
Between RN and tumor, no significance was observed with mean
Ktrans (P= .23), nCBF (P= .05), SUV (P= .15), and D T1 (P= .14)
(Table 2). AUCs for differentiating RN and tumor were as fol-
lows: 0.64 for Ktrans (95% CI, 0.43–0.85; P= .23), 0.71 for nCBF
(95% CI, 0.52–0.90; P= .05), 0.69 for SUV (95% CI, 0.46–0.93;
P= .15), and 0.64 for D T1 (95% CI, 0.46–0.83, P= .14) (Fig 3C).

FTB-Histopathology Correlation
Thirteen subjects had surgical resection after the study perfusion
MR imaging. However, only 11 subjects (n=5 tumor and n=6
RN) had specimens available for histopathologic analysis in this
part of the study. With the normalized approach, no significant
correlation was observed with FTBlow (versus percentage tumor:
r = �0.38, P= .25; versus percentage necrosis/gliosis, r = 0.38,
P= .25), FTBmid (versus percentage tumor: r = 0.26, P= .43; ver-
sus percentage necrosis/gliosis, r = �0.26, P= .43), and FTBhigh
(versus percentage tumor: r = 0.48, P= .13; versus percentage ne-
crosis/gliosis, r =�0.48, P= .13) (Online Supplemental Data).

With the standardized approach, no significant correlation was
observed with FTBlow (versus percentage tumor: r = �0.59,
P= .06; versus percentage necrosis/gliosis, r = 0.59, P= .06),
FTBmid (versus percentage tumor: r = 0.42, P= .19; versus percent-
age necrosis/gliosis, r = �0.42, P= .19), and FTBhigh (versus per-
centage tumor: r = 0.57, P= .07; versus percentage necrosis/gliosis,
r =�0.57, P= .07) (Online Supplemental Data).

With both approaches, however, FTBhigh and FTBlow suggested
a positive correlation, respectively, with the percentage of tumor
and the percentage of necrosis/gliosis (Online Supplemental Data).

DISCUSSION
Our results show that the use of 2 RCBV thresholds (1 and 1.75)
to define FTB classes, FTBlow and FTBhigh, allowed differentiation

of tumor and RN in brain metastases following SRS. The per-
formance of normalized and standardized approaches to achieve
this task was similar. Additional perfusion and metabolic metrics
of Ktrans (DCE), nCBF (ASL), and SUV (FDG-PET), and D T1
did not reliably distinguish tumor from RN.

Results from the current study using 2 nRCBV thresholds
(1 and 1.75) in treated brain metastases are similar to results
from our previous study of treated recurrent glioblastomas, in
which nRCBV and FTBhigh best differentiated tumor from
treatment effect.4 The use of 1 as a lower threshold for identify-
ing RN and 1.75 as an upper threshold for identifying progres-
sive tumor in posttreatment brain metastases is close to
previously reported RCBV thresholds for differentiation of
radiation-related changes (,1.35)13 and tumor (range, .2–
2.1).14,15 As previously described, elevated blood volume and
FTBhigh are likely reflective of increased angiogenesis within
tumors.4 FTBlow performed slightly less well because there is
likely an overlap between hypovascular tumor and radiation-
related coagulative necrosis/gliosis.16 FTBmid, which includes
all RCBV values between 1 and 1.75, did not reliably differenti-
ate RN from tumor because there is likely an admixture of
both in varying proportions within this range of values.
Additionally, normalized and standardized RCBV and FTB
approaches performed similarly, consistent with a recent study
in high-grade gliomas.6 However, there was a trade-off in the
sensitivity and specificity between the 2 approaches when using
the$1.75 RCBV threshold for tumor prediction, possibly related
to differences in postprocessing techniques (eg, the reference
ROI in the contralateral normal-appearing white matter is
required for normalization and not for standardization) and
intrasubject variations with time.7 For tumor prediction, the sen-
sitivity and specificity were similar for the sRCBV cutoff values
of$1.75 and$1.56. Nonetheless, standardization of DSC perfu-
sion imaging, because sRCBV requires less operator-defined

Table 2: Multiparametric perfusion, metabolic, and volumetric values in RN and tumor groups

Radiation Necrosisb Tumorb P Valuec AUCd AUC (95% CI)
DSC
Normalized RCBVa

FTBlow (%) 49.5 (30.1) 28.1 (23.8) .03e 0.71 0.53–0.89
FTBmid (%) 17.7 (10.8) 13.4 (7.1) .17 0.63 0.45–0.81
FTBhigh (%) 32.8 (27.0) 58.6 (24.1) .005e 0.77 0.60–0.93
nRCBV 1.51 (0.9) 2.92 (1.5) .002e 0.80 0.64–0.96

Standardized RCBVa

FTBlow (%) 62.6 (26.2) 33.8 (16.1) .01e 0.75 0.57–0.92
FTBmid (%) 21.6 (15.7) 22.8 (7.2) .89 0.51 0.32–0.71
FTBhigh (%) 15.9 (14.0) 43.3 (20.9) .003e 0.78 0.62–0.95
sRCBV 0.94 (0.50) 1.63 (0.82) .002e 0.79 0.63–0.95

DCE
Ktrans (min�1) 0.02 (0.02) 0.03 (0.04) .23 0.64 0.43–0.85
ASL
nCBF 1.25 (0.42) 1.67 (0.68) .05 0.71 0.52–0.90

FDG-PET MR imaging
SUV 1.33 (0.19) 1.62 (0.43) .15 0.69 0.46–0.93
Volumetrics
D T1 ( cm3) 3.24 (4.58) 3.76 (2.60) .14 0.64 0.46–0.83

a Thresholds of 1 and 1.75.
b Values for RN and tumor groups are expressed in mean (SD).
c P values obtained from nonparametric Mann-Whitney tests.
d AUC obtained from receiver operating characteristic curves.
e P values are statistically significant.
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input than nRCBV, may represent an important step toward
greater multicenter adoption and use.

One of the advantages of FTB maps is the potential for spatially
mapping coexisting areas of tumor and treatment effect within a
given lesion.2 High-grade glioma studies using image-localized
biopsies within contrast-enhancing lesions have shown that areas
with low RCBV and FTB proved to be treatment effect and areas
with high RCBV and FTB proved to be tumor on histopathol-
ogy.2,3,6 In our study, though not significant (potentially related to
the lower availability of surgical specimens for histopathologic ex-
amination), we similarly found a positive correlation between
FTBhigh and the percentage of tumor on histopathology and a posi-
tive correlation between FTBlow and the percentage of necrosis and
gliosis on histopathology. However, additional investigations cor-
relating tumor and necrosis fractions with defined FTB classes are
needed for histologic confirmation.

Beyond DSC in our study, metrics of Ktrans (DCE), nCBF

(ASL), and SUV (FDG-PET) did not reliably differentiate tumor

and RN, in contrast to other studies.1,17,18 Blood flow values

derived from ASL and SUV from FDG-PET have shown utility in

identifying tumor progression in treated brain metastases, with

an equivalent sensitivity of 83% and a specificity of 100% for ASL

and 75% for FDG-PET in 1 study.19 Suh et al1 found that the

pooled sensitivity and specificity of 5 studies, including the afore-

mentioned study, using FDG-PET to differentiate tumor from

RN in post-SRS brain metastases, were 83% and 88%, respec-

tively. Results from our study may differ from those of previously

published studies because of differences in our cohorts (eg, types

and numbers of included metastatic tumors). Due to the lack of

validated thresholds for ASL, DCE, and FDG-PET, we did not

perform a combined multimodal or multiparametric analysis,

though it has been previously shown in treated glioblastomas that

the combination of parameters such as RCBV and Ktrans can

improve the overall diagnostic accuracy in differentiating recur-

rent tumor and treatment effect (RCBV, 85.8%; Ktrans, 75.5%;

RCBV and Ktrans, 92.8%).20 In addition, as expected, the use of D

T1 as a volumetric measurement of gadolinium enhancement did

not perform well in predicting tumor response, presumably

related to the overlap of gadolinium leakage across a disrupted

blood-brain barrier in both tumor and RN.21

Our study has important limitations. First, the small sample size
consisting of retrospective data from a single institution limits the
generalizability of our results. Second, we included various types of
tumor histology in our analysis. Brain metastases have been shown
to have different tumor perfusion values depending on the primary
cancer type, with brain metastases derived from renal cell carcinoma
and melanoma typically having higher RCBV values than those
derived from lung, breast, and gastrointestinal tumors.22 Our subject
cohort consisted primarily of lung- and breast-derived lesions, possi-
bly accounting for less striking and prominent differences in tumor

Table 3: Sensitivity, specificity, PPV, and NPV of nRCBV and
sRCBV thresholds for prediction of tumor

Sens Spec PPV NPV
nRCBV (1.75) 76.5 70.0 71.8 74.9
sRCBV (1.75) 41.2 95.0 89.2 61.8
sRCBV (1.56) 47.1 90.0 82.5 63.0

Note:—Sens indicates sensitivity; spec, specificity; PPV, positive predictive value;
NPV, negative predictive value.

FIG 3. Receiver operating characteristic AUC analyses demonstrate that FTB and RCBV significantly differentiate RN from tumor. A, AUCs of
FTB classes and nRCBV to differentiate RN from tumor were 0.71 for FTBlow (95% CI, 0.53–0.89; P = .03), 0.63 for FTBmid (95% CI, 0.45–0.81; P = .17),
0.77 for FTBhigh (95% CI, 0.60–0.93; P = .005), and 0.80 for nRCBV (95% CI, 0.64–0.96; P = .002). B, AUCs of FTB classes and sRCBV to distinguish RN
and tumor were 0.75 for FTBlow (95% CI, 0.57–0.92; P = .01), 0.51 for FTBmid (95% CI, 0.32–0.71; P = .89), 0.78 for FTBhigh (95% CI, 0.62–0.95; P = .003),
and 0.79 for sRCBV (95% CI, 0.63–0.95; P = .002). C, AUCs of Ktrans, nCBF (ASL), SUV (FDG-PET), and D T1 to differentiate RN from tumor were 0.64
for Ktrans (95% CI, 0.43–0.85; P = .23), 0.71 for nCBF (ASL) (95% CI, 0.52–0.90; P = .05), 0.69 for SUV (FDG-PET) (95% CI, 0.46–0.93; P = .15), and 0.64 for
D T1 (95% CI, 0.46–0.83, P = .14). The asterisk and double asterisks denote P, .05 and P, .01, respectively.
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RCBV.22 In addition, not all metastases are hypervascular; 1 study
reported variation in tumor blood flow even between metastases
derived from the same primary carcinoma, with approximately 40%
of metastases overall showing blood flow less than or equivalent to
blood flow from contralateral healthy cortex.18 In these cases, perfu-
sion MR imaging alone may not be sufficiently sensitive to distin-
guish tumor growth and RN. In future studies, it may be helpful to
establish baseline pretreatment values for comparison with posttreat-
ment values or to combine perfusion imaging with other modalities,
depending on the primary tumor histology.17,18

Additionally, given the heterogeneity in tumor origin in stud-
ies of RN, it may be warranted in a future study to systematically
stratify diagnostic accuracies of brain metastases according to tu-
mor histology. Third, while we excluded lesions with blood prod-
ucts obscuring .50% of the lesion, metastases with minor blood
products were still included in DSC analysis. This limitation is re-
flective of real-time clinical practice because blood products are
common in post-SRS lesions. It may also underscore the use of
other perfusion parameters and techniques to help with interpreta-
tion. Fourth, we did not have image-localized biopsy tissue from
the 3 distinct FTB classes evaluated, limiting the direct per-voxel
comparison of perfusion imaging metrics with fractions of tumor
and necrosis present on histopathology.

CONCLUSIONS
DSC-derived FTB using nRCBV or sRCBV thresholds of 1 and
1.75 can provide per-voxel analysis of low and high blood volume
and can differentiate progressive tumor from RN in brain metas-
tases previously treated with SRS. Normalized and standardized
approaches achieve similar performance for this task, though
sRCBV may have the potential for better reproducibility across
time and sites. Additional metrics of Ktrans (DCE), nCBF (ASL),
SUV (FDG-PET), and D T1 did not reliably differentiate tumor
from RN. Nonetheless, the evaluated RCBV thresholds and FTB
classes in this study require further clinical and histologic valida-
tion in larger prospective studies.

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

Interobserver Reliability on Intravoxel Incoherent Motion
Imaging in Patients with Acute Ischemic Stroke

K. Yamashita, R. Kamei, H. Sugimori, T. Kuwashiro, S. Tokunaga, K. Kawamata, K. Furuya, S. Harada,
J. Maehara, Y. Okada, and T. Noguchi

ABSTRACT

BACKGROUND AND PURPOSE: Noninvasive perfusion-weighted imaging with short scanning time could be advantageous in order
to determine presumed penumbral regions and subsequent treatment strategy for acute ischemic stroke (AIS). Our aim was to
evaluate interobserver agreement and the clinical utility of intravoxel incoherent motion MR imaging in patients with acute ische-
mic stroke.

MATERIALS AND METHODS: We retrospectively studied 29 patients with AIS (17 men, 12 women; mean age, 75.2 [SD, 12.0 ] years;
median, 77 years). Each patient underwent intravoxel incoherent motion MR imaging using a 1.5T MR imaging scanner. Diffusion-sen-
sitizing gradients were applied sequentially in the x, y, and z directions with 6 different b-values (0, 50, 100, 150, 200, and 1000 sec-
onds/mm2). From the intravoxel incoherent motion MR imaging data, diffusion coefficient, perfusion fraction, and pseudodiffusion
coefficient maps were obtained using a 2-step fitting algorithm based on the Levenberg-Marquardt method. The presence of
decreases in the intravoxel incoherent motion perfusion fraction and pseudodiffusion coefficient values compared with the contra-
lateral normal-appearing brain was graded on a 2-point scale by 2 independent neuroradiologists. Interobserver agreement on the
rating scale was evaluated using the k statistic. Clinical characteristics of patients with a nondecreased intravoxel incoherent
motion perfusion fraction and/or pseudodiffusion coefficient rated by the 2 observers were also assessed.

RESULTS: Interobserver agreement was shown for the intravoxel incoherent motion perfusion fraction (k = 0.854) and pseudodiffu-
sion coefficient (k = 0.789) maps, which indicated almost perfect and substantial agreement, respectively. Patients with a nonde-
creased intravoxel incoherent motion perfusion fraction tended to show recanalization of the occluded intracranial arteries more
frequently than patients with a decreased intravoxel incoherent motion perfusion fraction.

CONCLUSIONS: Intravoxel incoherent motion MR imaging could be performed in , 1 minute in addition to routine DWI. Intravoxel
incoherent motion parameters noninvasively provide feasible, qualitative perfusion-related information for assessing patients with
acute ischemic stroke.

ABBREVIATIONS: AIS ¼ acute ischemic stroke; D ¼ diffusion coefficient; D* ¼ pseudo-diffusion coefficient; EVT ¼ endovascular thrombectomy; f ¼ perfu-
sion fraction; IVIM ¼ intravoxel incoherent motion

MR imaging is one of the best modalities for diagnosing acute
ischemic stroke (AIS) and plays a crucial role in treatment

decisions for procedures such as endovascular thrombectomy
(EVT). A multicenter randomized clinical trial (Multicenter
Randomized Clinical trial of Endovascular treatment for Acute is-
chemic stroke in the Netherlands; the MR CLEAN trial) revealed
notable benefits from EVT in patients with AIS.1 Positive results
from the Endovascular Therapy Following Imaging Evaluation for
Ischemic Stroke 3 (DEFUSE 3)2 and Clinical Mismatch in the
Triage of Wake Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) trials3 have extended the
therapeutic windows for AIS.

Findings from DWI are important for determining ischemic
cores and have been included for assessing infarct volume in
randomized clinical trials such as DEFUSE 3 and DAWN.2,3 CT
perfusion imaging provides useful information to identify presumed
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penumbral regions and has a large influence on decision-making
for EVT. On the other hand, CT perfusion depends on factors such
as motion, the time-density curve, determination of arterial input
functions, and so forth.4 Technical pitfalls including core volume
measurement error, misclassification of ischemic penumbra, and
stroke mimics (seizure, migraines, and posterior reversible leukoen-
cephalopathy) are also well-known.4 Theoretically, perfusion-
weighted MR imaging provides less misregistration of lesions that
appear hyperintense on DWI than other imaging modalities.

Dynamic susceptibility contrast, dynamic contrast enhance-
ment, arterial spin-labeling, and intravoxel incoherent motion
(IVIM) imaging offer perfusion-related parameters. Among these
methods, IVIM imaging would provide advantages in terms of
noninvasiveness as well as allowing registration with DWI. Le
Bihan et al5 implemented the concept of IVIM MR imaging to
separate the signal into diffusivity and microcapillary perfusion
components with different exponential decays. IVIM MR imag-
ing allows simultaneous extraction of perfusion and diffusion pa-
rameters and is reportedly useful for differentiating high- and
low-grade gliomas,6,7 glioblastomas and lymphomas,8,9 and pedi-
atric brain tumors.10 Ideally, a shorter scanning time using a
small number of b-values would lead to advantages in reducing
the time to subsequent reperfusion therapy. Federau et al11

reported the feasibility of IVIM MR imaging using 6 b-values for
AIS: 0, 50, 100, 150, 200, and 1000 s/mm2. However, the interob-
server reliability of IVIM MR imaging using these 6 b-values and
the clinical characteristics of patients with decreased or nonde-
creased IVIM parameters have not been well-explored.

The goal of this study was, therefore, to evaluate interobserver
agreement and the clinical utility of IVIM MR imaging in
patients with AIS.

MATERIALS AND METHODS
Subjects
This retrospective study was approved by National Hospital
Organization Kyushu Medical Center institutional review board
for clinical research. The requirement of obtaining informed con-
sent for study participation was waived due to the retrospective
nature of this study. We studied 35 patients with nonlacunar AIS
(21 men, 14 women; mean age, 75.6 [SD, 11.6] years; median age,
77 years) between August 2020 and June 2021. All subjects ful-
filled the following criteria: MR imaging performed within 7 days

after either symptom onset or last seen well, and patients under-
going IVIM imaging. Six of the 35 patients were excluded from
the study due to motion-related image degradation.

MR Imaging
All images were obtained using a 1.5T MR imaging scanner
(Achieva; Philips Healthcare) and an 8-channel head array receiv-
ing coil for sensitivity encoding parallel imaging. IVIM imaging
was performed using a single-shot spin-echo echo-planar
sequence with the following parameters: TR, 3500ms; TE, 75ms;
flip angle, 90°; NEX, 1; transverse sections, 23; sensitivity encod-
ing factor, 2; section thickness, 5mm; interslice gap, 1.5mm;
FOV, 220� 220mm; matrix, 124� 105; and imaging time,
1minute 24 seconds. Diffusion-sensitizing gradients were imple-
mented in 3 orthogonal directions with 6 different b-values (0,
50, 100, 150, 200, and 1000 s/mm2). Directional averaging was
performed before applying the IVIM model.

Postprocessing
From the IVIM imaging data, diffusion coefficient (D), perfusion
fraction (f), and pseudodiffusion coefficient (D*) maps were
obtained using a 2-step fitting algorithm based on the Levenberg-
Marquardt method. The open-source platform ADCmap Plugin
(Version 1.8, http://web.stanford.edu/�bah/software/ADCmap/
versions.html), running OsiriX Lite, Version 8.0.1 (https://www.
osirix-viewer.com) was applied for the fitting process for DWI
data. In short, D values were calculated using a monoexponential
signal equation for b-values $ 200 s/mm2 in the first step.
Subsequently, curve fitting was performed to obtain f and D* values
using all 6 b-values, while the acquired D value was kept fixed.12

Image Evaluation
Representative DWI with b=1000 s/mm2 and IVIM parameter
(D, f, and D*) maps are shown in Fig 1. IVIM f and D* values
were evaluated and graded on a 2-point scale by 2 independent
neuroradiologists. Two observers determined the presence of
decreases in f and D* values compared with the contralateral nor-
mal-appearing brain with reference to the hyperintense region on
DWI with a b-value of 1000 s/mm2.

Second, clinical characteristics of patients with nondecreased
IVIM f and/or D* as rated by the 2 observers were assessed.
Specifically, the cause of AIS was classified as cardioembolic,

FIG 1. Representative DWI with a b-value of 1000 s/mm2 (A), IVIM D (B), f (C), and D* (D) maps obtained using a 2-step algorithm. A 90-year-old
woman with AIS. IVIM f and D* are expressed in units of percentage and �10�3 mm2/s, respectively. Interobserver agreement is shown for IVIM
f (k = 0.854; P , .001) and D* (k = 0.789; P , .001) using the 2-step algorithm, which indicated almost perfect and substantial agreement,
respectively.
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atherothrombotic, or undetermined. The number of recanalized
occluded intracranial arteries was also examined.

Next, a circular ROI (area, $10 mm2) was placed, as large as
possible, within hyperintense lesions on DWI with a b-value of
1000 s/mm2 by an experienced neuroradiologist. A mirrored ROI
was also drawn in the corresponding contralateral region. ROIs
on DWI were copied onto corresponding IVIM parameter (D, f,
and D*) maps to calculate mean values for D, f, and D* (Dmean,
fmean, and D*mean, respectively).

Statistical Analyses
Interobserver agreement on the rating of IVIM f and D* maps
was evaluated using k statistics. k values for interobserver agree-
ment were evaluated as the following: 0, poor; 0.01–0.20, slight;
0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, substantial; and
.0.80, almost perfect. The difference in the frequency of recanal-
ized occluded intracranial arteries between patients with
decreased and nondecreased IVIM f was compared using the
Pearson x 2 test.

For the correlation between IVIM parameters (Dmean, fmean,
and D*mean) and time after stroke onset, a simple regression
model was used to model trajectories with linear, quadratic,
cubic, and logarithmic. The Akaike information criterion was
used to determine the best fitting model.

IVIM Dmean, fmean, and D*mean values were compared between
the affected and contralateral unaffected sides using a 2-tailed
paired Student t test. In all statistical analyses, the level of signifi-
cance was set at P, .05. All statistical analyses were performed
using R statistical and computing software, Version 3.5.1

(http://www.r-project.org), and graphs were plotted on GraphPad
Prism, Version 7 (GraphPad Software).

RESULTS
As a result, a total of 29 patients with AIS (17 men, 12 women;
mean age, 75.2 [SD 12.0] years; median age, 77 years) were
included in this study. The median time from symptom onset or
last seen well to MR imaging was 26 hours (range, 1 hour to
7days), and the mean NIHSS score at presentation was 6.1 (SD,
7.4). We identified the cause of AIS as cardioembolic in 11 patients,
atherothrombotic in 11, and undetermined in 7. A total of 7 cases
showed recanalization of occluded intracranial arteries based on
MR angiography.

Interobserver Agreement on the Rating of IVIM f and D*

Maps
Interobserver agreement was shown for IVIM f (k = 0.854, P ,
.001) and D* (k = 0.789, P , .001), which indicated almost per-
fect and substantial agreement, respectively. Figure 1 shows rep-
resentative IVIM f and D* maps obtained using the 2-step fitting
algorithm.

Clinical Characteristics of Patients with Nondecreased
IVIM f and/or D*

The 12 patients with nondecreased IVIM f as rated by observers
showed recanalization of occluded intracranial arteries more fre-
quently (n=6; 6/12, 50%) than the 17 patients with decreased
IVIM f (1/17, 5.9%; P, .05). Patients with nondecreased IVIM
D* showed a trend similar to that in those with nondecreased

FIG 2. A DWI with a b-value of 1000 s/mm2 (A), IVIM D (B), f (C), D* (D) maps, and MRA (E) of a 73-year-old man with AIS. MR imaging was per-
formed 7 days after symptom onset. Nondecreased IVIM f and D* are identified on the f and D* maps. MR angiography represents spontaneous
recanalization of the occluded left distal MCA (E; arrows). MRA performed 33 hours after symptom onset (F) is also shown as a reference.
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IVIM f. Figure 2 shows the case of presumed spontaneous recan-
alization of an occluded MCA after AIS.

Correlation between IVIM Parameters and Time after
Stroke Onset
The numbers in parentheses represent adjusted R2 and P values
using the best fitting model based on the Akaike information cri-
terion. No statistical correlation was noted among IVIM Dmean

(0.096, .10), fmean (0.16, .06), and D*
mean (�0.017, .47) in the pre-

sumed ischemic core and time after stroke onset.

Dmean, Fmean, and D*mean on Affected and Contralateral
Unaffected Sides
Figure 3 shows plots of Dmean, fmean, and D*

mean for both affected and
contralateral unaffected sides. Mean Dmean and fmean values were lower
on the affected side (mean Dmean = 0.45 [SD, 0.09]� 10�3 mm2/s;
mean fmean = 3.22% [SD, 2.93%]) than on the contralateral unaffected
side (mean Dmean = 0.76 [SD, 0.11]� 10�3 mm2/s, P, .0001; mean
fmean = 5.55 6 2.16%, P=.001). No statistical difference in mean
D*

mean was evident between the affected side (22.6 [SD, 7.24]� 10�3

mm2/s) and the contralateral unaffected side (24.3 [SD, 4.94] �
10�3 mm2/s; P=.24).

DISCUSSION
IVIM f and D* using the 2-step fitting algorithm provided the x

values of 0.854 and 0.789, respectively, which demonstrated high
interobserver agreement and feasible indicators for assessing
patients with AIS. Patients with nondecreased IVIM f and D* after
AIS had a higher rate of the recanalization of occluded intracranial
arteries in this study. IVIM MR imaging with its scanning time of
,1minute in addition to routine DWI with b-values of 0 and
1000 s/mm2 offers a choice of noninvasive perfusion-weighted
imaging for patients with suspected AIS.

In the present study, patients with nondecreased IVIM f and
D* as rated by the observers showed recanalization of occluded
intracranial arteries more frequently than with decreased IVIM f
and D*. Padroni et al13 identified relative CBV as a strong indica-
tor of recanalization status. MTT reportedly offers a valuable tool
for assessing patients with AIS who may benefit from EVT.14 Our
results are in line with the findings from previous studies. In
addition, Eilaghi et al15 indicated that reperfusion indices for
CBF, CBV, MTT, and time to maximum were more highly

associated with good clinical outcome than recanalization status.
Validation using longitudinal data comprising values both before
and after recanalization of occluded intracranial arteries would
strengthen our results and represents the next step in our
research.

Minimizing misinterpretation of IVIM parameter maps for
clinical use is important. Almost perfect interobserver agreement
was seen for IVIM f, and substantial agreement, for IVIM D* as
rated by the 2 observers in this study. A total of 6 b-values (0, 50,
100, 150, 200, and 1000 s/mm2) have been accepted as the refer-
ence standard for IVIM MR imaging when assessing AIS.11,16

More complex models would provide better results, while sophis-
ticated models may cause the problem of overfitting due to data
variations contaminated by noise and motion.17 IVIM parameter
maps allow more accurate imaging evaluation with hyperintense
lesions on DWI over other perfusion-weighted imaging such as
dynamic susceptibility contrast, dynamic contrast enhancement,
or arterial spin-labeling in terms of misregistration. MR perfu-
sion-weighted imaging using IVIM is reportedly useful in
patients with stroke with large-vessel occlusion.11 IVIM parame-
ter maps obtained from the 2-step fitting algorithm look less
complicated with lower image noise than biexponential models,
though which method is better for assessing AIS remains
uncertain.

Dmean and fmean values were lower on the affected side than
on the contralateral unaffected side. IVIM f is related to blood
volume.11,18 Our result is consistent with previous literature using
MR imaging and PET.19,20 In contrast, we observed no statistical
differences in D*

mean values between the affected and contralat-
eral unaffected sides. IVIM D* is related to blood speed but fluc-
tuates during the cardiac cycle, in contrast to the f and D
values.21 IVIM D*, thus, should be evaluated carefully along with
other parameters.

In the present study, no correlation was observed between
IVIM parameters in the presumed ischemic core and time after
stroke onset. Fiebach et al22 reported the time course for the ADC
in the ischemic core. Our results were not consistent with that
research, possibly due to differences in the distribution of stroke
subtypes and recanalization of occluded intracranial arteries.

Our study had several limitations. First, the present study
comprised a small number of cases with various stroke subtypes
and elapsed time from stroke onset. It is important to identify the

FIG 3. Plots of Dmean (A), fmean (B), and D*
mean (C) on both the affected and contralateral unaffected sides. The Dmean and fmean values were lower

on the affected side (mean Dmean = 0.45 [SD, 0.09]� 10�3 mm2/s; mean fmean = 3.22% [SD, 2.93%]) than on the contralateral unaffected side (mean
Dmean = 0.76 [SD, 0.11]� 10�3 mm2/s, P, .0001; mean fmean = 5.55% [SD, 2.16%], P = .0010). No statistical difference in mean D*

mean was evident
between the affected side (22.6 [SD, 7.24]� 10�3 mm2/s) and the contralateral unaffected side (24.3 [SD, 4.94]� 10�3 mm2/s; P = .24).
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at-risk-but-viable penumbral tissue in the setting of AIS.
Decreased IVIM f was presumed the infarct core with AIS23 or a
penumbral lesion in hyperacute brain stroke.11 Further validation
studies with larger sample sizes are needed. Second, this study
was retrospective in nature, and selection bias due to nonrandom
selection may have occurred. Third, a minimum of 6 directions
should be acquired in the DTI framework, though it might take
too long in the context of AIS.24 Last, about half of the subjects
had already undergone administration of intravenous recombi-
nant tPA or endovascular treatment before MR imaging. Thus,
further validation studies using longitudinal data are needed in
the future. Nevertheless, we believe our results shed light on the
availability of IVIM parameters in routine clinical practice.

CONCLUSIONS
IVIM MR imaging noninvasively provides feasible qualitative in-
formation in assessing patients with AIS.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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Brain Perfusion Alterations on 3D Pseudocontinuous Arterial
Spin-Labeling MR Imaging in Patients with Autoimmune

Encephalitis: A Case Series and Literature Review
R. Li, S. Jin, Y. Wang, J.-F. Li, H.-F. Xiao, Y.-L. Wang, and L. Ma

ABSTRACT

SUMMARY: Autoimmune encephalitis is a heterogeneous group of newly identified disorders that are being diagnosed with increas-
ing frequency. Early recognition and treatment of autoimmune encephalitis are crucial for patients, but diagnosis remains challeng-
ing and time-consuming. In this retrospective case series, we describe the findings of conventional MR imaging and 3D
pseudocontinuous arterial spin-labeling in patients with autoimmune encephalitis confirmed by antibody testing. All patients with
autoimmune encephalitis showed increased CBF in the affected area, even when some of them presented with normal or slightly
abnormal findings on conventional MR imaging. Additionally, serial 3D pseudocontinuous arterial spin-labeling showed perfusion
reduction in 1 patient after therapy. For patients with highly suspected autoimmune encephalitis, 3D pseudocontinuous arterial
spin-labeling may be added to the clinical work-up. Further studies and longitudinal data are needed to corroborate whether and
to what extent 3D pseudocontinuous arterial spin-labeling improves the diagnostic work-up in patients with autoimmune encephali-
tis compared with conventional MR imaging.

ABBREVIATIONS: AE ¼ autoimmune encephalitis; ASL ¼ arterial spin-labeling; 3D pCASL ¼ 3D pseudocontinuous arterial spin-labeling; MELAS ¼ mitochon-
drial encephalopathy with lactic acidosis and strokelike episodes; rCBF ¼ relative CBF

Autoimmune encephalitis (AE) is a blanket term for a group
of diseases characterized by brain inflammation and circu-

lating autoantibodies.1 Its complicated and variable clinical mani-
festations present a diagnostic challenge for clinicians, probably
leading to late diagnosis and interventions. It has been shown
that early initiation of effective therapy for patients with AE may
lead to improved clinical outcomes.2,3

Currently, the diagnostic approach includes clinical manifes-
tations, CSF analysis, electroencephalography, antibody testing,
and MR imaging used together for AE (possible, probable, or def-
inite).4 According to the 2016 diagnostic approach for AE from
Lancet Neurology, brain MR imaging, as a standard imaging
technique, plays a vital role in evaluating patients with AE, espe-
cially the T2 FLAIR sequence.4 However, in some cases, AE
shows normal, mild, or transient abnormal findings on MR

imaging, despite the severe and persistent neurologic deficits of
patients.5-7

Perfusion and metabolism abnormalities derived from CTP,
SPECT, and PET/CT have been previously described in some
patients with AE.8-11 Arterial spin-labeling (ASL) perfusion imag-
ing has broad clinical applications in routine neuroradiology
practice in stroke, tumors, mitochondrial encephalopathy with
lactic acidosis and strokelike episodes (MELAS), herpes simplex
encephalitis, and so forth. However, the application of ASL for
the assessment of AE in the clinic has seldom been described pre-
viously.6,12 Here, we conducted a retrospective study on a case se-
ries of 9 patients with AE to summarize the findings on
conventional MR imaging and to investigate brain perfusion
alterations.

CASE SERIES
Case Selection
From June 2015 to January 2020, a total of 21 consecutive
patients with AE were enrolled. Twelve patients were excluded
because 3D pseudocontinuous arterial spin-labeling (3D pCASL)
was not performed. Nine patients with AE who underwent both
conventional MR imaging and 3D pCASL were finally included.
This retrospective study was approved by the institutional review
board of the First Medical Center of PLA General Hospital, and
informed consent was waived due to the retrospective nature of
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the study. Patient information including clinical data, conven-
tional MR imaging, and ASL findings was reviewed. There were 6
men and 3 women with ages ranging from 29 to 68 years (mean,
51.6 years). Meanwhile, 3D pCASL was acquired in 12 healthy indi-
viduals (6 men and 6 women; age range, 30–65 years; mean,
51.2 years) at the same time, considered as the control group.

The antibody panels were performed from serum and CSF in
all patients by commercial laboratories. Autoantibodies were
identified through a cell-based assay using an indirect immuno-
fluorescence test (Euroimmun).

Imaging Acquisition
All MR imaging was performed on a 3T MR imaging system
(Discovery 750; GE Healthcare). Conventional MR images included
axial T2WI, axial T1WI, and axial and/or coronal T2 FLAIR with a
section thickness/gapof 5.0/1.5mm for the axial and coronal planes.
Postcontrast T1WI was performed in 8 patients, including the axial,
coronal, and sagittal planes (0.1mmol/kg, Magnevist, Gd-DTPA;
Bayer Schering Pharma).

The 3D pCASL sequence was a background-suppressed 3D spi-
ral fast spin-echo technique with the following parameters: TR/TE=
4844/10.5ms, postlabeling delay=2025ms, FOV= 24� 24 cm, sec-
tion thickness= 4.0mm, number of sections= 36, and number of
excitations= 3. In addition, a 3D T1-weighted fast-spoiled gradient
recalled sequence, matched with 3D pCASL, was also performed af-
ter contrast injection. Follow-up 3D pCASL examinations were per-
formed in 1 case.

Image Analysis
AllMR images were visually assessed in a blindedmanner. Two neu-
roradiologists with .5 years’ experience reviewed the MR images.
By empiric visual assessment, signal abnormalities in brain regions
were reviewed on T2WI, T1WI, and T2 FLAIR, compared with the
relatively normal brain. Similarly, by visual observations, the brain
regions with hyperintense signal (compared with the relatively nor-
mal brain) were regarded as hyperperfusion regions, and the regions
with hypointense signal (compared with the relatively normal brain)
were regarded as hypoperfusion regions on 3D pCASL.

In addition to visual assessment, quantitative evaluation was
also performed for each patient and healthy control. CBF values
in healthy controls and lesions with AE were measured and
compared. Three to 5 round ROIs (28–32 mm2) were manually

and carefully drawn in the lesion areas. The postcontrast 3D T1-
fast-spoiled gradient recalled sequence, for accurate anatomic
reference, was used for image matching with 3D pCASL. Then
3D T1 fast-spoiled gradient recalled and T2 FLAIR images were
cross-referenced to determine the location of the lesion.13 For
each patient, the mean CBF value was acquired and calculated
from various brain areas. The mean, maximal CBF value within
different lesions of the same brain regions was regarded as the
final CBF value. To minimize interindividual differences in
baseline CBF, we used relative CBF (rCBF), defined as the value
of mean CBF for the ROI in the lesion or healthy controls di-
vided by the mean CBF value for the ROI in the cerebellum.

Statistical Analysis
All CBF and rCBF values of lesions in patients with AE and 12
control subjects were presented as mean (SD). The Student t test
was used for continuous variables with normal distribution; oth-
erwise the Mann-Whitney U test was performed. A P value, .05
was considered statistically significant.

RESULTS
Clinical Data
Nine patients with AE were included in this study. Summary infor-
mation is detailed in the Online Supplemental Data. The time from
the onset of symptoms to admission in our hospital ranged from 18
to 90days (mean, 49.33days). All autoantibodies were detected in
serum and CSF, including tests with positive findings for anti-N-
methyl-D-aspartate receptor (NMDAR) (2 patients), anti-G-protein
coupled receptors for gamma-aminobutyric acid (GABAbR) (2
patients), and anti-leucine-rich, glioma inactivated 1 (LGI 1) (5
patients). Only 1 individual had a history of malignant tumor and
pulmonary carcinoma–related anti-GABAbR antibodies (case 6).

Empiric treatment was started when the diagnosis of possible
AE was established, after excluding an infectious etiology while
awaiting antibody test results. Treatment details are shown in the
Online Supplemental Data.

Conventional MR Imaging and 3D pCASL Characteristics
The neuroimaging findings of the patients are summarized in the
Online Supplemental Data. One patient had a lesion that was right-
sided; 3, left-sided; and 5, bilateral, showing hypointensity or isoin-
tensity on T1WI (Figs 1B and 2B) and hyperintensity or isointensity

FIG 1. MR imaging of case 1. Findings on axial T2WI (A) and axial T1WI (B) are unremarkable. C, Axial T2 FLAIR reveals hyperintensity in the right
hippocampus (white arrow). D, 3D pCASL demonstrates marked hyperperfusion in the corresponding region (black arrow).
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on T2WI and T2 FLAIR (Figs 1C and 2C). Cases 3 and 5 were bilat-
erally involved, but abnormal signals were shown on only 1 side on
T1WI, T2WI, and T2 FLAIR (Figs 2 and 3). All lesions showed no
enhancement on postcontrast T1WI, except for mild patchy
enhancement in case 6 (Online Supplemental Data).

On 3D pCASL, all patients were identified as having perfusion
abnormalities, showing hyperperfusion patterns on visual inspection
(Figs 1D and 2D). The CBF and rCBF values of the lesions with AE
and control subjects are shown in the Online Supplemental Data. In
2 of these cases, hyperperfusion could be noted in the affected areas
on 3D pCASL (Figs 2D and 3D), despite initial unremarkable or
normal findings on T2 FLAIR (Figs 2C and 3C). Serial MR imaging
and 3D pCASL scans were performed in a 47-year-old man, which
revealed dynamic alterations in perfusion features in the involved
area (Fig 4). The CBF and rCBF values in AE lesions were markedly
higher than those in the control group (Fig 5).

DISCUSSION
This case series describes the signal changes on conventional MR
imaging and perfusion alterations on 3D pCASL in a cohort of
patients with AE. Our principal findings can be summarized as fol-
lows: 1) By visual assessment, patients with AE demonstrated ele-
vated CBF in the affected area on 3D pCASL, though the affected
area could be normal or present with slightly abnormal signals on

conventional MR imaging. 2) Quantitative analysis also indicated
that the CBF and rCBF values of the lesions were significantly
higher than those of control group. 3) 3D pCASL may potentially
be applied in the evaluation of the therapeutic response in AE.

Encephalitis is a life-threatening disease associated with high
morbidity and mortality throughout the world.2,14 In the past few
years, increased awareness has been generated in relation to AE,
and currently, the prevalence and incidence of AE are comparable
with those of infectious encephalitis, and the detection of AE has
been increasing with time.15 Early diagnosis is paramount for
patients with encephalitis, thereby enabling clinicians to adopt ear-
lier and more aggressive therapy and improve patients’ outcomes.
The diagnostic criteria vary depending on the types of encephalitis.
For patients with AE, the initial diagnosis is based on the clinical
presentation as well as antibody profiles and MR imaging. In addi-
tion, several clinical tools are now available and could be used by
most clinicians. For example, a scoring system based on clinical fea-
tures and the initial neurologic assessment of patients with epilepsy
enables an earlier clinical diagnosis before the results of antibody
tests are confirmed.16 Currently, the approach for a definite diagno-
sis of AE depends heavily on autoantibody detection.4,17 As a draw-
back, it is not readily available due to local conditions in many
institutions, and it takes longer to obtain the results,4,18 thus leading
to a delayed diagnosis and initiation of effective therapy.19

FIG 3. MR imaging of case 5. Findings on axial T2WI (A) and axial T1WI (B) are unremarkable. C, Coronal T2 FLAIR shows subtle hyperintensity
with mild swelling in the left hippocampus (white arrow), whereas it shows normal findings in the right hippocampus (white arrowhead). D,
Increased CBF in the bilateral hippocampi could be detected on 3D pCASL, the left (black arrow) greater than the right (black arrowhead).

FIG 2. MR imaging of case 3. Findings on axial T2WI (A) and axial T1WI (B) are unremarkable. C, Coronal T2 FLAIR demonstrates hyperintensity in
the right hippocampus (white arrow), whereas there are normal findings in the left hippocampus (white arrowhead). D, 3D pCASL depicts hyper-
perfusion in the corresponding regions on the FLAIR image, more obvious on the right side (black arrows).
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Conventional MR imaging plays a major role in the early diag-
nosis of AE and might be mandatorily performed when CT findings
are negative in patients with serious neurologic disorders. However,
the brain MR imaging has been reported to have normal findings in
approximately 50%–60% of patients with anti-NMDAR encephali-
tis, 30%–40% with anti-LGI 1 encephalitis, and 30%–40% with anti-
GABAb receptor encephalitis.20-22 In addition, different forms of
AE could present with different patterns of MR imaging abnormal-
ities. In our study, all patients had elevated CBF on 3D pCASL, even
when some of them presented with mild abnormal findings on con-
ventional MR imaging. Among them, unilateral abnormal signals
were revealed on conventional MR imaging, but bilateral

involvement could be detected on 3D
pCASL in 2 patients, suggesting that 3D
pCASL is more sensitive than conven-
tional MR imaging in the early detec-
tion of AE. Additionally, 3D pCASL in
1 case revealed dynamic alterations in
perfusion features (CBF reduction with
time), indicating its potential role in the
assessment of therapeutic effects in AE.

Perfusion imaging studies in patients
with AE in the literature are summar-
ized in the Online Supplemental Data,
with only a few cases using the ASL
technique (2D imaging). 3D pCASL,

which potentially combines the advantages of both pulsed arterial
spin-labeling and continuous arterial spin-labeling, was performed
in this study, allowing 3D fast acquisitions and reduction of mag-
netic susceptibility artifacts, especially in those brain areas (eg,
medial temporal lobes) near the skull base.23,24

The exact pathophysiologic mechanism leading to perfusion
alteration on 3D pCASL remains to be elucidated, and the candi-
date mechanisms will need to be evaluated in future studies. We
speculated that 1 possible reason for increased regional CBF is an
inflammatory process due to an antigen-antibody–mediated
immune response, causing the blood vessels to expand.25

Another reason could be the loss of vascular autoregulatory

FIG 4. Serial MR imaging of case 7. On hospital day 3, the first conventional MR imaging examination findings were normal (not shown). On the sec-
ond MR imaging check (26days after admission), MR imaging shows swelling and hyperintensities on axial T2WI (A) and hypointensities on axial T1WI
(B) in the bilateral hippocampi. C, Coronal T2 FLAIR shows hyperintensities in the bilateral hippocampi (white arrows). D, 3D pCASL reveals marked
hyperperfusion in the bilateral medial temporal lobes (black arrows), the left greater than the right. On the third MR imaging check (96days after
admission), including axial T2WI (E), axial T1WI (F), and coronal T2 FLAIR (G), complete resolution of the inflammation in the bilateral medial temporal
areas is seen, with enlargement of the bilateral temporal horns (white arrows), and 3D pCASL (H) shows decreased perfusion in the bilateral hippo-
campi (black arrows). The patient’s condition markedly improved with the administration of high-dose glucocorticoids, intravenous immunoglobulin,
and plasma exchange (3 times).

FIG 5. Bar chart with the SD for the CBF (A) and rCBF (B) values of the lesions in the AE and con-
trol groups. The unit of CBF was mL/100 g/min.
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mechanisms due to autonomic instability.6 In addition, some
patients with AE may experience central hypoventilation that
could lead to hypercarbia accounting for increased CBF, which
usually presented with global cerebral hyperperfusion.26 It is
unclear whether the elevated CBF is related solely to the autoim-
mune processes or whether all the factors account for the
increased CBF. Further study is needed to test this hypothesis.

Hyperperfusion on 3D pCASL can be seen in various condi-
tions, including tumors, inflammation or infection, MELAS, sei-
zure activity, and so forth.26 MELAS, herpes simplex encephalitis,
as well as high-grade glioma masquerading as AE27 present with
hyperperfusion on 3D pCASL, but differentiation can be made by
combining the clinical manifestation, history, lesion location, and
so forth. Seizure is a common clinical manifestation in AE, and
seizure activity can also cause hyperperfusion, but its perfusion
alterations were linked to the timing of ASL data acquisition,
with patients usually presenting with hyperperfusion during the
ictal and postictal periods and hypoperfusion in the interictal
phase.24,28,29 Unfortunately, we were unable to verify this finding
as previously reported30 because the patients who had clinical
seizures were imaged during the interictal phase in this study.
Because no patients had epileptic seizures within 24hours before
the examination, we can, therefore, infer that increased ASL per-
fusion is caused by the underlying inflammatory process rather
than being secondary to seizure activity. Furthermore, 3D pCASL
can help exclude some AE-mimicking diagnoses with hypoperfu-
sion, such as acute ischemic stroke and diffuse low-grade gliomas.
In addition, AE-mimicking sporadic Creutzfeldt-Jakob disease
has been reported,31,32 but Creutzfeldt-Jakob disease showed hy-
poperfusion on 3D pCASL.33 As stated above, we think that 3D
pCASL has clinical utility in differentiating AE from its mimics.

ASL and PET/CT, as 2 different imaging modalities (perfusion
and metabolism), are closely linked in neurologic disorders due
to the close coupling of perfusion and metabolism in the brain.34

Dinoto et al12 reported that ASL and PET/CT findings are
strongly concordant in limbic encephalitis. This concordance is
particularly intriguing because ASL, without contrast medium
and radiation, may be used to evaluate perfusion status and sub-
sequent therapeutic effects in patients with AE. Two main meta-
bolic patterns of abnormalities (mixed hyper-/hypometabolic and
neurodegenerative-like) on PET/CT have been reported,35 and
different “paradigms” of encephalitis (mainly limbic versus
NMDAR) may have different PET/CT findings.12 Additionally,
studies have shown that metabolic patterns on PET/CT, to a cer-
tain extent, are associated with different autoantibody subtypes,
implying that different pathophysiologic mechanisms may
exist.25 In this study, we found that all cases of AE showed pat-
terns of hyperperfusion in the affected area. Further studies are
needed to investigate the correlation between perfusion and me-
tabolism in AE subtypes.

In clinical practice, the use of 3D pCASL seems to be feasible
and reasonable in improving the sensitivity of lesion detection,
especially in patients with suspected AE with normal conven-
tional MR imaging findings. 3D pCASL could reveal abnormal-
ities earlier than conventional MR imaging in some patients with
AE and provide new insight into exploring the pathophysiologic
mechanism of AE.6,36,37 Therefore, we suggest that 3D pCASL be

added to the clinical work-up for patients with suspected AE, and
its efficacy should be further tested in clinical practice.

Several limitations are noteworthy. First, this was a retrospec-
tive, cross-sectional study, and the sample size was relatively
small. Second, 3D pCASL was performed for imaging diagnosis
and follow-up in only 1 patient. Larger cohort and longitudinal
data are needed to validate the results. Third, many subtypes of
AE are frequently accompanied by seizures that can affect CBF,
and this effect cannot be completely excluded theoretically.

CONCLUSIONS
Conventional MR imaging remains the best option, while 3D
pCASL may have added value in the early diagnosis of AE, and
3D pCASL may also be used in the assessment of therapeutic
effects. Clinically, 3D pCASL may be recommended in patients
with highly suspected AE, especially in those with normal or
unremarkable findings on conventional MR imaging. Further
studies and longitudinal data are needed to corroborate whether
and to what extent 3D pCASL can improve the diagnostic work-
up in AE compared with conventional MR 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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ORIGINAL RESEARCH
ADULT BRAIN

Normative Data for Brainstem Structures, the Midbrain-to-
Pons Ratio, and the Magnetic Resonance Parkinsonism Index

S.T. Ruiz, R.V. Bakklund, A.K. Håberg, and E.M. Berntsen

ABSTRACT

BACKGROUND AND PURPOSE: Imaging biomarkers derived from different brainstem structures are suggested to differentiate
among parkinsonian disorders, but clinical implementation requires normative data. The main objective was to establish high-qual-
ity, sex-specific data for relevant brainstem structures derived from MR imaging in healthy subjects from the general population in
their sixth and seventh decades of life.

MATERIALS AND METHODS: 3D T1WI acquired on the same 1.5T scanner of 996 individuals (527 women) between 50 and 66 years
of age from a prospective population study was used. The area of the midbrain and pons and the widths of the middle cerebellar
peduncles and superior cerebellar peduncles were measured, from which the midbrain-to-pons ratio and Magnetic Resonance
Parkinsonism Index [MRPI = (Pons Area / Midbrain Area) � (Middle Cerebellar Peduncles / Superior Cerebellar Peduncles)] were cal-
culated. Sex differences in brainstem measures and correlations to age, height, weight, and body mass index were investigated.

RESULTS: Inter- and intrareliability for measuring the different brainstem structures showed good-to-excellent reliability (intraclass
correlation coefficient = 0.785–0.988). There were significant sex differences for the pons area, width of the middle cerebellar
peduncles and superior cerebellar peduncles, midbrain-to-pons ratio, and MRPI (all, P, .001; Cohen D = 0.44–0.98), but not for the
midbrain area (P = .985). There were significant very weak–to-weak correlations between several of the brainstem measures and age,
height, weight, and body mass index in both sexes. However, no systematic difference in distribution caused by these variables
was found, and because age had the highest and most consistent correlations, age-/sex-specific percentiles for the brainstem
measures were created.

CONCLUSIONS:We present high-quality, sex-specific data and age-/sex-specific percentiles for the mentioned brainstem measures.
These normative data can be implemented in the neuroradiologic work-up of patients with suspected brainstem atrophy to avoid
the risk of misdiagnosis.

ABBREVIATIONS: BMI ¼ body mass index; MCP ¼ middle cerebellar peduncle; M/P ¼ midbrain-to-pons; MRPI ¼ Magnetic Resonance Parkinsonism Index;
MSA ¼ multiple system atrophy; PSP ¼ progressive supranuclear palsy; PD ¼ Parkinson disease; SCP ¼ superior cerebellar peduncle

D istinguishing the different parkinsonian disorders, such as
progressive supranuclear palsy (PSP), multiple system

atrophy (MSA) of the parkinsonian type, and Parkinson disease
(PD) can be difficult due to their overlapping clinical presenta-
tions, especially in the early stages when the clinical presenta-
tions are ambiguous.1-7 Differentiating these disorders is,
however, highly relevant because PSP progresses more rapidly
than PD,8 and neither PSP nor MSA responds well to levodopa
therapy in contrast to PD.8,9 Reliable neuroradiologic biomarkers
derived from standard MR imaging scans analyzed with conven-
tional radiologic tools can be important for an early and correct di-
agnosis of these parkinsonian disorders.1-3,7,10-12 However, for
such biomarkers to be reliable, they must be accurate and have
high external validity, preferably based on normative data.

Neuroimaging used to identify specific patterns of atrophy is
included in the diagnostic criteria for some parkinsonian disor-
ders.9,13 In PSP, atrophy of the superior cerebellar peduncle

Received July 29, 2021; accepted after revision February 11, 2022.

From the Departments of Circulation and Medical Imaging (S.T.R., R.V.B., E.M.B.),
Faculty of Medicine and Health Sciences, and Neuromedicine and Movement
Sciences (A.K.H.), Norwegian University of Science and Technology, Trondheim,
Norway; and Department of Radiology and Nuclear Medicine (A.K.H., E.M.B.), St.
Olavs University Hospital, Trondheim, Norway.

S.T. Ruiz and R.V. Bakklund contributed equally to the work and share the first
authorship.

Please address correspondence to Erik M. Berntsen, MD, PhD, EDiNR, EDiPNR,
Department of Circulation and Medical Imaging, Faculty of Medicine and Health
Sciences, Norwegian University of Science and Technology, Mailbox 8905, 7491
Trondheim, Norway; e-mail: erik.berntsen@ntnu.no; @BerntsenErikM

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

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7485

AJNR Am J Neuroradiol 43:707–14 May 2022 www.ajnr.org 707

https://orcid.org/0000-0002-2252-8098
https://orcid.org/0000-0002-7078-546X
https://orcid.org/0000-0002-9007-1202
https://orcid.org/0000-0001-7929-3739
mailto:erik.berntsen@ntnu.no
https://mobile.twitter.com/BerntsenErikM


(SCP) and midbrain is characteristic, the latter showing the well-
known Hummingbird sign.1-3,5,12,14-17 In MSA, atrophy of the
putamen is seen, and in the cerebellar variant of the disease, atro-
phy of the middle cerebellar peduncle (MCP) is typical.3,9,18 Both
qualitative and quantitative analysis of the degree of midbrain at-
rophy, the midbrain-to-pons ratio (M/P ratio), and the Magnetic
Resonance Parkinsonism Index [MRPI = (Pons Area / Midbrain
Area) � (MCP / SCP)] have been used to investigate and distin-
guish patients with PSP, MSA, and PD from one another and
from healthy controls.1-7,10,12,16-25 These studies demonstrate the
potential of using easily accessible quantitative brainstem bio-
markers to differentiate among parkinsonian disorders and
between healthy controls and patients.

Nevertheless, what is missing for effective clinical translation
of these quantitative brainstem biomarkers to neuroradiologic
practice is sex-specific normative data from a large number of
healthy subjects from the general population in the appropriate
decades of life when parkinsonian disorders first present. The
largest study to date consists of 92 healthy controls, mainly in
their 60s, not separated by sex and not otherwise specified.25 The
largest study to date providing data separated by sex consists of
85 healthy individuals (42 women) between 50 and 80 years of
age who were recruited as part of 3 different studies and who all
had normal neurologic examination findings and no history of
neurologic diseases.26 The latter study found significant sex dif-
ferences only for the area of the pons and not for the M/P ratio or
the MRPI, concluding that there is no need to consider age or sex
when using these biomarkers to differentiate parkinsonian disor-
ders. There is, however, rising awareness of sex differences in the
brain and brain disorders, justifying further investigation into
potential sex differences in neuroimaging biomarkers.27,28

The main goal of our study was to establish high-quality, sex-
specific normative data for the midbrain and pons area, the width
of the MCPs and SCPs, the M/P ratio, and the MRPI for use in
clinical neuroradiology, facilitating a better diagnostic work-up of
parkinsonian diseases. We also examined whether these brainstem
measures were correlated to age, height, weight, and body mass
index (BMI), which are reported to be correlated to brain size.29,30

MATERIALS AND METHODS
Population
Participants in our study are from the HUNT MRI study,31 which
is a part of the geographically defined prospective population study
Nord-Trøndelag Health Study (HUNT),32 in which MR imaging
was performed between July 2007 and December 2009. Inclusion
criteria were age between 50 and 65 years at the time of inclusion;
participation in HUNT1 (1984–86), HUNT2 (1995–1997), and
HUNT3 (2006–2008); and residency within 45minutes from
Levanger Hospital where scanning was performed. The only exclu-
sion criteria were standard MR imaging contraindications.
Seventy-three percent of the invited participants accepted and have
been shown to be representative of the whole population.31,33

Health information for each participant was obtained from ques-
tionnaires, blood samples, and a limited clinical examination.
Participants with intracranial findings on MR imaging were con-
tacted and underwent a clinical interview. 31 The present study
excluded all subjects with known neurodegenerative disease based

on their hospital records and MR imaging findings that could
potentially confound our results. One subject with PSP, 3 with MS,
3 with pontine lacunar infarcts, 1 with a basilar dolichoectasia
affecting the pons, 1 due to aberrant morphology, and 1 due to
movement artifacts were excluded. In total, 996 subjects (99%) of
the original 1006 from HUNT MRI were included in this study.
The Regional Committee for Medical and Health Research Ethics
in Central Norway has approved both the HUNT MRI study and
this study (2011/456 and 2018/2231).

Measurements
Subjects’ height and weight were measured in centimeters and kilo-
grams to the first decimal using standardized methods in the
HUNT3 study. Measurements of the different brainstem structures
for this study were performed using the PACS software on aligned
and saved images from a non-contrast-enhanced sagittal 3D T1WI
IR-FSPGR volume (TR= 10.2ms, TE= 4.1ms, flip angle = 10°, sec-
tion thickness= 1.2mm, in-plane resolution = 0.975 � 0.975 mm2)
acquired on the same 1.5T scanner (Signa HDx; GE Healthcare)
with an 8-channel head coil. The first authors performed measure-
ments on 496 and 500 subjects each, after receiving extensive train-
ing by a board-certified neuroradiologist (E.M.B.), who also was
consulted and assisted in difficult cases. The resulting measure-
ments were used to calculate the M/P ratio and the MRPI.

Measurements of the midbrain and pons area were performed
on midsagittal images according to the method of Oba et al.1 The
midsagittal plane was obtained and saved to the PACS using the
MPR module of the software in which the center of the interpe-
duncular cistern was aligned with the center of the aqueduct in
the transverse plane and along the falx in the coronal plane. After
magnifying the saved midsagittal image 4 times, we drew a
straight line between the superior pontine notch and the inferior
point of the quadrigeminal plate (line A, Figure). Due to the am-
biguous caudal outline of the quadrigeminal plate, parasagittal
views were inspected before defining the exact location of this in-
ferior point. A parallel line to line A was placed at the inferior
pontine notch, thus defining the lower border of the pons (line B,
Figure). Once these borders were defined, the raters manually
traced the midbrain area ventral to the aqueduct above line A,
while the area of the pons was manually traced ventral to the
fourth ventricle and between lines A and B (Figure). The software
automatically calculated the areas traced.

The widths of the MCPs were measured according to the
method of Quattrone et al.2 The previously defined midsagittal
plane was used as a starting point to identify the parasagittal
images in which the left and right MCPs were clearly surrounded
by peripeduncular CSF and visible between the pons and cerebel-
lum (Figure). The widths of the MCPs were then measured by
drawing a straight line between the superior and inferior borders
of the MCPs. The mean width of the 2 MCPs was calculated and
used for further analysis.

The widths of the SCPs were also measured according to the
method of Quattrone et al.2 In the previously defined midsagittal
plane, the axis defining the coronal plane was placed parallel to
the rhomboid fossa, creating an oblique-coronal plane. Moving
posteriorly in this oblique-coronal plane, we defined the first sec-
tion where the inferior colliculi and SCPs were clearly separated
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by CSF as the starting section and saved it. The SCPs were meas-
ured at their midpoint as the distance between the medial and lat-
eral edges (Figure). Measurements were performed on both the
left and right SCPs on the starting section and in the 2 following
sections, resulting in a total of 3 saved images and 6 measure-
ments. The mean value of these 6 measurements was calculated
and used for further analysis.

Remeasurement
To investigate interrater reliability, each rater performed a second
set of measurements on 50 random subjects from the other rater’s
pool of subjects. To investigate intrarater reliability, each rater per-
formed a second set of measurements on 50 random subjects from
their own pool of subjects. Remeasurement for inter-/intrarater
reliability was performed twice. The first time, the 2 raters real-
igned and saved the new midsagittal, parasagittal, and oblique-cor-
onal images on which remeasurement was performed. The second
time, the remeasurement was performed on the original saved
midsagittal, parasagittal, and oblique-coronal images where the
original measurements had been performed. The remeasurement
for inter-/intrarater reliability analysis was commenced and com-
pleted 4 weeks after the original measurements were finalized.

Statistical Analysis
SPSS statistical and computing software (IBM) was used for statis-
tical analysis. The mean (SD) and range for the midbrain and pons
areas, the width of the MCPs and SCPs, the M/P ratio, and the

MRPI were calculated for all 996 subjects and for each sex sepa-
rately. A statistically significant difference of the mean of the brain-
stem measurements between the sexes was defined as P, .05 with
a 2-tailed independent-samples t test. The effect size of significant
sex differences was investigated using the Cohen D, in which val-
ues,0.50 were interpreted as small; values between 0.50 and 0.80,
as medium; and values .0.80, as large.34 Correlations among age,
sex, height, weight or BMI, and brainstem measurements were
investigated using the Pearson correlation, and P, .05 was consid-
ered significant. A correlation coefficient of 0.19 was considered as
very weak; 0.20–0.39, weak; 0.40–0.59, moderate; 0.60–0.79, strong;
and 0.8–1.0, very strong.35 Inter-/intrarater reliability was calcu-
lated using intraclass correlation coefficients using a 2-way mixed-
effects model with absolute agreement and single measures. Values
between 0.75 and 0.90 were interpreted as good, and values .0.90
were interpreted as excellent.36

RESULTS
In total, 527 women (mean age, 58.7 [SD, 4.3] years; mean height,
165.2 [SD, 5.8] cm; mean weight, 72.6 [SD, 11.8] kg; mean BMI,
26.6 (SD, 4.1] kg/m2) and 469 men (mean age, 59.2 [SD,
4.2] years; mean height, 178.0 [SD, 6.1] cm; mean weight, 86.8
[SD, 11.1] kg; mean BMI, 27.4 [SD, 3.1] kg/m2) were included in
the present study. The descriptives for the brainstem measures
are presented in Table 1. There were statistically significant differ-
ences between the sexes for the pons area with a large effect size,

FIGURE. T1WI showing the 1st, 5th, 50th, 95th, and 99th percentiles for the midbrain and pons area, MCP and SCP widths for men as a whole group,
as well as the same structures for the one male patient with verified PSP. Measurements of these structures are shown for the 50th percentile,
which are also presented in high resolution in the Online Supplemental Data. The 50th percentile equals the mean. The line A is drawn between
the superior pontine notch and the inferior point of the quadrigeminal plate, while line B is parallel to line A starting at the inferior pontine notch.
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the width of the MCP with a medium effect size, the SCP with a
small effect size, as well as the M/P ratio and MRPI both with
moderate effects sizes (all, P, .001; Cohen D = 0.44–0.98), but
none for the midbrain area. Scatterplots for each measured brain-
stem structure by age, height, weight, and BMI are presented for
each sex in the Online Supplemental Data.

Correlations between the brainstem measurements and age,
height, weight, and BMI were investigated in each sex separately.
The significant correlations were as follows: For women, there
were weak age-related correlations for the midbrain area and the
M/P ratio [both r(525) = –0.28 (P, .001)] and very weak correla-
tions for the width of the MCP [r(525) = –0.18 (P, .001)] and
the MRPI [(r(525) = 0.15 (P, .001)]. Height was weakly corre-
lated to the pons area [r(523) = 0.20 (P, .001)] and very weakly
to the width of the MCP [r(523) = 0.12 (P= .009)] and the mid-
brain area [r(523) = 0.11 (P= .014)]. Weight was very weakly cor-
related to the pons area [r(523) = 0.09 (P= .049)] and the M/P
ratio [r(523) = –0.11 (P= .009)]. BMI was very weakly correlated
to the midbrain area [r(523) = –0.10 (P= .027)] and the M/P ratio
[r(523) = –0.11 (P= .013)]. For men, there were weak age-related
correlations for the midbrain area [r(467) = –0.23 (P, .001)] and
the M/P ratio [r(467) = –0.25 (P, .001)] and a very weak correla-
tion for MRPI [r(467) = 0.16 (P, .001)]. Height was weakly cor-
related to the midbrain area [r(466) = 0.22 (P, .001)] and the
pons area [r(466) = 0.21 (P, .001)] and very weakly correlated to
the width of the SCP [r(466) = 0.11 (P= .018)], the M/P ratio [r
(466) = 0.09 (P= .043)], and the MRPI [r(466) = –0.12 (P= .008)].
Weight was very weakly correlated to the pons area [r(466) =
0.10 (P= .041)]. BMI was very weakly correlated to the midbrain
area and the M/P ratio [both r(466) = –0.14 (P= .002)] as well as
the MRPI [r(466) = 0.13 (P= .006)].

The significant correlations were in the same direction andmag-
nitude for both sexes, and no systematic difference between the
sexes caused by these variables could be seen in the scatterplots.

Age was the variable with the highest and most consistent correla-
tion with the brainstem measures. The normative percentile data
are reported for 5-year age groups for men and women separately
(Table 2).

Intraclass correlation coefficient values for both inter-/intra-
rater reliability showed good-to-excellent reliability for all meas-
urements based on the limits defined by Koo and Li.36 When
remeasurements were based on realigned and saved images, the
intraclass correlation coefficient values ranged from 0.785 to
0.978. When remeasurements were based on the original saved
images, intraclass correlation coefficient values ranged from
0.891 to 0.988 (Online Supplemental Data).

DISCUSSION
We present sex-specific normative data for the midbrain and pons
areas, the widths of the MCPs and SCPs, the M/P ratio, and the
MRPI based on representative general population data from indi-
viduals between 50 and 66years of age.31,33 These are the decades of
life when the parkinsonian disorders have their onset.8,13,37 Our
measurements have mostly excellent reliability when measured both
on the original and realigned, saved images, ensuring their useful-
ness in a clinical setting. There were highly significant sex differen-
ces for all brainstem measures except for the midbrain area. There
were significant very weak–to-weak correlations of midbrain area,
the M/P ratio, and the MRPI with age for both sexes. There were
also some significant very weak–to-weak correlations for some of
the brainstem measures and height, weight, and BMI, which are in
line with findings in previous studies.29,30 However, because no sys-
tematic differences between the sexes caused by these variables were
found, age-/sex-specific percentiles were created. These percentiles
are easy to use in the clinic; nevertheless, height did have some very
weak–to-weak correlations to some of the brainstem measures,
which may be considered on an individual basis.

Table 1: Descriptives for all subjects and for each sexa

All Subjects
(n = 996)

Women
(n = 527)

Men
(n = 469) P Valueb Cohen D

Age (yr) 59.0 (SD, 4.2)
(50.5–66.8)

58.7 (SD, 4.3)
(50.5–66.3)

59.2 (SD, 4.2)
(51.0–66.8)

P = .103

Heightc (cm) 171.2 (SD, 8.7)
(148.4–196.7)

165.2 (SD, 5.8)
(148.4–186.7)

178.0 (SD, 6.1)
(161.9–196.7)

P, .001 2.17

Weightc (kg) 79.3 (SD, 13.5)
(47.2–127.0)

72.6 (SD, 11.8)
(47.2–119.6)

86.8 (SD, 11.1)
(59.8–127.0)

P, .001 1.24

BMIc 27.0 (SD, 3.7)
(18.3–41.7)

26.6 (SD, 4.1)
(18.3–41.7)

27.4 (SD, 3.1)
(19.6–40.1)

P, .001 0.21

Midbrain (mm2) 136.7 (SD, 20.5)
(76.0–222.4)

136.7 (SD, 19.7)
(81.9–211.9)

136.7 (SD, 21.4)
(76.0–211.9)

P = .985

Pons (mm2) 542.2 (SD, 57.8)
(386.5–812.5)

518.2 (SD, 47.8)
(386.5–695.7)

569.1 (SD, 56.2)
(416.5–812.5)

P, .001 0.98

MCP (mm) 9.4 (SD, 0.8)
(5.3–13.0)

9.1 (SD, 0.8)
(5.3–11.5)

9.7 (SD, 0.8)
(6.8–13.0)

P, .001 0.76

SCP (mm) 3.8 (SD, 0.5)
(2.5–5.5)

3.7 (SD, 0.5)
(2.6–5.2)

3.9 (SD, 0.5)
(2.5–5.5)

P, .001 0.44

M/P ratio 0.25 (SD, 0.04)
(0.14–0.41)

0.26 (SD, 0.04)
(0.15–0.41)

0.24 (SD, 0.03)
(0.14–0.36)

P, .001 0.67

MRPI 10.0 (SD, 1.9)
(5.5–18.1)

9.5 (SD, 1.7)
(5.5–15.6)

10.6 (SD, 2.0)
(6.1–18.1)

P, .001 0.59

a Data are mean (SD) and range.
bWomen versus men.
cMissing data for 2 women and 1 man.

710 Ruiz May 2022 www.ajnr.org



This is the first study to present sex-specific percentiles for
these imaging biomarkers in different age groups. Previous stud-
ies have had smaller cohorts not suitable for estimating percen-
tiles. Our study is 11 times larger than the second largest,25

enabling us to precisely estimate and illustrate the normal var-
iance in both men and women. In the following discussion, we
compare our results with those in studies with cohorts of .20
healthy individuals from convenience or not-specified popula-
tions in which the midbrain and pons areas and the widths of the
MCPs and SCPs have been measured according to Oba et al1 and
Quattrone et al.2 The data from these studies are also presented
in the Online Supplemental Data.1,2,4-7,15,16,19,20,25,26

Brainstem Structures
We found a mean midbrain area of 137mm2 for both sexes with
no significant sex difference but with a significant weak age-cor-
related atrophy for both sexes. Previous studies have shown that
the midbrain area is smaller in patients with PSP compared with
healthy controls.1,2,5-7,15,19,20 Previous estimates of the midbrain
area in healthy subjects ranged from 118 to 142 mm2, with most
of these studies reporting a smaller midbrain area than we
do.1,2,5-7,15,16,19,20,25,26 The aforementioned studies have subjects
with a mean age that is 7–12 years older than our cohort’s mean
age. This difference could explain their reported smaller midbrain
area, considering that our study and others show significant weak
age-related atrophy of midbrain area.13,31

We found a mean pons area for all subjects of 542 mm2, with
a significantly different pons area of 518 mm2 for women and
569 mm2 for men with a large effect size (Cohen D= 0.98), but
no significant age correlation for either sex. Our results are
slightly higher than previous reported values for the pons area

for both sexes combined, which ranged from 469 to 541
mm2.1,2,5-7,15,19,20,25,26 The 2 articles separating the sexes also
found a significantly smaller pons area in women,1,26 while the 2
articles investigating age did not find any significant correlation.15,26

We found a mean SCP width for all subjects of 3.8mm, with sig-
nificantly different SCP widths of 3.7mm for women and 3.9mm
for men, with a low effect size (Cohen D=0.44) and no significant
age correlation for either sex. Earlier estimates of SCP width ranged
from 3.5 to 3.9mm for both sexes combined, which is very similar
to our results.2,5-7,15,19,25,26 The only previous study separating the
sexes found nonsignificant differences (P= .121) of 3.7mm for
women and 3.8mm for men,26 probably due to their lower sample
size and lower statistical power, while we show a small but signifi-
cant difference between the sexes with a small effect size. Neither of
the 2 studies investigating age effects found any significant correla-
tion between age and SCP width, corresponding to our findings.15,26

We found a mean MCP width for all subjects of 9.4mm, with
significantly different MCP widths of 9.1mm for women and
9.7mm for men, with a medium effect size (Cohen D=0.76) and a
significant age correlation for women but not men. Previous studies
have found MCP widths from 8.6 to 10.0mm,2,5-7,15,19,25,26 with the
only study separating the sexes finding a nonsignificant difference
(P= .345) with 9.9mm for women and 10.1mm for men.26 Again,
the sex difference uncovered by our study is probably due to the
larger sample size of our study. None of the 2 studies investigating
age correlation found any significant correlation to age for MCP
width,15,26 while we found a significant correlation for women but
not men. As far as we know, this sex-specific, age-related MCP
width atrophy in women has not been reported before, but sex-spe-
cific and age-related atrophy is described in different regions of the
brain.38

Table 2: Sex-specific percentiles in the different age groups

Women (n = 527) Men (n = 469)
1st 5th 50th 95th 99th 1st 5th 50th 95th 99th

Midbrain area
50–54 yr (n = 121/91) 93 111 142 178 207 104 113 141 183 222
55–59 yr (n = 187/159) 101 110 137 174 196 95 107 140 176 195
60–66 yr (n = 219/219) 88 102 130 166 178 88 101 130 166 184

Pons area
50–54 yr (n = 121/91) 405 431 517 591 616 417 478 565 670 703
55–59 yr (n = 187/159) 414 456 517 608 642 458 480 567 678 785
60-66 yr (n = 219/219) 413 436 516 610 664 443 476 565 659 689
MCP width
50–54 yr (n = 121/91) 7.9 8.2 9.4 10.6 11.3 8.0 8.2 9.7 11.3 11.9
55–59 yr (n = 187/159) 7.7 8.1 9.2 10.4 10.8 7.5 8.6 9.8 11.2 12.2
60–66 yr (n = 219/219) 7.2 7.6 9.0 10.5 10.9 7.7 8.4 9.7 11.0 11.7

SCP width
50–54 yr (n = 121/91) 2.6 3.1 3.7 4.5 5.1 2.5 3.2 3.9 4.7 5.5
55–59 yr (n = 187/159) 2.8 3.1 3.8 4.5 4.9 2.8 3.1 4.0 4.7 4.8
60–66 yr (n = 219/219) 2.7 2.9 3.7 4.5 4.9 2.9 3.2 4.0 4.8 5.2

M/P ratio
50–54 yr (n = 121/91) 0.21 0.22 0.28 0.34 0.38 0.18 0.21 0.25 0.32 0.36
55–59 yr (n = 187/159) 0.20 0.21 0.27 0.32 0.37 0.16 0.18 0.25 0.30 0.32
60–66 yr (n = 219/219) 0.17 0.19 0.26 0.32 0.33 0.17 0.18 0.23 0.29 0.30

MRPI
50–54 yr (n = 121/91) 6.2 6.7 9.0 12.5 13.6 6.1 7.6 9.4 13.6 16.5
55–59 yr (n = 187/159) 5.6 7.2 9.2 12.2 14.0 7.3 7.8 10.1 14.8 17.1
60–66 yr (n = 219/219) 6.7 7.1 9.5 13.2 15.3 6.8 8.0 10.6 14.5 17.1

Note:—n = X/Y: X women and Y men.
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M/P Ratio
We found a mean M/P ratio for all subjects of 0.25, with signifi-
cantly different M/P ratios of 0.26 for women and 0.24 for men,
with a medium effect size (Cohen D= 0.67) and a significant age
correlation for both sexes. These results are in line with previous
estimates of the M/P ratio in healthy subjects, which ranges
from 0.23 to 0.27 for both sexes combined (studies reporting the
P/M ratio were converted as follows: M/P ratio = [P/M
ratio]�1).1,2,4-7,19,20,26 The only other study separating the sexes
found an almost significant difference (P= .052) of 0.23 for
women and 0.22 for men,26 which resembles our results. This
discrepancy is probably due to their lower sample size. The
same study did not find a significant age correlation for the M/P
ratio (P= .109); however, Morelli et al15 did report a significant
correlation between age and the M/P ratio for the sexes com-
bined (P, .001). Given our large cohort and previous literature
indicating a sex difference in the pons area, we believe the pres-
ence of a significant sex difference in the pons area with a large
effect size also indicates both age-/sex-specific differences in the
M/P ratio, which need to be considered when used for clinical
purposes.

MRPI
We found a mean MRPI of 10.0 for all subjects, with a signifi-
cantly different MRPI of 9.5 for women and 10.6 for men, giving
a medium effect size (Cohen D=0.59). There was also a signifi-
cant positive age correlation for both sexes. Most previous esti-
mates of the MRPI ranged from 9.1 to 10.5, concurring with our
findings. 2,4-7,19,25 Mangesius et al26 did, however, find an MRPI
for all subjects of 12.2, with a nonsignificantly different MRPI of
12.0 for women and 12.3 for men (P= .362). They also reported
lower values of the midbrain area and larger values of the MCP
width than in our study and the literature in general, both resulting
in an increase in the MRPI. The reason for this discrepancy in the
midbrain area and MCP width measurements is unclear because
they also used a 3D T1 MPRAGE sequence and performed their
measurements the same way that we did. Considering that we have
shown age-related atrophy of the midbrain, one explanation for
their lower midbrain area could be that their population was on av-
erage 7 years older than ours. We also found a significant age cor-
relation for MRPI in both sexes in our study, which was not shown
in the 2 previous studies addressing this subject.15,26 Nevertheless,
we do believe there are true age-/sex-specific differences, which
should be addressed in the clinical and neuroradiologic settings
through differentiated normal values for both age and sex, as we
have presented in Table 2.

Which Biomarker to Use?
The Hummingbird sign has been shown to have high specificity
(99.5%) but a rather low sensitivity (51.6%) when it comes to
identifying patients with PSP.14 The general consensus in the lit-
erature is that the MRPI has a higher diagnostic accuracy when
distinguishing patients with PSP from healthy controls than the
midbrain area,1-3,12,17,22,23 SCP width,2 and the M/P ratio.1,6,16

One reason for the superiority of the MRPI is that the values of
the midbrain and pons area and the MCP and SCP widths over-
lap between patients with PSP and healthy subjects, giving a low

sensitivity and specificity.1-3,16,19,20,23 The usefulness of the M/P
ratio is more uncertain. Some studies have found it useful to dif-
ferentiate between patients with PSP and healthy controls,1,20

while others have not.2,6,15,16,19 Different studies have estimated
cutoff values for MRPI that separate patients with PSP from
healthy subjects with a sensitivity and specificity of 100%, ranging
from 13.2 to 13.6 combined for both sexes.2,4,6,7,25 This cutoff
corresponds well to our 95th percentile for MRPI for both sexes
combined but becomes a bit more problematic when separated
by sex, as discussed below.

Are Sex-Specific Norms Necessary?
Modern clinical medicine is slowly moving toward precision
medicine, which includes sex-specific health care as there are im-
portant biologic sex differences requiring awareness in all aspects
of medicine, including diagnostics.39 Such sex differences have
also been shown in patients with PSP.40 We found significant
sex-specific differences for all measurements except for midbrain
area, and most notably in the MRPI, which is the most acknowl-
edged biomarker for evaluating PSP. Currently, cutoff values are
determined for entire cohorts and not for women and men sepa-
rately. The given MRPI cutoff value of 13.2 to 13.6 in the litera-
ture corresponds well to the 95th percentile for our whole group,
but when separated by sex, it corresponds to somewhere between
the 95th and 99th percentile for women for all age groups and
below the 95th percentile for men in all age groups. Thus, if the
previous suggested cutoff values from the literature are applied,
some women with PSP will risk not being diagnosed using the
MRPI, while some men well within the normal variation will be
misdiagnosed with PSP using the MRPI. This issue clearly shows
the need for high-quality, sex-specific normative data when eval-
uating parkinsonian neurodegenerative diseases, which we pro-
vide in Table 2. Furthermore, considering that the sex difference
could potentially increase the sensitivity and specificity for some
of the other structures or ratios, it could perhaps make them as
useful as the MRPI. Although the MRPI is considered the supe-
rior biomarker, it is still quite time-consuming in the clinical
workflow, and measuring only the midbrain area or M/P ratio is
far less time-consuming.

Strengths and Limitations
The predominant strength of our study is the large sample size,
consisting of 996 subjects from the general population, imaged
on the same scanner, with the same software, with a standardized
MR imaging protocol and the same T1WI volume used in the
Alzheimer Disease Neuroimaging Initiative, making our findings
generalizable for everyone using this sequence.41 This feature is
an advantage of our study because previous studies have large
variations in acquisition parameters and section thickness, poten-
tially causing variations in the measurements. To the best of our
knowledge, this is the largest study on brainstem structures in
healthy subjects, giving it a considerable statistical power and
making it less prone to random variation. This size enables us to
find significant differences and calculate percentiles for several
age groups. Moreover, the 996 individuals included in our study
were between 50 and 66 years of age, encompassing the age of
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onset for several of the parkinsonian disorders better than previ-
ous studies.8,13,37

An additional strength of our study is that we have manually
measured the structures instead of using an automated approach.
Currently, the manual approach is the preferred method and is
considered the criterion standard. Given that our normative data
are obtained manually and our inter-/intrarater intraclass correla-
tion coefficients showed good-to-excellent reliability, we believe
our data and percentiles are of high quality and easy to use for
clinicians and neuroradiologists. Furthermore, these measure-
ments are easy to perform and not dependent on additional
implementation or steps in the workflow such as automated
atlas-based approaches, which are not accessible to all. The future
is, however, computer-aided, with either atlas-based volumetric
evaluation or artificial intelligence approaches, as shown in sev-
eral studies.42,43 One multicenter study combining patients with
PD (n=204) and PSP (n=106), MSA (n=81), and healthy con-
trols (n=73) showed that fully automated atlas-based volumetry
with subsequent support vector machine classification could dif-
ferentiate the different syndromes on an individual level with sen-
sitivities from 79% to 87% and specificities from 87% to 96%.42 In
their study, the midbrain showed the most atrophy in PSP and
the MCP in MSA of the cerebellar type.

A limitation of our study is that the participants included did
not undergo a thorough neurologic examination at the time of
the MR imaging study, which potentially could have identified
subjects with prodromal disease. However, given our large sam-
ple size, we believe the possible inclusion of these subjects is less
likely to substantially skew our results.

A second limitation is that our normative data do not reach
beyond 66 years of age, which is in the lower range of when some
of the parkinsonian diseases typically have their onset. However,
on an individual level, many patients have earlier onset or pro-
dromal phases in which the need for high-quality normative data
is also important. Whether there is a need for even more specified
or tailored percentiles based on additional demographic and/or
health variables remains to be determined and may become
standard as big data and artificial intelligence become more inte-
grated in the clinic. For this data set, however, we limited the per-
centile to sex and age because height, weight, and BMI were only
weakly and inconsistently related to the brainstem measures.

Another limitation is that the 2 raters who performed the
measurements were not experienced neuroradiologists. In com-
parable studies, neuroradiologists or experienced raters have in-
dependently performed measurements. Nevertheless, the 2 raters
in our study were given extensive training by an experienced neu-
roradiologist, and we consider this to be the best approach when
performing manual measurements in such large studies. Despite
these limitations, the 2 raters in our study achieved inter-/intra-
rater reliability ranging from good to excellent. Comparable stud-
ies have not elaborated on the implementation of their reliability
analysis. For example, they have not presented 95% CIs for their
intraclass correlation coefficient values or mentioned whether the
intraclass correlation coefficients were calculated on the basis of
single or average measures or whether they had been measured
on originally saved images or on realigned, saved images. Thus,
comparing our intraclass correlation coefficient values with theirs

is difficult. As expected, the intraclass correlation coefficient val-
ues in our study decreased when performing measurements on
realigned, saved images, as several additional steps of the proce-
dure were added.

CONCLUSIONS
We present high-quality sex-/age-specific normative data as
means and percentiles for the midbrain and pons area, the widths
of the MCPs and SCPs, the M/P ratio, and the MRPI based on
manual measurements in 996 healthy subjects between 50 and
66 years of age. Furthermore, we show that using sex-specific
data is important to avoid misdiagnosing patients with suspected
brainstem atrophy.

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

The Epidermal Growth Factor Domain of the Mutation Does
Not Appear to Influence Disease Progression in CADASIL

When Brain Volume and Sex Are Taken into Account
J. Lebenberg, J.-P. Guichard, A. Guillonnet, D. Hervé, N. Alili, A. Taleb, N. Dias-Gastellier, H. Chabriat, and

E. Jouvent

ABSTRACT

BACKGROUND AND PURPOSE: By studying the evolution of brain volume across the life span in male and female patients, we
aimed to understand how sex, brain volume, and the epidermal growth factor repeat domain of the mutation, the 3 major deter-
minants of disability in CADASIL, interact in driving disease evolution.

MATERIALS AND METHODS:We used validated methods to model the evolution of normalized brain volume with age in male and
female patients using nonparametric regression in a large, monocentric cohort with prospectively collected clinical and high-resolu-
tion MR imaging data. We used k-means clustering to test for the presence of different clinical course profiles.

RESULTS: We included 229 patients (mean age, 53 [SD, 12] years; 130 women). Brain volume was larger in women (mean size, 1024
[SD, 62] cm3 versus 979 [SD, 50] cm3; P, .001) and decreased regularly. In men, the relationship between brain volume and age
unexpectedly suggested an increase in brain volume around midlife. Cluster analyses showed that this finding was related to the
presence of a group of older male patients with milder symptoms and larger brain volumes, similar to findings of age-matched
women. This group did not show specific epidermal growth factor repeat domain distribution.

CONCLUSIONS: Our results demonstrate a detrimental effect of male sex on brain volume throughout life in CADASIL. We identi-
fied a subgroup of male patients whose brain volume and clinical outcomes were similar to those of age-matched women. They
did not have a specific distribution of the epidermal growth factor repeat domain, suggesting that yet-unidentified predictors may
interact with sex and brain volume in driving disease evolution.

ABBREVIATIONS: EGFR ¼ epidermal growth factor repeat; MDRS ¼ Mattis Dementia Rating Scale; MMSE ¼ Mini-Mental State Examination; SVD ¼ small-
vessel disease; TMTAT ¼ Trail-Making Test A Time; TMTBT ¼ Trail-Making Test B Time; WMH ¼ white matter hyperintensities

CADASIL is the most frequent monogenic cerebral small-ves-

sel disease (SVD). In this disorder, mutations lead to an odd

number of cysteine residues within 1 of the 34 epidermal growth

factor repeat (EGFR) domains of the NOTCH3 gene.1 Mutations

in EGFR domains 7–34 were recently shown to be associated

with less severe clinical outcomes.1 Larger brain volumes were

also associated with less severe clinical outcomes and predict

better clinical evolution.2,3 In addition, female patients show

milder clinical phenotypes.2,4 However, this beneficial effect in

female patients no longer appears significant in predictive models

when brain volume is considered.2 This finding suggests system-

atic innate (sex-related) and/or acquired differences in brain vol-

ume between male and female patients.3 While the identification

of the EGFR domain as a predictor of disease evolution clearly

improved our understanding of the disease, a considerable uncer-

tainty remains regarding its evolution, and it is still unknown

how sex, brain volume, the EGFR domain, and other MR imaging

predictors, ie, lacunes, white matter hyperintensities (WMH),

and cerebral microbleeds, interact in driving clinical outcomes.

To better understand these interactions, we used a specifically

designed approach to model life span brain volume in male and

female patients from systematic high-resolution MR imaging

scans obtained in a unique, large, prospective cohort of patients

with CADASIL.
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MATERIALS AND METHODS
Patients
Since 2003, patients with genetically confirmed NOTCH3 muta-
tions followed in the French referral center for rare vascular disease
of the eye and the brain (CERVCO, https://www.cervco.fr) and
willing to participate are included in a prospective cohort. They are
systematically evaluated both clinically and with standardized MR
imaging every 18–24months. The EGFR domain is recorded in
each patient at the time of genetic testing. The level of education is
systematically recorded at inclusion.3 Beginning at inclusion and at
each visit, patients undergo brain MR imaging, including 3D T1
high-resolution, FLAIR, and T2* sequences (scans were acquired
on a 1.5T MR imaging scanner until 2014 and on a 3T thereafter)
as well as comprehensive neurologic and neuropsychological
assessments performed by experienced neurologists and neuropsy-
chologists, respectively. In the present study, in line with previous
reports,5 we used the Mini-Mental State Examination (MMSE:
range, 0–30; with higher scores being better) and the Mattis
Dementia Rating Scale (MDRS: range, 0–144; with higher scores
being better) as proxies of global cognitive functions; the time to
complete part B of the Trail-Making Test (TMTBT, recorded in
seconds, shorter times are better) as a marker of executive func-
tioning; and the time to complete part A (TMTAT, in seconds as
well) as a marker of processing speed. Finally, we used the mRS
(from 0, asymptomatic, to 5, bedridden) as a measure of disability.

Standard Protocol Approvals, Registrations, and Patient
Consents
This study was approved by an independent ethics committee
(updated agreement CEEI-IRB-17/388) and conducted in accord-
ance with the Declaration of Helsinki and guidelines for Good
Clinical Practice and General Data Protection Regulation (GDPR)
in Europe.

MR Imaging Processing
We used BIANCA from the FSL suite (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/BIANCA/Userguide) to extract masks of WMH in all
patients, as previously reported.6,7 The volume of WMH was
obtained by multiplying the number of voxels in WMH masks by
the corresponding voxel size. In agreement with recent guidelines,8

we registered these masks on 3D T1 images and replaced the inten-
sity of the corresponding voxels in the native image with that of
normal-appearing white matter. To obtain brain volume and brain
volume changes, we used SIENAX (http://support.qmenta.com/
knowledge/sienax-2.6-/-fsl-6.0) and SIENA (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/SIENA/UserGuide) from FSL,res-pectively.9,10 Th-
eir reliability in the context of SVD is considered good.11 Given the
long-term follow-up (17 years at the time of this writing), the MR
imaging protocol underwent several alterations with concerns
regarding the reliability of quantitative measures. Given the known
influence of the sequence characteristics on segmentation results,
we used SIENA only between time points obtained with the same
3D T1 sequence.12 Because the number of longitudinal acquisitions
largely differed among patients (from 1 to 10), we randomly
selected for each patient 1 couple of MR imaging acquisitions to
avoid overrepresentation of data from patients with the longest fol-
low-ups, who are likely to be the least severe. We multiplied the
baseline volume, obtained with SIENAX, by the associated per-
centage of brain volume change with SIENA, to obtain brain vol-
ume at follow-up. To control for interindividual variability, we
systematically corrected brain volumes for head size, in line with
current recommendations.8 Finally, lacunes and cerebral micro-
bleeds, defined according to the STRIVE criteria (https://harness-
neuroimaging.org/strive-standards),13 were manually identified by
an experienced reader (E.J.), with previously validated methods.5

Statistical Analysis
All analyses were performed with Python 3.714 and R 3.5 (http://
www.r-project.org/).15 We used mean or median for continuous
variables and SDs or interquartile range as measures of disper-
sion, depending on variable type and distribution. Group differ-
ences were evaluated with the Mann-Whitney test for continuous
variables or the x 2 test of independence for categoric variables.
We built regression models to estimate the relationships between
brain volume and age. Given the known effect of sex on disease
severity, we built separate models for men and women.
Considering possible nonlinearities with age, the evolution of
brain volume with age across the whole life span was modeled
using a nonparametric locally weighted regression approach
(statmodels 0.12.1 in Python; https://www.statsmodels.org/
v0.12.1/).16,17 When considered necessary, cluster analysis with
the k-means algorithm (scikit-learn library 0.22.1; https://zenodo.
org/record/3596890#.Ykcc9SjMJPY)18 was performed to deter-
mine whether different subgroups could be identified on the basis
of age at baseline, baseline brain volume, and annual percentage
of brain volume change. We computed Silhouette scores (https://
scikit-learn.org/stable/modules/generated/sklearn.metrics.silhouette_
score.html), defined as the normalized difference between the
minimal intercluster dissimilarity and the mean intracluster dis-
similarity, to select the optimal number of clusters.19 The optimal
number of clusters provides the best trade-off between theFIG 1. Flow diagram of patients included in the study.
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average Silhouette score to maximize, and the number of negative
scores representing mislabeling. To determine whether patients
in different clusters actually show different disease course pro-
files, we built regression models to predict clinical outcomes
(MMSE, MDRS, TMTAT, TMTBT, and mRS) based on the sub-
group to which the patient pertained, age, level of education, the
EGFR domain of the mutation (categorized as EGFR domains 1–
6 versus EGFR domains 7–34, according to previous data1), brain
volume, volume of WMH, and number of lacunes and micro-
bleeds, all measured at baseline. Missing values were imputed,
considering the standard span of values in the data base (package
Amelia in R; https://www.rdocumentation.org/packages/Amelia/
versions/1.8.0).20 The threshold for significance was set at .05.

RESULTS
As of this writing, the whole database comprises 331 patients with
available follow-up data (2230 patient-years). The age at inclusion
ranges from 24.1 to 79.4years (mean age, 53.2 [SD, 12.2] years).
Among the 331 patients, 239 had at least 2 acquisitions with the
same protocol (229 at 1.5T, 10 at 3T). Given that,5% of scans were
acquired at 3T, we herein provide results corresponding to the data
obtained at 1.5T only (the flow chart is presented in Fig 1). However,
including the few data obtained at 3T did not alter our results (data
not shown). Characteristics of the 229 patients in the study sample
are detailed Table 1. On average, the time elapsed between the 2 MR
imaging evaluations for these 229 patients was 20.8 (SD, 6.5) months.
While they were in general, similar to nonincluded patients, included
patients showed significantly lower brain volumes (P, .001).

The mean brain volume was significantly larger in female
patients throughout the life span (1024 [SD, 62] cm3 versus 979
[SD, 50 ]cm3 in male patients; P , .001), while mean age was not
significantly different between sexes (52.8 [SD, 13.0] years in

women versus 52.8 [SD, 10.6] years in men, P= .41). The spread
of brain volume was relatively constant across age for women but
steadily increased for men (Fig 2A). By comparison with the
regression line in female patients, which suggested a continuous
decrease in brain volume across the life span, the regression line
in male patients presented an unexpected 3-step curve (Fig 2A
and Online Supplemental Data). Given that we considered
unlikely that brain volume increases after middle age in male
patients, we performed a cluster analysis to determine whether
this aspect may be related to the presence of different subgroups
of patients. As suggested by the homogeneous regression curve in
female patients, cluster analysis among women did not identify
any relevant subgroup.

According to the Silhouette algorithm, 4 subgroups of male
patients could be identified (Fig 3 and Table 2 and Online
Supplemental Data). One group corresponded to most male
patients younger than 50 years of age (the “young” group,
24 patients). Two others, thereafter denoted “middle aged” (30
patients) and “older” patients (23 patients), roughly followed the
global trend for brain volume reduction with age observed in
women, with a downward shift (Fig 2B). A fourth group of 22
older male patients showed strikingly different characteristics,
with brain volumes close to that of age-matched females (“older
men with larger brains” group in Fig 2B). When excluding this
subgroup, brain volume in male patients showed a shape similar
to that of female patients with a downward shift (Fig 2B).

At the global level, analyses confirmed the previously reported
relationships among age, lacunes, and brain volume and clinical
outcomes as well as the inconsistent effect of the EGFR domain
and sex on clinical outcomes when brain volume is considered
(Online Supplemental Data). Among subgroups, male patients
from the older with larger brain group showed significantly better
clinical scores than the older male group (Table 2). Most noteworthy,

Table 1: Baseline characteristics of the study samplea

Study Sample (n = 229) Nonincluded Patients (n = 102) P Value
Womenb 130 (57%) 50 (49%) .24
Age (mean) (range) (yr) 52.8 (SD 12.0) (24.1–79.4) 53.8 (SD, 12.1) (25.6–78.8) .19
Genetic profileb .19
Mutation in EGFR domains 1–6 164 (72%) 65 (64%)
Mutation in EGFR domains 7–34 65 (28%) 37 (36%)
Level of education (yr)b,c,d .08
1–3 40 (17%) 16 (16%)
4–6 122 (53%) 46 (45%)
7 66 (29%) 32 (31%)
mRSb,e (median) (IQR) 1 (0–2) 1 (0–2) .22
MDRSf (mean) 133.9 (SD, 17.1) 133.0 (SD, 17.5) .33
MMSEg (mean) 27.1 (SD, 4.3) 26.4 (SD, 4.9) .43
TMTATh (mean) 47.3 (SD, 33.9) 55.6 (SD, 50.2) .48
TMTBTi (mean) 123.9 (SD, 99.7) 113.5 (SD, 90.4) .45
Normalized brain volume (cm3) 1004.4 (SD, 61.1) 1024.8 (SD, 80.9) ,.001

Note: —IQR indicates interquartile range.
aCharacteristics of included and nonincluded patients were compared according to variable type and distribution (Mann-Whitney test by default or x 2 test of independ-
ence for categoric variables).
bComparisons performed using the x 2 test of independence.
cOn 228 studied patients and 94 excluded patients.
dReference levels of education: 0 = illiterate, 3 = incomplete secondary school (,9 years), 6 = secondary school (13 years), 7 = university ($16 years).
eOn 216 and 100 patients, respectively.
fOn 200 and 94 patients, respectively.
gOn 209 and 90 patients, respectively.
hOn 194 and 85 patients, respectively.
iOn 182 and 76 patients, respectively
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the difference between these groups was significant while considering
the most well-known factors associated with clinical outcomes in
CADASIL, namely age, level of education, and EGFR domain of the
mutation. Further considering the burden of WMH, the number of
lacunes or the number of microbleeds did not alter this finding. As
expected however, the group effect was no longer significant when
including brain volume as a covariate (Online Supplemental Data).

DISCUSSION
In the present study, we observed that in contrast to the general popula-
tion,21 female patients have larger brain volumes than male patients
across the life span in CADASIL, suggesting an innate or early-life dif-
ference in brain volume between male and female patients, long before
the appearance on brainMR imaging of markers of SVD, which will be
associated with the development of brain atrophy (Fig 2). We did not
identify any obvious reason for such a detrimental effect of male sex
on brain volume, in particular regarding the EGFR domain, which
was not associated with sex. However, we identified a subgroup of

elderly male patients having larger brain volumes andmilder clinical
outcomes, similar to that of age-matched female patients, suggesting
the existence of yet-unidentified disease-modifying factors.

While the follow-up of our cohort was exceptionally long
(17years), we could not fully use these longitudinal data to model
brain volume evolution, given the large impact of sequence and scan-
ner alterations on quantitative metrics. This mostly cross-sectional
nature of our analyses may yield unexpected findings, such as the
crude regression line suggesting an increase of brain volume in male
patients between 50 and 60years of age. Because systematic brain vol-
ume enlargement in middle-aged male patients is unlikely, the shape
of the regression curve could be explained, in part, by the gradual de-
parture of the patients with the most severe disease as they age, which
could lead to an overrepresentation of elderly patients with less severe
disease, resulting in a tendency for group-wide brain volume to
increase in cross-sectional analyses. However, this could not explain
the presence of older male patients with brain volumes similar to
those in male patients 20years younger. Figure 2B shows that this
subgroup appears more similar to age-matched female patients. For
whatever reason, these patients may not be affected by the detrimen-
tal effect of male sex on brain volume. We expected to find a larger
representation of EGFR domains 7–34, associated with better clinical
outcomes in this subgroup, but this was not the case, suggesting that
other factors may temper the detrimental effect of male sex in
CADASIL. Further studies will be needed to understand the mecha-
nisms underlying this phenomenon.

In line with results suggesting that the presence of extensive
WMH in the anterior temporal poles is associated with a better prog-
nosis,22 in the present study, older male patients with larger brain vol-
umes also tended to have larger volumes ofWMH in these areas, but
the difference did not reach significance (data not shown). What is
noteworthy, we recently reported the case of a patient whose large
extent of WMH, particularly in the anterior temporal poles, was
strongly reduced while taking valpromide for severe depression

FIG 2. Evolution of brain volume with age. Scatterplot of brain vol-
ume measured at the first time point for each patient against age,
with (A) and without (B) the “older with larger brains” group (red
points in B). Weighted regressions were reconstructed separately for
men and women, given the known detrimental effect of the disease
in male patients (black and gray solid lines). When we built regression
lines without considering the older with larger brains group (in red),
they looked similar in male and female patients across the whole life
span, though shifted downward in men, for yet-unknown reasons.

FIG 3. K-means clustering analysis in men. The clustering analysis
used with the Silhouette criteria led to the definition of 4 distinct
groups of patients. The group of young patients comprised nearly all
individuals younger than 50 years of age. The middle-aged and older
patient groups seemed to follow the age trend of female patients. In
total contrast, the group of older with larger brains patients showed
strikingly different characteristics, with larger brain volume and lower
brain atrophy.
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before re-inflating after the treatment was switched to lithium.23

These results support the hypothesis that mechanisms underlying
WMH in CADASIL may not be related only to chronic hypoperfu-
sion but may involve large variations of water influx into the differ-
ent brain compartments. Whether these changes might affect male
and female patients differently and whether they might alter the
natural history of the disease remain unknown. Future studies will
help determine whether certain medications or conditions may lead
male patients to switch from one group to another. The results
might potentially lead to the identification of new therapeutic
approaches.

Our study has several strengths. We evaluated a large cohort of
patients in whom the diagnosis was, in all cases, confirmed geneti-
cally, while following the current standard for processing brain
images in the context of severe SVD. We designed a specific
approach to process brain images acquired during a very long period
of time while avoiding biases due to overfitting the patients with the
longest follow-ups. Finally, we based our subgroup analyses on
unsupervised approaches, whose results were, thereafter, confirmed
by testing associations with clinical outcomes.

We must also acknowledge some limitations. We could not use

all the data gathered during the past 17 years due to methodologic
constraints related to mandatory changes in MR imaging scanners

or sequences. The differences in brain volume between included and

nonincluded patients shown in Table 1 illustrate the importance of
MR imaging scanner on brain volume metrics. Indeed, while the

229 included and the 102 nonincluded patients did not differ regard-

ing clinical variables, the brain volume of nonincluded patients was
significantly larger. However, after excluding the data obtained on

the 3T scanner (55 of 102 patients), this difference was no longer sig-
nificant, suggesting that sequences acquired on the 3T scanner

overestimate brain volume compared with those obtained on the

1.5T scanner. Finally, we could not formally exclude any bias due to

data selection because we chose not to fully exploit longitudinal data

in some patients. Indeed, some patients in our cohort have been fol-

lowed for .15years. This individual approach may well provide

additional information, and we are currently working on specific

postprocessing approaches allowing the exploitation of such valuable

data, as illustrated by a recent case report of our group.23

CONCLUSIONS
The present study results show that brain volume, a major determi-
nant of clinical outcomes, is larger in female patients throughout life
in CADASIL, in total contrast to the general population. For yet-
undetermined reasons, some elderly male patients may exhibit larger
brain volumes and milder clinical outcomes similar to those of age-
matched female patients, suggesting the possibility of identifying
new therapeutic targets in this disorder.
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ORIGINAL RESEARCH
ADULT BRAIN

Labeling Noncontrast Head CT Reports for Common Findings
Using Natural Language Processing

M. Iorga, M. Drakopoulos, A.M. Naidech, A.K. Katsaggelos, T.B. Parrish, and V.B. Hill

ABSTRACT

BACKGROUND AND PURPOSE: Prioritizing reading of noncontrast head CT examinations through an automated triage system may
improve time to care for patients with acute neuroradiologic findings. We present a natural language-processing approach for
labeling findings in noncontrast head CT reports, which permits creation of a large, labeled dataset of head CT images for develop-
ment of emergent-finding detection and reading-prioritization algorithms.

MATERIALS AND METHODS: In this retrospective study, 1002 clinical radiology reports from noncontrast head CTs collected
between 2008 and 2013 were manually labeled across 12 common neuroradiologic finding categories. Each report was then encoded
using an n-gram model of unigrams, bigrams, and trigrams. A logistic regression model was then trained to label each report for ev-
ery common finding. Models were trained and assessed using a combination of L2 regularization and 5-fold cross-validation.

RESULTS:Model performance was strongest for the fracture, hemorrhage, herniation, mass effect, pneumocephalus, postoperative status,
and volume loss models in which the area under the receiver operating characteristic curve exceeded 0.95. Performance was relatively
weaker for the edema, hydrocephalus, infarct, tumor, and white-matter disease models (area under the receiver operating characteristic
curve . 0.85). Analysis of coefficients revealed finding-specific words among the top coefficients in each model. Class output probabil-
ities were found to be a useful indicator of predictive error on individual report examples in higher-performing models.

CONCLUSIONS: Combining logistic regression with n-gram encoding is a robust approach to labeling common findings in noncon-
trast head CT reports.

ABBREVIATIONS: AUPRC ¼ area under the precision-recall curve; AUROC ¼ area under the receiver operating characteristic curve; NLP ¼ natural language
processing

The noncontrast head CT examination is the technique of
choice in assessing patients for most acute neurologic find-

ings.1-4 The presence of any critical findings is not known at the
time of scanning, so patients without sufficient symptoms may
inadvertently wait several hours before a result is available.5 In
this time, the patient’s condition may deteriorate or the opportu-
nity for optimal treatment may close.6,7 This is an unmet clinical
need that could be addressed by a prioritization system that

would expedite reading of examinations with a strong likelihood
of emergent findings.

Deep learning models have demonstrated broad success on
medical image–classification tasks.8-10 Specifically, several
deep learning models have been trained to recognize acute
hemorrhages in noncontrast head CTs.11-15 A priority system
for identifying intracranial hemorrhage has been implemented
on the basis of an automated screening algorithm and has
demonstrated that reading wait times for hemorrhage-positive
scans can be reduced without significantly affecting overall
turnaround time.16 These successes indicate the potential fea-
sibility and clinical value of prioritization systems for reading
head CT examinations.17 Developing algorithms that recog-
nize a plurality of neurologic emergencies could realize similar
benefits for a larger patient population.

Although deep learning methods can deliver the high perform-
ance needed for a robust head CT screening system, they require
vast amounts of labeled data for training and evaluation.18 Manual
dataset labeling places an excessive burden on clinical and research
staff, raising the need for an alternative approach.19 Alternatively,
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the content of clinical radiology reports can be parsed and quanti-
tatively summarized using natural language processing (NLP) algo-
rithms.20,21 Rule-based approaches are a class of NLP algorithms
in which a group of domain experts generate a set of classification
rules. This approach has been applied successfully to identifying in-
tracranial hemorrhage, fracture, midline shift, and mass effect in
head CT reports.22 Although rule-based approaches can be effec-
tive, creating and modifying them may require substantial effort
from domain experts, and these approaches may have difficulty
generalizing beyond the training dataset. Instead, classifier-based
approaches for labeling radiology reports can be developed using a
training dataset. This approach has also demonstrated efficacy for
detecting fracture, hemorrhage, or stroke in head CT reports.23

In this article, we present a series of NLP models for labeling
noncontrast head CT images using the corresponding clinical ra-
diology reports. Our motivation is to develop a dataset labeling
technique for a broad set of common findings. This technique
may be used to generate larger datasets of labeled head CT exami-
nations, which can be used to train more advanced head CT pri-
oritization systems. The development of high-performing
screening systems for head CT examinations may ultimately
reduce the time to treatment for patients with acute neurologic
findings.

MATERIALS AND METHODS
Dataset Acquisition and Labeling
Radiology reports for noncontrast head CTs performed in the
Chicago metropolitan area were identified through an institu-
tional data warehouse. The reports in this search originated from
a combination of inpatient, outpatient, and emergency settings.
All procedures for dataset acquisition, analysis, and storage were
completed in compliance with the corresponding institutional
review board. Criteria for inclusion or exclusion were the follow-
ing: All subjects were between the ages of 18 and 89 when
scanned. All scans occurred between 2008 and 2013. No subjects
were known to be pregnant at the time of scanning, determined
by filtering out any report that contained the word “pregnant.” If
multiple reports were created for an examination, only the most
updated report was kept. Finally, all scans without a correspond-
ing accession number were discarded so that the examination
could be referenced during labeling to clarify any ambiguities in
reporting. There were no further inclusion or exclusion criteria at
the report level.

This search yielded a total of 97,553 reports that met the above
criteria. Of these, 1002 reports were randomly selected for man-
ual labeling. The remaining reports could not be labeled and were
discarded for the remaining analysis. This sample size was chosen
so that common findings have a reasonable number of positive
examples in the dataset for training logistic regression. All
sampled reports were included in subsequent analyses. Labeling
for all findings was performed by a medical student and con-
firmed by a practicing, board-certified neuroradiologist. Each
report was labeled across 49 finding categories (see the Online
Supplemental Data for in-depth labeling information). Findings
were then further grouped by disease classes, to concatenate
report categories with shared language for automated labeling.
Findings classes with at least 5% data frequency were kept for

further analysis: edema, fracture, hemorrhage, herniation, hydro-
cephalus, infarct, mass effect, tumor, chronic white matter disease
(abbreviated white matter), pneumocephalus, postsurgical status,
and volume loss. This approach ensures that each subsequent
finding model has at least 50 positive examples for training.
Together, these 12 classes create a comprehensive set of common
head CT findings that may summarize the examination reading
priority for most patients.

Model Design and Training
The n-gram model is a technique for encoding text as a sequence
of character or word symbols.24 Our modeling approach was to
encode head CT reports into a vector of word n-gram counts
(bag of n-grams) and to independently train a logistic regression
classifier for each finding type. We chose n-grams because neuro-
radiologists often repeat concise phrases across reports with spe-
cific meaning regarding imaging findings (ie, no acute
intracranial hemorrhage). N-grams are particularly sensitive to
these phrases and are a simple-but-powerful encoding for sum-
marizing document content. Simple models that combine
n-grams and logistic regression classifiers have shown strong per-
formance on radiology report labeling, comparable with the per-
formance of deep learning or generative models.23,24 N-gram
counts were not scaled by document length (to n-gram fre-
quency) because the language used to describe abnormal findings
is typically longer than the language used to describe normal
findings and adjusting for document length may attenuate this
signal. The entire report was used for training, including the
impression, findings, and any described clinical history. No stop
words were removed because common stop words (ie, “no,” “or,”
“and”) are repeated in key phrases across reports and these
phrases carry important diagnostic value. All reports were split
into tokens of consecutive alphanumeric characters; then, the
number of unigrams, bigrams, and trigrams was counted using
the Natural Language Toolkit library.25

One logistic regression classifier was trained for each of the 12
common findings. Logistic regression classifiers were chosen
because of their robust performance, ease of interpretability,
straightforward training, and tolerance to class imbalance. Models
were trained using a combination of unigrams, bigrams, and tri-
grams. It was found during training that increasing the gram
length improved model performance, but this effect saturated once
quadgrams were added. This step indicates that the additional fea-
ture space provided by quadgrams does not clearly improve linear
separability, so n-grams of a higher order than trigrams were
excluded. Training was performed using L2 regularization, which
limits coefficient magnitude and model overinterpretation of any
single n-gram. Hyperparameter tuning was performed iteratively
by setting the L2 coefficient to unity and then adjusting by a factor
of 10 until locally maximal performance was realized.

Three other classifier types were tested to compare perform-
ance with logistic regression: a support vector machine classifier
(radial basis function kernel, regularization term= 1), a random
forest classifier (100 trees, Gini impurity criterion), and a multi-
layer perceptron classifier (learning rate= 1e-4, L2 penalty = 1e-5,
batch size = 100). It was found that smaller multilayer perceptron
architectures performed better during iterative testing, and
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ultimately 3 layers of 32 neurons each
were chosen. All models, including logis-
tic regression, were trained using the
package scikit-learn (https://scikit-learn.
org/stable/index.html).26

Statistical Analysis
Model performance was estimated by
averaging the model accuracy, sensitivity,
specificity, area under the receiver oper-
ating characteristic curve (AUROC), and
the area under the precision-recall curve
(AUPRC) across 5-fold cross-validation.
Reported performance statistics corre-
spond to the point on the receiver oper-
ating characteristic curve that maximizes
the Sørensen-Dice coefficient (F1 mea-
sure), defined as the harmonic mean of
the positive predictive value and specific-
ity. This calibration step ensures that the
reported results are not heavily skewed
toward the majority class. Given the
heavy class imbalance in our dataset, the
AUROC and AUPRC are the primary
outcomes for assessing model perform-
ance in this study. Each model was com-
pared with chance using the Fisher exact

test for 2-way tables. Finally, we investigated the output probabil-
ities of our models by iteratively removing points near the deci-
sion boundary and observing the change in error rate. Noisy
labels are a barrier to training machine learning algorithms and
could affect downstream models trained with a labeled dataset of
head CT examinations. While training of machine learning algo-
rithms is typically done with binary labels, training protocols that
take into account class output probabilities are a possible solution
to overcome the noisy labeling problem.27

RESULTS
The frequencies of all 12 common findings are shown in Fig 1.
Volume loss was the most frequent finding overall, described in
just over one-third of all reports. The next most common find-
ings were postsurgical status (23%), hemorrhage (21%), chronic
white matter disease (21%), and mass effect (15%). The remain-
ing findings were overall comparatively rare, occurring at a rate
slightly above the inclusion threshold of 5% frequency for com-
mon findings. Expert labeling identified 223 reports with normal
findings (22.3%) and 779 reports with at least 1 abnormality
(77.7%). Reports with at least 1 abnormality described, on aver-
age, 2.44 of the 12 common findings. Furthermore, 97.8% of
reports with abnormal findings described at least 1 of the 12 com-
mon findings.

Model Performance
The performance for each model is shown in the Online
Supplemental Data. On the basis of the AUROC, the models for
hemorrhage and herniation performed best (AUROC. 0.97),
closely followed by those for volume loss, postsurgical status,

FIG 1. Frequencies of common findings. Bar lengths and numeric labels represent the frequency
of each individual common finding across the labeled radiology reports. Each report may
describe multiple findings or no findings at all.

FIG 2. Model coefficient heatmap. Normalized model coefficients cor-
responding to selected unigrams (horizontal axis labels) are shown for
each model (vertical axis labels). Red values indicate a positive associa-
tion between unigram frequency and the probability of the corre-
sponding finding. One unigram was chosen from a list of 5 n-grams with
the largest coefficients in each model. Coefficient labels are ordered by
model of origin (“vasogenic” is the selected unigram for the edema
model, “skull” is the selected unigram for the fracture model, and so
forth). Preference was given to n-grams that were closely related to the
finding of interest. N-grams that contained the finding word or words
were not chosen for display, though these were typically the n-grams
with the highest coefficients in each model. Coefficients were normal-
ized by row and column averages for better comparison across models
because coefficients are strongly affected by the n-gram frequency and
model regularization terms.
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fracture, mass effect, and pneumocephalus (AUROC. 0.95).
Receiver operating characteristic curves for each model are
shown in the Online Supplemental Data. Models for detecting
infarct and tumors were the weakest by all metrics. Sensitivity
and specificity were relatively close for the hemorrhage and vol-
ume loss models. Otherwise, the model specificity was typically
far higher than sensitivity. All models performed significantly
better than chance.

Model Coefficients
A heatmap of selected model coefficients is shown in Fig 2. All
models had unigrams that closely related to the finding pathology
or description within the top 5 coefficients. The largest coeffi-
cients of most models were either unigrams or combinations of
those same unigrams. For example, the terms “edema,” “vaso-
genic,” and “vasogenic edema” were among the highest for the
edema model. N-grams with the most negative coefficients were
generally lower in magnitude than n-grams with the most posi-
tive coefficients and were typically nonspecific or negatory
(ie, “no acute intracranial” was a strongly negative trigram for the
hemorrhage model). Selected coefficients had a higher magnitude
for their corresponding model than for other models (visible
through the red diagonal line), suggesting that each model identi-
fied important n-grams that were unique to the specific finding.

Model Output Probabilities
To better understand the validity of class output probabilities in
our models, we iteratively removed data points closest to the deci-
sion boundary (ie, least certain predictions) and observed the
change in the overall error rate (Fig 3). The error rate decreases
for all models when uncertain predictions are removed, indicat-
ing that correct predictions are overall classified more confidently
than incorrect ones. This effect is magnified for models with
higher initial performance, in which the error rate tends to
decrease approximately exponentially when data are removed,
whereas the error rate of models with lower initial performance
decreases linearly.

Classifier Comparison
The results shown above correspond to the performance of a
logistic regression model. In addition, we tested the performance
of support vector machines, random forests, and multilayer per-
ceptrons for detecting findings in radiology reports. The average
performance of each model across all findings is shown in the
Table. See the Online Supplemental Data for the complete data.
In aggregate, random forests models had the highest average
AUROC and AUPRC, followed by logistic regression, support
vector machines, and finally multilayer perceptrons. Logistic
regression models were the most sensitive, with an average sensi-
tivity of 0.748. However, the average performance for all models
typically fell within 95% confidence bounds, except for the multi-
layer perceptron, which consistently underperformed the other
models. On an individual finding level, logistic regression was
best for hemorrhage, while random forests were best for edema,
infarcts, and white matter disease.

DISCUSSION
We have presented a series of NLPmodels for labeling noncontrast
head CT images using the corresponding radiology reports. The
overall strong performance of our models suggests that the combi-
nation of n-grams and logistic regression is suitable for labeling
common findings in head CT reports (Online Supplemental Data).
Compared with other classifier types, logistic regression performed
better than a support vector machine and a multilayer perceptron.
Although random forests had higher average AUROC and
AUPRC values, logistic regression significantly outperformed ran-
dom forests on hemorrhage detection, which is a major application
of this work. A combination of logistic regression and random for-
ests may ultimately be a better approach.

When compared to models in a similar study by Zech et al,23

we developed strong models for identifying fractures (AUROC:
0.951 versus 0.816–0.930) and hemorrhage (AUROC: 0.981 ver-
sus 0.918–0.945). This prior work also reported a strong model
for stroke, infarction, or ischemia, which outperformed our
model for infarction alone (AUROC: 0.846 versus 0.926–0.964);

FIG 3. Visualizing model discrimination by filtering uncertain predictions. Changes in the error rate are shown for higher-performing models
(left) and lower-performing models (right) when data near the decision boundary are removed. The error rate is calculated as 1 minus the model
accuracy.
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however, the proportion of infarct cases within this larger com-
bined group was not reported. This work differed in the tech-
nique for filtering stop words, as well as the choices of models
and regularization penalty. Although some differences in model
performance can be attributed to these methodologic differences,
this attribution is difficult to infer without comparing on a shared
test dataset.

While strong models were trained overall, the tumor and
infarct models noticeably underperformed. Both findings have
characteristics that would make them challenging to identify
using our n-gram methodology. First, brain tumors are more
variable in their location and underlying pathology than other
findings. Reports in the tumor category were a mixture of paren-
chymal (20%), extra-axial (38%), osseous (22%), metastatic
(16%), and orbital (4%) tumors. Because the language used to
describe different types and locations of tumors is variable, it is
even more challenging to collectively learn these subdivisions
with a limited positive dataset (6% frequency of tumor findings).

Second, early brain infarcts can be challenging to detect on
noncontrast head CT, even for experienced neuroradiologists.28

While the hyperdense vessel sign is a specific infarct finding, this
finding is not always present, so infarcts are often diagnosed
through a combination of effacement and subtle ischemic changes
such as transcortical hypoattenuation (ie, loss of gray-white matter
differentiation). N-grams are limited to counting adjacent word
combinations and can struggle with making inferences on combi-
nations of findings across a report document. Higher-complexity
NLP models, which can analyze subtler findings, may be necessary
for identifying infarcts in radiology reports.

We demonstrated the interpretability of our models through
comparison of pathologically relevant coefficient magnitudes
across models (Fig 2). This comparison suggests that the model is
engaging with neuroradiologic terminology and is promising for
generalization to other datasets. In addition, we investigated
using class output probabilities as a measure of prediction confi-
dence and found that in stronger models, removing predictions
near the decision boundary can lower the error rate substantially
(Fig 3). First, this finding implies that class output probabilities
contain information regarding the prediction confidence.
Second, it allows creating higher-accuracy labels by discarding
uncertain data. Because there is a surplus of unlabeled data in
report labeling, this approach may be practical for generating
higher-quality datasets.

There were several limitations encountered while performing
this study. First, creating a criterion standard dataset of labeled
reports is incredibly laborious, lead to a limited sample size. As a
result, we lacked statistical power to assess model performance

on rarer but still important head CT findings. Concatenation of
findings into 12 categories partially addressed this problem, but
introducing finding heterogeneity into each category may have
lowered the model performance. Second, all reports in this study
originated from Northwestern Medicine medical centers. Report
content and style may vary across radiologists, so additional work
is needed to confirm model generalizability.

In addition to presenting models for labeling reports, we have
developed a 12-dimensional framework for common head CT
findings. Given the success of the already-tested head CT prioriti-
zation systems for acute intracranial hemorrhage, it may be possi-
ble to use a battery of labeling algorithms, such as those
presented in this work, to develop head CT screening systems for
a broader range of neuroradiologic findings.29 Initial attempts at
creating algorithms that detect critical findings have demon-
strated that this is a challenging problem (model accuracy = 0.55)
and progress may be limited by dataset labeling (NLP labeling
accuracy= 0.71).30 Increasing the number of labels may improve
priority assessments by capturing interaction effects among find-
ings. For example, a tumor that also presents with edema and
mass effect is more severe than one that does not. Alternatively,
the presence of pneumocephalus in a patient postsurgery is often
expected, while an isolated pneumocephalus may have a more in-
sidious cause and warrants higher priority.

CONCLUSIONS
Classifiers trained on n-grams demonstrated overall strong per-
formance in detecting a broad range of neuroradiologic findings
in head CT reports. Logistic regression demonstrated interpret-
ability of model coefficients and class output probabilities. These
algorithms can be used to generate large, labeled datasets of head
CT examinations for training deep learning models to identify
findings in images. Clinical implementation of these algorithms
could support a prioritization system for reading head CT exami-
nations and decrease the time to treatment for patients with
emergent findings.

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

Antithrombotic Treatment after Carotid Stenting in Patients
with Concomitant Atrial Fibrillation

B. Pardo-Galiana, M. Medina-Rodriguez, M. Millan-Vazquez, J.A. Cabezas-Rodriguez, L. Lebrato-Hernandez,
L. Ainz-Gomez, E. Zapata-Arriaza, J. Ortega, A. de Albóniga-Chindurza, J. Montaner, A. Gonzalez, and F. Moniche

ABSTRACT

BACKGROUND AND PURPOSE: Antithrombotic therapy following carotid artery stent placement with concomitant atrial fibrillation
is not well-established. Our aim was to assess the safety and efficacy of the combination of direct oral anticoagulants and a P2Y12
inhibitor at 30 days after carotid artery stent placement in patients with atrial fibrillation.

MATERIALS AND METHODS: We designed an observational single-center study including patients who underwent carotid artery
stent placement with concomitant atrial fibrillation. We studied 3 groups according to antithrombotic therapy: 1) the direct oral
anticoagulants plus clopidogrel (DC) group: receiving direct oral anticoagulants plus a P2Y12 inhibitor; 2) the triple therapy group:
anticoagulation and dual antiplatelet therapy; and 3) the dual antiplatelet therapy group: following dual antiplatelet therapy alone.
The safety outcome was a major or clinically relevant non-major bleeding event at the first month. The efficacy outcomes were
the thromboembolic events (myocardial infarction, stroke, systemic embolism, or stent thrombosis).

RESULTS: Of 959 patients with carotid artery stent placement, 91 met the inclusion criteria, including 24 patients in the DC group, 42
patients in the triple therapy group, and 25 in the dual antiplatelet therapy group. The mean age was 72.27 (SD, 8.1 ) years, with similar
baseline characteristics. The median CHA2DS2-VASc score for each group was 6 (interquartile range = 5–6), 5 (interquartile range = 4–6),
and 5 (interquartile range = 4–6), respectively. The median HAS-BLED score was 4 in the 3 groups (P = .17). The primary safety end point
was 23.8% in the triple therapy group compared with 4% in the dual antiplatelet therapy group (P = .032), with no bleeding events in the
DC group (P = .007). There was 1 stent thrombosis in DC group and a cardioembolic stroke in the dual antiplatelet therapy group (P = .41).

CONCLUSIONS: Among patients with carotid artery stent placement with atrial fibrillation, triple therapy confers a high bleeding
risk. A regimen of direct oral anticoagulants plus a P2Y12 inhibitor might confer a good safety profile with significantly lower rates
of bleeding and optimal efficacy.

ABBREVIATIONS: AF ¼ atrial fibrillation; CAS ¼ carotid artery stent placement; CS ¼ carotid stenosis; DAPT ¼ dual antiplatelet therapy; DC ¼ DOAC plus
clopidogrel; DOAC ¼ direct oral anticoagulants; ICH ¼ intracerebral hemorrhage; PCI ¼ percutaneous coronary intervention; TT ¼ triple therapy

Carotid stenosis (CS) represents approximately 12%–19.3% of
acute ischemic strokes.1 During the past decade, carotid ar-

tery stent placement (CAS) has emerged as an alternative treat-
ment option for CS when carotid endarterectomy is not feasible
or as a first-line therapy.2 After CAS, patients should follow a
dual antiplatelet therapy (DAPT) regimen with aspirin and

clopidogrel from 1–3months to minimize the risks of acute stent
thrombosis secondary to platelet activation triggered by intimal
injury and/or insertion of a foreign body (stent).3 However, when
atrial fibrillation (AF) coexists, the best approach is yet to be elu-
cidated. According to a recent metanalysis, 12% of patients with
AF have a moderate-severe CS, which doubles the risk of stroke
in patients with AF after adjustment for classic clinical risk factors
and antithrombotic therapy.4,5
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In this setting, DAPT plus oral anticoagulation is expected to
be the most effective approach, but with an increment of bleeding
rates. On the other hand, oral anticoagulation or DAPT alone
may not be effective enough to prevent stent thrombosis or em-
bolic events, respectively. Nevertheless, no clinical trials have
addressed this question before. By contrast, 3 randomized clinical
trials including patients with AF and a recent acute coronary syn-
drome or percutaneous coronary intervention (PCI) treated with
a P2Y12 inhibitor and direct oral anticoagulants (DOACs) with-
out aspirin resulted in less bleeding without an increment in the
incidence of ischemic events compared with regimens that
included a vitamin K antagonist, aspirin, or both.6-8

Our aim was to compare 3 different antithrombotic regimens:
DOAC plus a P2Y12 inhibitor, anticoagulation plus DAPT, or
DAPT alone in patients undergoing CAS with concomitant AF in
a daily clinical practice.

MATERIALS AND METHODS
Study Strategy
The present study is a retrospective observational single-center
study including patients undergoing CAS in a comprehensive
stroke center from 2010 to March 2021. We included patients who
met all the following criteria: previous, persistent, permanent, or
paroxysmal nonvalvular AF; TIA or minor/mild stroke secondary
to atherosclerotic CS who underwent CAS as secondary prevention
or asymptomatic CS with revascularization criteria; and planned
use of a P2Y12 inhibitor for at least 1 month. To stratify the risk of
stroke among patients with AF, we assessed the CHA2DS2-VASc
scores. The bleeding risk was measured by the HAS-BLED scores.

Data Collection
Baseline variables and ultrasound findings were prospectively
recorded. Outcomes were retrospectively collected. The reporting
of this study conforms to the STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE; https://www.
strobe-statement.org/) statement (for the STROBE checklist of
this study). The study was approved by the local ethics committee
(University Hospital Virgen del Rocío Ethic Committee/1431-N-
21) and followed the Declaration of Helsinki Ethical principles of
medical research involving human subjects.

Regimen Strategy
We established 3 groups according to antithrombotic regimen: 1)
DOAC plus clopidogrel (DC group), 2) DAPT with clopidogrel and
aspirin plus anticoagulation (triple therapy [TT] group), and 3)
DAPT with clopidogrel and aspirin alone (DAPT group). The direct
oral anticoagulant doses administered to the DC group were rivar-
oxaban, 15mg once daily, apixaban, 5mg twice daily (2.5mg daily if
dose-reduction criteria were required), and dabigatran, 110mg
twice daily. The antithrombotic regimen was established by stroke
physician criteria 24hours after CAS. Clopidogrel was stopped at
1month after CAS in patients included in the TT and DAPT groups
and was switched to aspirin in patients in the DC group.

CAS
Patients were treated with double antithrombotic therapy for at
least 5 days (aspirin, 100mg/day, and clopidogrel, 75mg/day)

before CAS or were treated with a loading dose of clopidogrel
(300mg) and aspirin (300mg). Anticoagulation was stopped
24 hours before CAS and restored within 24 hours after CAS,
except in those treated with DAPT alone. Predilation of the ste-
nosis with a 2- to 4-mm balloon catheter was performed previous
to a self-expanding stent being deployed. Postdilation with a 5- to
6-mm balloon was performed in cases with residual stenosis.
Heparin was administered systematically during the procedure to
maintain an activated clotting time between 250 and 300 seconds.

Follow-up Assessments
Neurologic and systemic evaluation was performed the day before
the procedure, immediately after CAS, 24hours after intervention,
and at 1-month follow-up. On days 1 and 30 after CAS, a carotid
ultrasound was performed to rule out stent thrombosis or restenosis.

Outcome Measures
The safety end point was major or clinically relevant nonmajor
bleeding as defined by the International Society on Thrombosis and
Haemostasis. Major bleeding was defined by the International
Society on Thrombosis and Haemostasis as bleeding that resulted
in death, occurred in a critical organ (intracranial, intraspinal, intra-
ocular, retroperitoneal, intra-articular, intramuscular with compart-
ment syndrome, or pericardial), or was associated with either a
decrease in the hemoglobin level of at least 2 g/dL or a transfusion
of at least 2 U of packed red cells. Clinically relevant nonmajor
bleeding was defined as bleeding that resulted in hospitalization,
medical or surgical intervention for bleeding, an unscheduled clinic
visit, or a change in physician-directed antithrombotic therapy.9

The efficacy end point was stroke recurrence at 30 days from
CAS or any ischemic event (myocardial infarction, stent throm-
bosis, stroke, and systemic embolism).

Statistical Analysis
Values for continuous variables with a normal distribution are pre-
sented as mean (SD), and 2-sample t tests were performed for
comparisons. The Mann-Whitney test and medians and interquar-
tile ranges were used for non-normal distributions. Categoric vari-
ables were analyzed with the x 2 test or the Fisher exact test, as
appropriate. We used SPSS 25.0 (IBM), with P, .05 considered
statistically significant.

RESULTS
We analyzed 959 patients from 2010 to March 2021, of whom 91
met all the inclusion criteria (DC group= 24 patients, TT group=
42 patients, and DAPT group= 25 patients). Sixty-nine patients
(75.82%) had symptomatic CS (DC group= 21, TT group= 31, and
DAPT group= 17). The baseline characteristics are summarized in
Table 1. The mean age was 72.27 (SD, 8.1) years, and 17.6% of the
patients were women. The mean CHAsDS2-VASc score was 5.3
(SD, 1.3), and the mean HAS-BLED score was 3.9 (SD, 0.9).
Among patients in the DC group, rivaroxaban was administered in
13 patients; apixaban, in 6 patients; and dabigatran, in 5. In TT
group, 21 patients received vitamin K antagonists; 7 patients, low-
molecular-weight heparin; and 14, DOAC (7 rivaroxaban, 4 dabiga-
tran, and 3 apixaban). Clopidogrel was the P2Y12 inhibitor in the 3
groups (Fig 1).

728 Pardo-Galiana May 2022 www.ajnr.org

https://www.strobe-statement.org/
https://www.strobe-statement.org/


Safety Outcomes
At 1month, 10 of 42 patients (23.8%) receiving triple therapy had
a major or clinically relevant nonmajor bleeding event, compared
with 1 of 24 (4%) receiving DAPT (P= .032) and no bleeding
event in the DC group (P= .007) (Table 2). A major bleeding did
not occur either in the DC or DAPT group, compared with 4
major bleeding events in the TT group (Online Supplemental
Data). An intracranial hemorrhage was reported in the TT group.

Efficacy Outcomes
Neither systemic embolisms, myocardial infarction, nor stroke were
reported in the TT group at 1 month after CAS. One patient in the
DC group was hospitalized with minor stroke symptoms due to ca-
rotid stent thrombosis. In a patient included in DAPT group in
whom a CAS in the right carotid artery was performed, a cardioem-
bolic stroke involving the contralateral MCA was reported (Table 2).

DISCUSSION
To the best of our knowledge, our study evaluates, for the first
time, the safety and efficacy of 3 different antithrombotic regimens
in patients undergoing CAS with concomitant AF, including a
combination of DOAC plus clopidogrel. Our study showed that

the regimen of DOAC plus clopidogrel during the first month
resulted in a lower risk of a major or clinically relevant nonmajor
bleeding event than the usual regimen with triple therapy, with no
increment of thromboembolic events.

Regimens including DOAC therapy appear to offer the poten-
tial for less bleeding over the vitamin K antagonists in patients who
underwent PCI.10 The Open-Label, Randomized, Controlled,
Multicenter Study Exploring Two Treatment Strategies of
Rivaroxaban and a Dose-Adjusted Oral Vitamin K Antagonist
Treatment Strategy in Subjects with Atrial Fibrillation who
Undergo Percutaneous Coronary Intervention (PIONEER AF-
PCI) trial showed that a regimen involving low doses of rivaroxa-
ban (15mg once daily or 2.5mg twice daily) plus a P2Y12 inhibitor
had a lower incidence of bleeding rates compared with a regimen
of vitamin K antagonist and DAPT.7 The Randomized Evaluation
of Dual Anti- thrombotic Therapy with Dabigatran versus Triple
Therapy with Warfarin in Patients with Nonvalvular Atrial
Fibrillation Undergoing Percutaneous Coronary Intervention (RE-
DUAL PCI) trial demonstrated that a regimen of dabigatran plus a
P2Y12 inhibitor conferred lower rates of bleeding than triple ther-
apy.8 Similar results were seen in the AUGUSTUS trial, in which
the use of apixaban plus a P2Y12 inhibitor had a better safety pro-
file than regimens that included a vitamin K antagonist, aspirin, or
both.6 The decrement of bleeding risk was accompanied by similar
thrombotic events as well. Because patients having undergone CAS
usually have a higher risk of bleeding than patients having under-
gone PCI, the combination of DOAC plus clopidogrel might be
also effective in our patients (Fig 2).

For the primary safety outcome of major or clinically relevant
nonmajor bleeding at 30 days, a significant difference risk of
23.8% between a regimen of DOAC plus clopidogrel and a triple
therapy was detected. Major bleeding was reported neither in the
DC group nor the DAPT group. Patients included in our study
had a specifically high risk of intracerebral hemorrhage (ICH)
due to the following reasons: 1) recent previous stroke symptoms,
2) risk of developing hyperperfusion syndrome, and 3) a high
HAS-BLED score. Nevertheless, ICH occurred in neither the DC
group nor the DAPT group. Our findings support this regimen
possibly providing a good safety profile in patients with AF in
whom CAS is performed. There were no statistically significant
differences in efficacy end points. However, a stent thrombosis
that occurred in the DC group might have been related to

Table 1: Baseline characteristics
Total
(n = 91)

DC Group
(n = 24)

TT Group
(n = 42)

DAPT Group
(n = 25) P

Age (mean) (SD) (yr) 72.27 (SD, 8.1) 72.4 (SD, 6.7) 72.6 (SD, 9) 71.6 (SD, 8.3) .9
Female sex (No.) (%) 16 (17.6) 6 (25) 8 (19) 2 (8) .119
CHAsDS2-VASc score (mean) 5.3 (SD, 1.3) 5.5 (SD, 1.1) 5.1 (SD, 1.4) 5.3 (SD, 1.4) .548
HAS-BLED score (mean) 3.9 (SD, 0.9) 3.8 (SD, 0.6) 3.8 (SD, 0.9) 4.24 (SD, 0.9) .168
Hypertension (No.) (%) 79 (86.8) 22 (91.7) 35 (83.3) 22 (88) .616
Diabetes mellitus (No.) (%) 44 (48.4) 14 (58.3) 15 (35.7) 15 (60) .082
Dyslipidemia (No.) (%) 68 (74.7) 20 (83.3) 31 (73.8) 17 (68) .459
Heart failure (No.) (%) 41 (45.1) 14 (58.3) 17 (40.5) 10 (40) .313
Smoker (No.) (%) 23 (25.27) 6 (25) 7 (16.7) 10 (40) .1
Peripheral arteriopathy (No.) (%) 18 (18.5) 3 (12.5) 6 (25) 9 (0.36) .57
Serum creatinine levels (No.) (%)
,1.5mg/dL
$1.5mg/d

79 (86.8)
2 (13.2)

19 (79.2)
5 (20.8)

40 (95.2)
2 (4.8)

20 (80)
5 (20)

.956

FIG 1. Antithrombotic strategy management. LMWH indicates low-
molecular-weight heparin; VKA, vitamin K antagonist.
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insufficient antiplatelet therapy or clopidogrel resistance. Also, a
stroke was observed in the DAPT group, probably related to the
absence of anticoagulation therapy. Our results suggest a balance
of the risk of bleeding and the prevention of stent thrombosis or
embolic events.

To our knowledge, there is only 1 report addressing this ques-
tion to compare with our results.11 The authors included 31
patients, of whom 14 received a DOAC plus a single antiplatelet
therapy (aspirin or clopidogrel) with no bleeding event described.
By contrast, in only 1 of 17 (5.9%) patients receiving vitamin K
antagonists plus DAPT was a bleeding event reported. The low
bleeding event rate might be related to either the INR target (1.5–
2) compared with our higher INR target (2–3) or to the smaller
sample size.

Our study has several limitations. This was a retrospective,
nonrandomized study in which the choice of each antithrom-
botic regimen was uncontrolled. However, the treatment eli-
gibility criteria were not related to bleeding or thrombotic
risk because CHA2DS2-VASC and HAS-BLED scores were
similar within groups, but they were due to publication of
this new regimen in patients with AF undergoing PCI
because 87.5% of patients in the DC group were included
from 2017. In addition, we did not perform an evaluation of
antiplatelet effects in our patients. Although the small sample
size impedes obtaining robust evidence in terms of efficacy
compared with triple therapy, it may allow setting up a hy-
pothesis of a novel management in patients undergoing CAS
with AF.

CONCLUSIONS
In patients who are eligible for CAS
with concomitant AF, a regimen of tri-
ple therapy confers a high bleeding
risk. Another regimen such as DOAC
plus a P2Y12 inhibitor, similar to that
in patients undergoing PCI with con-
comitant AF, might confer a good
safety profile with an optimal efficacy.
A randomized clinical trial should be
conducted to confirm the efficacy and
safety of this therapy.

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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Table 2: Safety and efficacy outcomes
DC

Group
TT

Group
DAPT
Group P

Major or clinically relevant nonmajor bleeding (No.) (%) 0 10 (23.8) 1 (4) .006
Major bleeding (No.) (%) 0 4 (9.5) 0 .138
Efficacy outcome
Stroke (No.) (%) 0 0 1 (4) .41
Stent thrombosis (No.) (%) 1 (4.1) 0 0

FIG 2. Management recommendations in patients undergoing CAS with concomitant AF. Once
CS (if suitable for CAS) is diagnosed, we recommend dual antiplatelet therapy (aspirin and clopi-
dogrel) plus anticoagulation with a DOAC at least 5 days before CAS. Anticoagulation should be
stopped 24 hours before CAS and re-initiated 24 hours after. According to antiplatelet therapy
after CAS, we recommend a regimen including DOAC plus clopidogrel during the first month af-
ter CAS and then switching clopidogrel to aspirin.
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ORIGINAL RESEARCH
INTERVENTIONAL

Angiographically Occult Subarachnoid Hemorrhage: Yield of
Repeat Angiography, Influence of Initial CT Bleed Pattern,

and Sources of Diagnostic Error in 242 Consecutive Patients
I. Nguyen, M.T. Caton, D. Tonetti, A. Abla, A. Kim, W. Smith, and S.W. Hetts

ABSTRACT

BACKGROUND AND PURPOSE: Nearly 20% of patients with spontaneous SAH have no definitive source on initial DSA. The purpose
of this study was to investigate the timing and yield of repeat DSA, to clarify the influence of initial CT bleed pattern, and to char-
acterize sources of diagnostic error in this scenario.

MATERIALS AND METHODS: We evaluated the yield of repeat DSA and clinical outcomes stratified by hemorrhage pattern on CT
in consecutive patients with nontraumatic SAH with negative initial DSA findings at a referral center. Cases in which the culprit
lesion was subsequently diagnosed were classified as physiologically occult (ie, undetectable) on the initial DSA, despite adequate
technique and interpretation or misdiagnosed due to operator-dependent error.

RESULTS: Two hundred forty-two of 1163 (20.8%) patients with spontaneous SAH had negative initial DSA findings between 2009 and
2018. The SAH CT pattern was nonperimesencephalic (41%), perimesencephalic (36%), sulcal (18%), and CT-negative (5%). Repeat DSA in
135/242 patients (55.8%) revealed a source in 10 patients (7.4%): 4 saccular aneurysms, 4 atypical aneurysms, and 2 arteriovenous shunts.
The overall yield of repeat DSA was 11.3% with nonperimesencephalic and 2.2% for perimesencephalic patterns. The yield of the second
and third DSAs with a nonperimesencephalic pattern was 7.7% and 12%, respectively. Physiologically occult lesions accounted for 6/242
(2.5%) and operator-dependent errors accounted for 7/242 (2.9%) of all angiographically occult lesions on the first DSA.

CONCLUSIONS: Atypical aneurysms and small arteriovenous shunts are important causes of SAH negative on angiography. Improving
DSAs technique can modestly reduce the need for repeat DSA; however, a small fraction of SAH sources remain occult despite
adequate technique. These findings support the practice of repeating DSA in patients with a nonperimesencephalic SAH pattern.

ABBREVIATIONS: NPM ¼ nonperimesencephalic; PM ¼ perimesencephalic

DSA is the criterion standard for detecting cerebral aneurysms
and other sources of spontaneous SAH. However, approxi-

mately 15%–20% of patients with spontaneous (atraumatic) SAH
have negative findings on the initial angiogram.1,2 In these cases,
second and sometimes third catheter angiograms may be necessary
to guide management. Previous studies estimated that source
lesions are identified in 2%–17% of these cases when DSA is
repeated.3-5 This yield may be influenced by the blood distribution

on CT, which can be categorized as perimesencephalic (PM), dif-
fuse nonperimesencephalic (NPM), sulcal, or radiologically nega-
tive (eg, diagnosed by CSF examination).6 To date, the predictive
value of the CT SAH pattern on the diagnostic yield of repeat DSA
is uncertain, but this information could refine and simplify algo-
rithms for repeating DSA in this population.

The initial DSA can yield false-negative results for a variety of
reasons, which can be broadly categorized as physiologic (ie,
obscuration due to vasospasm, thrombosis, or hematoma) or op-
erator-dependent (eg, inadequate projections, magnification, or
patient motion). Several schemata exist for framing and contextu-
alizing operator-dependent error in diagnostic imaging.7-9 For
example, Bruno et al10 proposed 2 principal error subtypes: per-
ceptual and interpretive (cognitive). However, a systematic
approach to error has not been applied to DSA in the context of
occult, spontaneous SAH.

The purpose of this study was, therefore, 2-fold: First, we
aimed to quantify the diagnostic yield of repeat DSA in patients
with spontaneous SAH, accounting for differences in the CT
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blood distribution pattern. Second, we estimated the fraction of
these cases that are attributable to physiologic versus operator-de-
pendent factors and presented a framework for classifying diag-
nostic error in this setting.

MATERIALS AND METHODS
We performed a retrospective cohort study at a single, tertiary,
academic medical center of consecutive adults (older than
18 years of age) admitted with SAH between January 1, 2009, and
December 31, 2018. This study was approved by the local institu-
tional review board with a waiver of informed consent. Patients
were excluded if there was evidence of trauma or primarily intra-
parenchymal or intraventricular hemorrhage.

Clinical data were abstracted from the electronic health re-
cord, including demographics and risk factors for SAH (Online
Supplemental Data). In addition to the CT hemorrhage pattern,
the initial Hunt & Hess scores, modified Fisher grade, external
ventricular drain placement, ventriculoperitoneal shunt place-
ment, vasospasm, delayed cerebral ischemia, and rebleed events
were documented.

DSA was performed in each case by an experienced neuroin-
terventionalist in 1 of 3 biplane angiography suites (Artis Q or
zee; Siemens). MRA of the brain and cervical spine was per-
formed after initial negative findings on DSA. The decision to
perform repeat DSA was determined by multidisciplinary con-
sensus. The yield of identifying a vascular source was assessed for
repeat DSA and MR imaging.

Neuroradiologic Review and Classification of Diagnostic
Error on Initial DSA
Baseline head CT images were reviewed and categorized into 4
groups by a neuroradiologist on the basis of the SAH pattern: 1)
diffuse NPM, 2) PM, 3) sulcal, or 4) CT-negative but confirmed by
CSF examination. PM SAH was defined as hemorrhage limited to
the prepontine, suprasellar, ambient, crural, and/or quadrigeminal
cisterns without significant extension into the Sylvian or interhe-
mispheric fissures according to the criteria of van Gijn et al.6

In each case in which a diagnosis was revealed only with repeat
DSA or surgical exploration, the initial DSA (reported as having
negative findings) was scrutinized independently by 2 neurointer-
ventionalists. Lesions that were retrospectively evident were

classified as operator-dependent errors
and subclassified as technical or cogni-
tive errors. The cognitive error catego-
ries were further subdivided into
specific error classes according to the
framework of Bruno et al.10 When no
diagnostic error was detected, the
lesion was considered physiologically
occult, meaning that the lesion could
truly not be detected despite optimal
technique and interpretation.

Statistical comparison of continu-
ous variables between groups was
assessed with the Student t test, the
Mann-Whitney U test, or ANOVA.
Frequency data were compared using

the Fisher exact test, and P , .05 was considered significant.
Statistical analyses were performed using R statistical and com-
puting software (Version 3.6.2; http://www.r-project.org/).

RESULTS
Patient Cohort Clinical Characteristics
During the 10-year study period, 242/1163 (20.8%) patients with
spontaneous SAH had negative initial DSA findings. A visual sum-
mary of the characteristics and diagnostic results of these selected
242 patients is provided in the Online Supplemental Data. One
hundred twenty-two were women (50.4%), and the mean age was
56 years (range, 18–91 years). The Hunt & Hess scores were grade
1 in 53 patients (22%), grade 2 in 143 patients (59%), grade 3 in 26
patients (11%), grade 4 in 8 patients (3%), and grade 5 in 8 patients
(3%). The SAH pattern on the initial head CT was NPM in 41%,
PM in 36%, sulcal in 18%, and CT-negative in 5% (Online
Supplemental Data). Most patients were transferred from an out-
side hospital (214/242, 88%). Patients with high Hunt & Hess
scores (3–5) included 3 patients (8.6%) with PM SAH and 32
patients (91.4%) with NPM SAH. Patients with NPM SAH had a
higher incidence of moderate/severe vasospasm (19% versus 8%,
P= .03), a need for an external ventricular drain (30% versus 6%,
P,.01), persistent hydrocephalus requiring a ventriculoperitoneal
shunt (11% versus 0%, P ,.01), and a lower rate of discharge
home (55% versus 92%, P,.01) than patients with PM SAH.

The rebleed rate was significantly higher in NPM SAH com-
pared with PM SAH (8% versus 1%, P= .04), with 4 aneurysms
identified after rebleed. In 8 patients who had a rebleed event and
a high suspicion of an occult vascular source, the median time
from the index SAH event and rebleed was 17days (range, 1–
49 days). The remaining rebleed events were attributed to vasculi-
tis (n=1), hypertension versus cerebral amyloid angiopathy
(n=1), and unknown etiology (n=3).

Diagnostic Yield of Repeat DSA by CT Blood Distribution
Pattern
Repeat DSA was performed in 135/242 patients (55.8%) and
revealed a source of hemorrhage in 10 patients (7.4%; 8 aneur-
ysms and 2 cervicomedullary AVFs). Of the 100 patients in the
NPM group, 80 (80%) underwent repeat DSA, and a vascular
source was identified in 9/80 (11.3%; Figs 1 and 2 and the Table).

FIG 1. A 78-year-old woman with an example of a physiologically occult aneurysm on the initial DSA
on the postbleed day 1. A frontal projection (A) with 3D reconstruction shows no source lesion (B). A
second DSA on postbleed day 6 had normal findings. The patient was discharged and re-presented
with worsening headache on postbleed day 12. A third DSA on postbleed day 12 (C) demonstrated a
submillimeter basilar artery perforator blister aneurysm (curved white arrow) that was clipped.
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Of the 87 patients in the PM group, 46 (52.9%) underwent repeat
DSA and a cervicomedullary AVF was identified in 1/46 (2.2%).
The difference in yield between NPM and PM was not statisti-
cally significant (P= .09). Repeat DSA was infrequently per-
formed in patients with sulcal SAH (6/43, 13.9%) or CT-negative
SAH (3/12, 25%) and did not identify a vascular source in any
case for these SAH distribution patterns.

In total, 6/135 patients (4.4%) had a vascular source identified
on a second DSA, and 4 of 34 patients (11.8%) were diagnosed
on a third DSA (Table). The diagnostic yield of the second and
third DSAs in patients with NPM SAH was 7.7% and 12%,
respectively. The median time from the index SAH event until
identification of a vascular source on DSA was 7 days (range, 3–
39 days). MRA of the brain and neck was performed in 182 of
242 patients (75.2%) and did not reveal an SAH source in any
case.

Sources and Classification of Diagnostic Error in Initial
DSA
In total, 13/242 patients (5.4%) with initially angiographically
occult SAH were subsequently diagnosed with a vascular source: 2/
13 (15.4%) at craniotomy, 10/13 (76.9%) by repeat DSA, and 1/13
(7.7%) by delayed CTA (Table). Of 9 patients in whom an aneu-
rysm was identified on repeat DSA, most were,3-mm nonsaccu-
lar aneurysms, including blister aneurysms (n=4), dissecting
aneurysms (n=2), and a mycotic aneurysm (n=1). Two saccular
aneurysms were thrombosed during the initial DSA. The anterior
cerebral artery and anterior communicating artery were the most
frequent locations (n=6). A cervicomedullary AVF was the source
of SAH in 2/13 (15.4%) patients.

Of this subset of 13 patients with initially angiographically
occult SAH, 6/13 (46.1%) had lesions that were undetectable on
detailed review by 2 neurointerventionalists despite a technically
adequate DSA and were, therefore, classified as physiologically
occult rather than missed due to operator-dependent error. Two
(33.3%) of these were diagnosed only at exploratory craniotomy
performed urgently for declining clinical status. All (4/4, 100%)
of the remaining cases diagnosed by repeat DSA showed a change
in the angiographic appearance (recanalization or growth), lead-
ing to the final diagnosis.

Seven of 13 (53.8%) cases were classified as operator-dependent
errors. Four of 7 (57.1%) cases were subclassified as technical errors.
These errors included the following: 1) lack of 3D rotational DSA of
the relevant vessel (n=2, 50%), 2) insufficient planar projections

(lack of skull base and cervical vertebral
artery views; n=1, 25%), and 3) missed
diagnosis of a cervicomedullary AVF
due to failure to selectively inject the
external carotid artery (n=1, 25%). The
remaining 3/7 (42.8%) operator-depend-
ent errors were classified as cognitive
errors. These were further subclassified
as perceptual (n=1, 14.3%) or interpre-
tive (n=2, 28.6%) errors. These included
the following: 1) a subtle-but-present
blister aneurysm of the A1 segment
(error of perception), 2) a small fusiform
PICA aneurysm in which an abnormal
contour was recognized but misinter-
preted, and 3) a small, dissecting aneu-
rysm of the A1, which was recognized
but not interpreted as a pathologic until
it subsequently enlarged.

FIG 2. A 36-year-old woman admitted with an internal carotid artery
blister aneurysm, misdiagnosed due to 2 forms of operator-depend-
ent error. The initial DSA (A) shows a perceptual-type interpretive
error in that a laterally projecting blister (white arrow) was not recog-
nized. The blister was more evident on the second DSA (B) and per-
ceived but misinterpreted as vasospasm due to developing
vasospasm elsewhere (dashed arrows). Finally, the lesion (yellow
arrow) was recognized on the third DSA (C) as vasospasm abated.
Intraoperative photographs (D) confirm the rupture site (yellow
arrow) secured with clipping.

Summary of data in patients with vascular source identified

Patient

Positive DSA
Findings
(No.)

Timing of
Diagnosis
(PBD) Rebleed

SAH
Pattern Source

1 2 5 No NPM A1 blister aneurysm
2 2 3 Day 2 NPM PICA dissecting aneurysm
3 2 5 No NPM A1 blister aneurysm
4 2 7 No NPM Cervicomedullary AVF
5 2 8 No NPM Distal MCA mycotic

aneurysm
6 2 39 Day 37 NPM AcomA saccular aneurysm
7 3 5 No NPM A1 dissecting aneurysm
8 3 12 No NPM Basilar blister aneurysm
9 3 8 No NPM AcomA saccular aneurysm
10 3 7 No PM Cervicomedullary AVF
11a NA 17 Day 17 NPM AcomA saccular aneurysm
12a NA 2 No NPM AcomA blister aneurysm
13a NA 16 Day 16 NPM Thrombosed R MCA

aneurysm

Note:—AcomA indicates anterior communicating artery; PBD, postbleed day; NA, not applicable; R, right.
a Aneurysm identified at craniotomy.
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DISCUSSION
In this retrospective study of 242 consecutive patients with sponta-
neous SAH and negative initial DSA findings, a vascular source
was ultimately identified in 13/242 (5.4%). The combined diagnos-
tic yield of repeat DSA was 11.3% for the NPM pattern (9/80),
2.2% for the PM pattern (1/46), and 0% in the sulcal and CT-nega-
tive groups. Given the significantly higher rebleed rate, the risks of
repeat DSA (including a third DSA) in the acute interval appear
justified in the angiographically occult NPM SAH subgroup. This
study also presents a new framework for diagnostic error analysis
in angiographically occult SAH and found that technical and cog-
nitive errors together occurred in 2.9% (7/242) of cases.

The rate of negative initial DSA findings in this 10-year cohort
was 20.8% of all patients with SAH, consistent with previous
studies.1,2,11 Also similar to prior studies, patients with negative
SAH on angiography had lower complication rates and better
functional outcomes than patients with aneurysmal SAH.12

When stratified by CT pattern, patients with NPM SAH had
more severe clinical presentations and complications and poorer
outcomes (rebleeding, symptomatic vasospasm, external ventric-
ular drain ventriculoperitoneal shunt placement, discharge
home) compared with patients with PM SAH.4,13,14 These find-
ings highlight an increased risk of NPM in patients with SAH
compared with those with PM SAH.

Sources of Angiographically Occult SAH
Atypical lesions such as blisterlike and dissecting aneurysms were
an important source of occult hemorrhage in patients with NPM
SAH. Blister aneurysms are thought to account for 0.5%–2% of all
aneurysmal SAHs but were estimated to comprise up to 25.2% of
angiographically occult aneurysms.14,15 Blister aneurysms, which
typically occur in the supraclinoid ICA, are exceedingly rare in
other vessels.16 In this cohort, blister aneurysms were found in the
anterior cerebral artery, anterior communicating artery, and a basi-
lar perforator artery; blister aneurysms in such unusual locations,
therefore, represent an important source of SAH that may be easily
missed despite a good technique because they evade the standard
neuroangiographic search pattern. Dissecting aneurysms are also
difficult to detect because they often manifest subtle angiographic
features that mimic intracranial atherosclerosis.17

Imaging Strategies in Angiographically Occult SAH
Rebleed events occurred in 3.7% of patients in this study and rep-
resent the leading rationale for repeat DSA in the acute setting.
These findings are generally consistent with prior estimates of
rebleed but are higher for patients with NPM SAH (8%) than pre-
viously reported.4 Most important, most rebleed events occurred
.2 weeks after the index SAH and after hospital discharge. The
median delay in detecting a vascular source was 7 days, while the
median delay of rebleed events was 17 days. Together these find-
ings support previous recommendations for routine DSA during
this window.6 For patients with negative findings on 2 DSAs dur-
ing hospitalization, the utility of a third DSA is less certain; in our
study, 4 of 34 patients (11.8%) had a vascular source identified on
the third angiogram, though patients with a high suspicion of an
occult source were likely selected for repeat DSA. The incidence
of positive findings on a third long-term follow-up DSA has been

reported to be between 7% and 10%,3,18 though these studies are
also limited by small sample sizes, inconsistent imaging protocols,
and selection bias. One study had a standardized protocol of
obtaining a third angiogram at 6weeks postictus and reported a
yield of 4% for the third DSA (0% in PM SAH, 7.8% in NPM
SAH).6 Therefore, it may be reasonable to obtain a delayed third
angiogram, especially for patients with NPM-pattern SAH.

Notably, these data indicate that MR imaging of the brain and
cervical spine has a relatively low diagnostic yield. 3,19-21 However,
there have been reports of an MR imaging diagnosis of an occult
aneurysm, a cervical arteriovenous vascular malformation, or a cav-
ernous malformation in patients with initial negative findings on
DSA.19,22 Therefore, MR imaging may be useful in selected patients
with atypical clinical presentations or patterns of hemorrhage.

The Role of Operator-Dependent Error in
Angiographically Occult SAH
The present study found that operator-dependent error occurred
in 7/242 (2.9%) cases of angiographically occult SAH and
accounted for more than half (53.8%) of cases subsequently diag-
nosed by repeat DSA or craniotomy. Such operator-dependent
errors (ie, sum of technical and cognitive errors) are underre-
ported and underinvestigated in neuroangiography relative to
noninvasive radiology. Technical error, believed to account for
only 2% of errors in diagnostic radiology, represented 57.1% of
errors in the current study.23 A meticulous technique, including
high-magnification planar projections, is essential to unmask
common aneurysm “blind spots.”24 3D rotational DSA also
increases the overall sensitivity of cerebral angiography, and our
findings support prior recommendations that 3D DSA be per-
formed routinely in each vascular territory for all patients with
SAH of uncertain source. Finally, cervicomedullary/foramen
magnum AVFs comprised 15.4% (2/13) of lesions in this series.25

The frequency of these lesions emphasizes the importance of
adequate projections of the skull base and the need for high-qual-
ity external carotid artery DSA.

The other major category of operator-dependent error in DSA
is cognitive error. Cognitive-type errors accounted for 42.8% of
missed diagnoses in the current study, whereas they are estimated
to explain 60%–80% of errors in diagnostic radiology.7,10 Cognitive
errors include errors of perception and interpretation.10 Perception
errors including “scanning error” (incomplete review of acquired
data), and “satisfaction of search” (a premature conclusion after an
overt finding is noted) are influenced by human factors such as fa-
tigue, inexperience, and distractors. Interpretation errors include
the heuristic biases of framing (misleading contextual information),
anchoring (failure to adjust the impression with new information),
confirmation (commitment to pretest hypothesis), and availability
(overweighted influence of recent experiences). One instructive case
(Fig 2) highlights a perceptual error on initial DSA, an interpretive
error on the second DSA, and the effect of anchoring bias because
the interpreting physician was influenced by a concurrent vaso-
spasm and failed to consider the possibility of an aneurysm.

Last, although DSA remains the criterion standard of diagnos-
tic neurovascular imaging, our results clarify its physiologic limi-
tations because 2.5% (6/242) of all angiographically occult SAH-
source lesions were undetectable despite excellent technique and
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critical retrospective review. These findings reiterate the concept
that DSA is inherently a luminal technique; thus, thrombosed or
nonopacifying lesions are undetectable. This finding suggests an
upper bound on the sensitivity of DSA. Emerging extraluminal
imaging techniques, including vessel wall imaging, endoluminal
optical coherence tomography, high-field MR imaging, and cine-
matic 3D rendering may serve as complementary tools to DSA to
improve the diagnostic yield and avoid delays in care.26,27

This study has several important limitations. Although large
and inclusive, the cohort is retrospective and therefore influenced
by selection bias and referral patterns. In our cohort of 242
patients, only 135 (56%) had a second angiogram. Although there
were no rebleed events or delayed complications in the remaining
107 patients, diagnostic follow-up for those patients was incom-
plete. The variation in the practice of repeat DSA and the lack of
a standardized protocol also limit the generalizability of the find-
ings. These limitations can be addressed with prospective, multi-
institution registries.

CONCLUSIONS
The relatively high diagnostic yield of repeat DSA and the high
rebleed rates in patients with the NPM SAH pattern and negative
initial DSA support the practice of repeat DSA in this CT hemor-
rhage pattern subgroup. More than half (53.8%) of angiographi-
cally occult lesions were missed due to operator-dependent
errors, and the remaining (46.2%) were undetectable by DSA,
highlighting the limits of the sensitivity of DSA as a diagnostic
technique.

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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Recovery from Cranial Nerve Symptoms after Flow
Diversion without Coiling for Unruptured Very Large and

Giant ICA Aneurysms
J.K. Lee, J.H. Choi, B.-S. Kim, and Y.S. Shin

ABSTRACT

BACKGROUND AND PURPOSE: Cranial nerve symptoms, including visual impairment and ophthalmoplegia, are one of the most
common presentations of very large and giant ($15mm) ICA aneurysms. In this study, we evaluated the treatment outcomes of
flow diversion and conventional coiling in terms of recovery from cranial nerve symptoms and postoperative complications.

MATERIALS AND METHODS: Seventy-nine patients with unruptured ICA aneurysms of .15mm who were treated with flow diver-
sion or conventional coiling between December 2009 and December 2020 were retrospectively evaluated. We compared the radio-
logic and clinical outcomes, including recovery from cranial nerve symptoms, between the 2 groups.

RESULTS: Twenty-eight of 49 patients (57.1%) treated with flow diversion and 10 of 30 patients (33.3%) treated with conventional
coiling initially presented with cranial nerve symptoms (P = .068). In the clinical follow-up, the symptom recovery rate was signifi-
cantly higher in those treated with flow diversion (15 [50%] versus 3 [25%] with conventional coiling, P = .046). Multivariate logistic
regression analysis demonstrated that flow diversion was significantly associated with symptom recovery (OR, 7.425; 95% CI, 1.091–
50.546; P = .040). The overall postoperative complication rate was similar (flow diversion, 10 [20.4%]; conventional coiling, 6 [20.0%],
P = .965), though fatal hemorrhagic complications occurred only in patients with intradurally located aneurysms treated with flow
diversion (4 [8.2%] versus 0 [0.0%] with coiling, P = .108).

CONCLUSIONS: Flow diversion without coiling for very large and giant ICA aneurysms yielded a higher rate of recovery from cra-
nial nerve symptoms, but it may be related to an increased hemorrhagic complication rate, especially for intradurally located
aneurysms.

ABBREVIATION: OKM ¼ O’Kelly-Marotta

F low diversion has shifted the paradigm of endovascular aneu-
rysm treatment in recent years. The mechanism of flow diver-

sion involves device endothelization and endoluminal
reconstruction of the parent artery with simultaneous intra-
aneurysmal thrombosis.1 The safety and efficacy of flow diversion
have been extensively reviewed in the past decade.2-4

Consequently, flow diversion has emerged as a favorable treat-
ment for large (10–25mm) and giant (.25mm) intracranial
aneurysms, with several studies reporting a higher rate of aneu-
rysm occlusion and a lower rate of recurrence compared with the

respective rates with conventional endovascular treatment.5-8

However, more recent studies found a lower long-term aneurysm
complete occlusion rate after flow diversion, ranging from 72% to
78%.9,10 Moreover, a meta-analysis performed by Brinjikji et al11

found that the morbidity and mortality in patients treated with
flow diversion were 5% and 4%, respectively.

Giant intracranial aneurysms account for 2%–5% of all intra-
cranial aneurysms, and they are associated with a higher risk of
rupture compared with the smaller aneurysms.12,13 In addition to
the risk of rupture, large and giant aneurysms in some locations
can cause cranial nerve symptoms. For example, cranial nerves II,
III, V, and VI may be compressed from large aneurysms of the
ICA, leading to third nerve palsy, visual loss, diplopia, and facial
numbness.14,15 Packing of coils in the aneurysm may create mass
effect, whereas flow diversion may promote shrinkage of the an-
eurysm.14,16,17 In this study, we compared the clinical outcomes
of patients treated with flow diversion without coiling and con-
ventional coiling, specifically evaluating its efficacy on cranial
nerve symptoms.
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MATERIALS AND METHODS
Study Design and Population
A total of 3522 patients with unruptured intracranial aneurysms
treated with the endovascular method at a single institution
between December 2009 and December 2020 were retrospectively
evaluated. Among them, 127 aneurysms of$15mmwere included.
We excluded patients with previously ruptured or treated aneur-
ysms, fusiform aneurysms, and aneurysms that did not arise from
the ICA. Fifteen millimeters was selected because of the national in-
surance policy, which prohibits the use of flow diversion for aneur-
ysms of ,15mm. Additionally, the insurance policy prohibits
interventionists from using coils in conjunction with flow diversion,
limiting the treatment of these large and giant aneurysms.
Consequently, we were able to specifically evaluate the effectiveness
of flow diversion without coiling. We reached an ethical decision
for each patient by selecting the treatment technique according to a
multidisciplinary overview from our department. Patients treated
with flow diversion without coiling were assigned to the flow-diver-
sion group, while those treated with conventional coiling were
assigned to the coiling group. This study was approved by the insti-
tutional review board at our institution.

Periprocedural Angiographic Evaluation and
Endovascular Procedure
All patients underwent preprocedural diagnostic DSA of the in-
tracranial vessels for a comprehensive evaluation of the aneu-
rysm. Aneurysm features, including the size, shape, location, and
thrombosis inside the aneurysm, were examined. Additionally,
the size and morphology of the parent artery, as well as its rela-
tionship with the aneurysm, were assessed. Postoperative follow-
up for each patient was performed 6–12months after treatment
withMRA and DSA for patients treated with conventional coiling
and those treated with flow diversion, respectively. Clinical symp-
toms and complications were assessed at the time of follow-up
imaging. The angiographic results of flow diversion were eval-
uated using the O’Kelly-Marotta (OKM) filling grade system.
Radiologic and clinical evaluations were conducted with the con-
sensus of 2 observers (J.K.L. and J.H.C.), who were blinded to the
information on perioperative ischemic complications.

Statistical Analysis
Statistical analysis was performed using SPSS, Version 24 (IBM).
We performed a x 2 test or Fisher exact test for categoric variables
and an independent t test for continuous variables, and P, .05
was considered statistically significant. Multivariate analysis was
performed using a logistic regression model for variables that
were significant in the univariate analysis (P, .10).

RESULTS
Patient Baseline Characteristics
Among the 79 patients with intracranial aneurysms, 49 patients
(62.0%) were treated with flow diversion and 30 patients (38.0%)
were treated with conventional coiling. Coiling procedures were
performed using different endovascular techniques: 18 (60.0%)
stent-assisted, 2 (6.7%) balloon-assisted, 6 (20.0%) single-cathe-
ter, and 4 (13.3%) multiple-catheter coiling. The baseline charac-
teristics of the 2 groups are summarized in the Online

Supplemental Data. The mean patient age did not differ between
the flow-diversion group (57.82 [SD, 11.96] years) and the coiling
group (60.67 [SD, 13.05] years). The proportion of female
patients was higher than that of males in both groups (flow diver-
sion group, 47 of 49 patients [95.9%]; coiling group, 26 of 30
patients [86.7%]). Risk factors, including smoking, diabetes melli-
tus, hypertension, and hyperlipidemia, were similar between the
2 groups. Although the comparison was not statistically signifi-
cant, flow diversion was used more frequently to treat patients
with aneurysm-induced cranial nerve symptoms (n=28, 57.1%)
than coiling (n=10, 33.3%). The most common cranial nerve
symptoms were related to the eye and vision, except for 1 patient
who initially presented with ipsilateral facial pain.

The mean maximal size of aneurysms among patients in the
flow-diversion group was significantly larger than that among
patients in the coiling group (22.04 [SD, 5.36]mm versus 18.27
[SD, 4.12]mm, P= .001). The proportion of aneurysms with
diameters of.25mm was higher in the flow-diversion group (12
patients, 24.5%) than in the coiling group (1 patient, 3.3%). Most
aneurysms treated with coiling ranged from 15 to 20mm (n=23,
76.7%). On inspection of the aneurysm location, there was no sig-
nificant difference between the 2 groups; however, more extra-
dural aneurysms were treated with flow diversion (n=23, 46.9%
versus n=8, 26.7%). Among the aneurysms originating from the
intradural segment of the ICA, 25 (51.0%) in the flow-diversion
group and 12 (40%) in the coiling group were located within the
ophthalmic segment.

Clinical and Radiologic Outcomes
The results of both treatment modalities are shown in Table 1.
Because flow diversion promotes delayed occlusion of the aneu-
rysm, initial aneurysm occlusion after treatment was evaluated
only in patients who underwent coiling. Immediate complete
occlusion was achieved in 13 of the 30 patients (43.5%) in the
coiling group, and a remnant neck or sac was observed in 8
(26.7%) and 9 patients (30.0%), respectively.

A follow-up examination was not available for 4 patients in
the flow-diversion group and 2 in the coiling group. Among the
45 patients who were followed up 1 year after undergoing treat-
ment with flow diversion, 28 (62.2%) reached complete or near-
complete occlusion assigned as grade D based on the OKM grad-
ing scale, 12 (26.7%) had a neck remnant (OKM C), and 5
(11.1%) had sac filling (OKM A and B).18 Aneurysm occlusion
status did not change much for patients who underwent conven-
tional coiling, with complete or near-complete occlusion seen in
13 patients (46.4%); a neck remnant, in 7 (25.0%); and sac filling,
in 8 (28.6%). Furthermore, recurrence of once-occluded aneur-
ysms during the subsequent follow-up was found in 12 patients
(40.0%) in the coiling group but not in any in the flow-diversion
group (P, .001). The retreatment rates for recurrent or remnant
aneurysms were similar for both the flow-diversion and coiling
groups (6 [12.2%] versus 7 [23.3%]).

Clinically, more patients showed improvement in initial cranial
nerve symptoms after undergoing treatment with flow diversion
than with coiling (15 [60.0%] versus 3 [25.0%], P= .046).
Multivariate logistic regression analysis (Table 2) indicated that
treatment with flow diversion without coiling was significantly
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associated with recovery from cranial nerve symptoms (OR, 7.425;
95% CI, 1.091–50.546; P= .040). A representative case of improved
visual field after treatment with flow diversion is shown in the
Figure.

Treatment-Related Complications
Complications occurring after the procedure were compared
between the groups, as summarized in Table 3. The total complica-
tion rate was similar for both groups; however, patients in the coil-
ing group had a higher ischemic complication rate (4 [13.3%]
versus 3 [6.1%], P= .274). Although not statistically significant, the
hemorrhagic complication rate was higher in the flow-diversion
group (4 [8.2%] versus 0 [0.0%], P= .108). Postoperative MR imag-
ing within 24hours after surgery for these 4 patients did not show
evidence of intracranial hemorrhage, but they were re-admitted to
the hospital with decreased consciousness from delayed aneurys-
mal rupture. Three of them had early delayed rupture between 1
and 4 weeks postoperatively, and 1 had late delayed rupture occur-
ring after 5 months. All 4 of these patients were initially treated for
aneurysms in the intradural location and died of intracranial
hemorrhage.

DISCUSSION
In this retrospective analysis, we found higher recovery rate of cra-
nial nerve symptoms due to very large-to-giant ICA aneurysms after
flow diversion without coiling than after conventional coiling.
Aneurysms originating from the ICAmay cause compression symp-
toms of cranial nerves II, III, V, and VI, especially when they are
large or giant. Although conventional coiling can achieve complete
occlusion of these aneurysms, cranial nerve symptoms may be
aggravated by the mass effect. There have been various studies show-
ing better outcomes with flow diversion than with conventional coil-
ing, with a higher occlusion rate but not a higher complication
rate.4,19,20 In this study, we compared the outcomes of cranial nerve
symptoms using flow diversion without coiling and conventional

coiling for very large and giant aneurysms, in addition to other
clinical and radiologic parameters. Flow diversion has the
advantage of redirecting blood flow and promoting thrombus
formation in the aneurysm sac, subsequently reducing the
mass effect. In this study, 15 of 28 patients (60.0%) treated
with flow diversion showed a significantly higher symptom
improvement rate compared with 3 of 10 patients (25.0%)
treated with conventional coiling (P = .046). Moreover, the
multivariate analysis identified flow diversion as the only pre-
dictor of recovery from cranial nerve symptoms (OR, 7.425;
95% CI, 1.091–50.546; P = .040). The benefit of decreased mass
effect coincided with a higher occlusion rate (62.2% versus
46.4%, P = .154) and lower recurrence rate (0.0% versus 40%,
P, .001). Similarly, Wang et al21reported favorable outcomes
of mass effect–related symptoms for aneurysms treated with
flow diversion; however, flow diversion was combined with ad-
junctive loose coil embolization. Our study investigated the
unequivocal effect of flow diversion without using coils inside
the aneurysm, which can induce intra-aneurysmal thrombosis
or protect the aneurysm wall from direct blood flow. Treating
very large and giant aneurysms by flow diversion without ad-
junctive coiling may be undesirable, but the current national
insurance policy prohibits such treatment options.

Our results suggest that flow diversion can notably reduce the
mass effect of very large and giant aneurysms, especially in the ab-
sence of coils inside the sac. However, the complications associated
with flow diversion should not be overlooked. The overall compli-
cation rate for both conventional coiling and flow diversion did
not differ in comparative data by Chalouhi et al,20 in agreement
with our results (20.4% versus 20.0%, P= .965). In a previous
meta-analysis, delayed aneurysm rupture from treatment with flow
diversion was reported with an occurrence rate of 1.7%–3% among
the complications.11,22 Furthermore, Cagnazzo et al5 found a 7%
early rupture of aneurysms treated with flow diversion alone,
and no cases of rupture in those treated with adjunctive coils.
Although not statistically significant, we identified 4 (8.2%)

Table 1: Comparison of clinical and radiologic outcomes between patients treated with flow diversion and those treated with con-
ventional coilinga

Characteristics Flow Diversion (n = 49) Conventional Coiling (n = 30) P Value
Radiologic outcomes
Initial occlusion grade
Not available 49 (100%) ,.001
Complete 13 (43.5%)
Remnant neck 8 (26.7%)
Sac filling 9 (30%)

One-year follow-up occlusion grade (flow-diversion coiling) .154
OKM D/complete or near-complete 28 (62.2%) 13 (46.4%)
OKM C/remnant neck 12 (26.7%) 7 (25%)
OKM A and B/sac filling 5 (11.1%) 8 (28.6%)

Recurrence during follow-up 0 (0%) 12 (40%) ,.001
Retreatment 6 (12.2%) 7 (23.3%) .197
Mean follow-up period (mo) 30.3 (SD, 18.7) 40.8 (SD, 25.6) .111

Clinical outcomes
Cranial nerve symptom change .046

Improved 15 (60%) 3 (25%)
Worsened or sustained 10 (40%) 9 (75%)

mRS$2 at discharge 2 (4.1%) 0 (0%) .262
mRS$2 at last follow-up 5 (10.2%) 0 (0%) .071
Mean follow-up period (mo) 33.0 (SD, 21.1) 45.9 (SD, 35.8) .073

a Data are mean or No. (%).

738 Lee May 2022 www.ajnr.org



fatal hemorrhagic complications
from delayed aneurysm rupture after
flow diversion and none after con-
ventional coiling (P = .108), all of
which were in aneurysms originating
from the intradural location of the
ICA. The hemorrhagic complication
rate raises concerns about the safety
of flow-diversion treatment in very
large and giant intradural ICA
aneurysms, especially when adjunc-
tive coils are not used. Besides the 2
methods of treatment in our study,
ICA occlusion after angiographic test
occlusion may be an alternative treat-
ment option with a low complication
rate with favorable outcome because
Bechan et al23 reported 90% improve-
ment rate of cranial nerve symptoms.24

Our study has some limitations
owing to its retrospective design and
small sample size. Not all patients were
evaluated by an ophthalmologist unless
the patient experienced visual symp-
toms or the aneurysm was clearly in the
direction of the cranial nerve. Thus, the
occurrence of cranial nerve symptoms
may be underestimated due to the lack
of standard ophthalmic examinations.
Furthermore, the symptom duration for
each patient was not recorded appropri-
ately. The recovery from symptoms may
vary according to the duration of the
nerve compression. Further prospective
comparative studies are required to vali-
date our findings.

CONCLUSIONS
Our findings suggest that cranial
nerve symptoms caused by aneurysm
compression may be adequately reduced

FIGURE. A, Left ICA angiogram showing a large aneurysm with a dome size of 19.0mm located
in the ophthalmic segment of the ICA. B, Follow-up angiogram at 1 year shows near-complete
occlusion of the aneurysm. C, Visual field examination before treatment shows a visual field
defect of the left eye. D, Follow-up examination at 1 year shows an improved visual field of the
left eye. Additionally, the patient’s visual acuity improved from 0.3 to 0.8.

Table 2: Univariate and multivariate analyses of the predictors associated with improvement of cranial nerve symptomsa

Variables

Univariate

MultivariateRecovery from Cranial Nerve Symptoms
P ValueYes (n = 17) No (n = 21) OR 95% CI P Value

Age 60 years or older 6 (35.3%) 12 (57.1%) .185
Hypertension 8 (47.1%) 6 (28.6%) .253
Intradural location 8 (47.1%) 14 (66.7%) .062 0.175 0.028–1.092 .092
Size$25mm 5 (29.4%) 5 (23.8%) .523
Mean size (mm) 22.9 (SD, 4.5) 23.0 (SD, 6.6)
Complete/near-complete occlusion 10 (58.8%) 8 (38.1%) .630
Technique .093 7.425 1.091–50.546 .040
Flow diversion 15 (88.2%) 13 (61.9%)
Conventional coiling 2 (11.8%) 8 (38.1%)

a Data are mean or No. (%).
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by flow-diversion treatment. However, flow-diversion treatment
without coiling may be associated with an increased rate of fatal
hemorrhagic complications for the treatment of large and giant
intradurally located ICA aneurysms. Flow diversion without coiling
may be more suitable for aneurysms located extradurally that cause
cranial nerve symptoms.

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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Table 3: Treatment-related complicationsa

Characteristics Flow Diversion (n = 49) Conventional Coiling (n = 30) P Value
Total complications 10 (20.4%) 6 (20%) .965
Ischemic complications 3 (6.1%) 4 (13.3%) .274

Symptomatic infarction 3 (6.1%) 2 (6.66%)
TIA or asymptomatic infarction 0 (0%) 2 (6.66%)
Size$20mm 2/27 (7.4%) 0/7 (0%) .458
Intradural location 2/26 (7.7%) 3/22 (13.6%) .502

Hemorrhagic complications 4 (8.2%) 0 (0%) .108
Early delayed aneurysmal rupture 3 (6.1%) 0 (0%)
Late delayed aneurysmal rupture 1 (2%) 0 (0%)
Size$ 20 mm 2/27 (7.4%) 0/7 (0%) .458
Intradural location 4/26 (15.4%) 0/22 (0%) .055

Mortality 4 (8.2%) 0 (0%) .108
Size$ 20 mm 2/27 (7.4%) 0/7 (0%) .458
Intradural location 4/26 (15.4%) 0/22 (0%) .055

a Data are No. (%).
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Rabbit Elastase AneurysmModel Mimics the Recurrence
Rate of Human Intracranial Aneurysms following Platinum

Coil Embolization
Y.-H. Ding, S. Ghozy, D. Dai, W. Brinjikji, D.F. Kallmes, and R. Kadirvel

ABSTRACT

BACKGROUND AND PURPOSE: Intracranial aneurysms treated with coils have been associated with incomplete occlusion, particu-
larly in large or wide-neck aneurysms. This study aimed to validate the accuracy of the rabbit elastase model in predicting aneu-
rysm recurrence in humans treated with platinum coils.

MATERIALS AND METHODS: Elastase-induced saccular aneurysms were induced in rabbits and embolized with conventional plati-
num coils. The recurrence rates of aneurysms were retrospectively analyzed. Morphologic characteristics of aneurysms, angio-
graphic outcomes, and histologic healing were evaluated.

RESULTS: A total of 28 (15.3%) of 183 aneurysms recurred. The aneurysm recurrence rate observed in this study (15.3%) is similar to those
reported in multiple analyses of aneurysm recurrence rates in humans (7%–27%). The rate of recurrence was higher in aneurysms treated
without balloon assistance (19/66, 28.8%) compared with those treated with balloon assistance (9/117, 7.7%). Aneurysms treated with bal-
loon-assisted coiling had a lower recurrence rate (OR = 0.17; 95% CI, 0.05–0.47; P = .001) and higher occlusion rate (OR = 6.88; 95% CI,
2.58–20.37; P , .001) compared with those treated without balloon-assisted coiling. In this rabbit elastase–induced aneurysm model,
packing density and aneurysm volume were weak predictors of aneurysm recurrence; however, the packing density was a good predictor
of the occlusion rate (OR = 1.05; 95% CI, 1.02–1.10; P = .008).

CONCLUSIONS: The rabbit elastase aneurysm model may mimic aneurysm recurrence rates observed in humans after platinum coil
embolization. Moreover, balloon assistance and high packing densities were significant predictors of aneurysm recurrence and
occlusion.

ABBREVIATIONS: CCA ¼ common carotid artery; RCCA ¼ right CCA

The prevalence of intracranial aneurysms in healthy adults is
estimated to be 3%–5%.1,2 Endovascular embolization with

platinum coils is the preferred treatment for unruptured and rup-
tured intracranial aneurysms because it is associated with lower
morbidity and mortality rates compared with surgical clipping.3,4

However, coils have been associated with incomplete occlusion,
leading to compaction and aneurysm recanalization, particularly
in large aneurysms (diameter of $ 10 mm) or those with a wide

neck (.4mm). The recurrence rate increases from 5% for aneur-
ysms with a neck size between 4 and 10 mm to 20% for those
with wider necks (.10 mm). Similarly, the recurrence rate of
large aneurysms is 35%–50% compared with an overall recur-
rence rate of 20% in a heterogeneous population.5,6 To lower the
recurrence rate of large and wide-neck aneurysms, a plethora of
endovascular devices have been developed and tested in preclini-
cal animal models.7

Preclinical trials of endovascular devices are necessary to evalu-
ate their safety and efficiency. An ideal model requires aneurysm
hemodynamic and histologic healing characteristics similar to
those seen in humans. In models with surgical creation of aneur-
ysms such as in both canine and rabbit venous pouch models, the
presence of sutures at the aneurysm neck causes healing and
fibrotic response, making it difficult to analyze healing after coil
embolization. The canine venous pouch model, though widely
used, cannot simulate the histologic and hemodynamic character-
istics of humans.7 The swine model of intracranial aneurysms
shows progressive occlusion and complete healing of aneurysms.8

Received October 7, 2021; accepted after revision March 9, 2022.

From the Department of Radiology, Mayo Clinic, Rochester, Minnesota.

Research reported in this publication was supported, in part, by the National
Institutes of Health under Award Nos. R01NS076491, R43NS095455, U01NS089692,
R01NS042646, and R21 HL072247.

Please address correspondence to Sherief Ghozy, MD, Mayo Clinic, Alfred Building
9-446, 200 First St. SW, Rochester, MN, 55905; e-mail: ghozy.sherief@mayo.edu;
@SheriefGhozy; @WBrinjikji

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

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7497

AJNR Am J Neuroradiol 43:741–47 May 2022 www.ajnr.org 741

https://orcid.org/0000-0003-4329-3192
https://orcid.org/0000-0001-5629-3023
https://orcid.org/0000-0003-4051-6450
https://orcid.org/0000-0001-5271-5524
https://orcid.org/0000-0002-8495-0040
https://orcid.org/0000-0002-6786-9953
mailto:ghozy.sherief@mayo.edu
https://mobile.twitter.com/SheriefGhozy
https://mobile.twitter.com/WBrinjikji


This outcome makes the model irrelevant for testing aneurysm re-
currence rates and the long-term efficiency of devices. In contrast,
the rabbit aneurysm model has some advantages compared with
clinical tissue. For instance, excising the aneurysm sac during the
operation results in small segments of the aneurysm dome, while
the rabbit model provides the opportunity to study the entire sac.9

Moreover, the rabbit model can be used to investigate the progres-
sive wall degeneration of the aneurysm at multiple time points.9

Furthermore, the elastase-induced model has shown a similarity to
the human intracranial aneurysm regarding geometric and hemo-
dynamic aspects, including anatomy, size, long-term patency, and
molecular characteristics.7 Nevertheless, as for all animal models,
this model cannot account for the complex pathophysiology of
human aneurysms, such as genetic predisposition, previous aneu-
rysm history, comorbidities, wall inflammation, and individual life-
style differences.

Typically, the elastase-induced aneurysm is created at the ori-
gin of right common carotid artery (RCCA) using a combination
of open and endovascular techniques.10 Other modifications such
as adjusting the position of the ligation, adjusting the position of
the inflated balloon, injuring the aneurysm neck, and using the
left common carotid artery (CCA) instead of the RCCA have
been proposed as techniques to alter the volume, neck size, and
configuration of the aneurysm, respectively.7,11-14 This model has
been extensively used to study the healing response, occlusion
rates, and recanalization rates after coil embolization. However,
data are limited about the recurrence rate of aneurysms after plat-
inum coil embolization in the rabbit elastase–induced aneurysm
model. Therefore, the objective of this study was to evaluate the
aneurysm recurrence rate in association with platinum coils in
this aneurysm model.

MATERIALS AND METHODS
Rabbit Aneurysm Creation
Some of the rabbits used in this study were
initially used as part of other investigations,
in which we studied aneurysm healing
mechanisms,15 developed a histologic heal-
ing scale,16 analyzed the relationship
between aneurysm volume and healing,17

and compared the occlusion rates of plati-
num and modified coils.17,18 However,
the original investigations were unrelated
to this study. For this study, saccular
aneurysms were created as described by
Altes et al.10 By means of a sterile surgical
technique, the RCCA was exposed to cre-
ate a 1- to 2-mm beveled arteriotomy, and
a 5F sheath was inserted retrograde in the
midportion of the RCCA. Through this
sheath, a 3F Fogarty balloon (Baxter
Healthcare) was pushed to the origin of
the RCCA and inflated to cause occlusion.
Elastase (100 U/mL) mixed with equal
amounts of iodinated contrast was intuba-
ted for 20 minutes, after which the balloon
was deflated, the sheath was removed, and
the RCCA was ligated. A 4-0 running

Vicryl suture (Ethicon) was used to close the skin before sending
the rabbits to recovery.

Embolization Procedure
The embolization procedure was performed as described previ-
ously.18 Animals were anesthetized with the same procedure used
during aneurysm creation. Under sterile conditions, the right
common femoral artery was surgically exposed to place a 5F
sheath and administer an injection of 500 U of heparin. Using the
coaxial technique with continuous flushing with a heparin and
normal saline solution, we advanced a 2 marker microcatheter
into the aneurysm cavity. Radiopaque sizing devices were used to
assess the size of the aneurysm during the 2D DSA. The aneu-
rysm was embolized with$1 coil, depending on aneurysm diam-
eter, and packing density was calculated as described in Herting
et al.18 All the aneurysms were embolized as densely as possible
using bare conventional platinum coils. A final control DSA was
performed after coil placement and embolization, followed by re-
moval of the catheters and sheath, ligation of femoral artery, and
incision closure using a 4-0 Vicryl suture. Aneurysm occlusion
was evaluated per the Raymond-Roy method: class 1, complete
occlusion; class 2, near-complete occlusion; class 3, incomplete
occlusion.19 We performed this evaluation on 2 occasions; post-
operative and before sacrifice. We defined recanalization as any
increased aneurysm filling in the follow-up angiography com-
pared with the postoperative 2D DSA result. In contrast, recur-
rence was defined as a recurring or larger persistent filling defect
on the follow-up angiography studies than the defect identified at
the initial posttreatment and imaging (Figs 1 and 2).

Animal Sacrifice and Tissue Harvest
Angiographic follow-up was performed 15days (n=23), 1month
(n=100), 1.5–2months (n=9), 3months (n=8), 4months

FIG 1. Angiographic and histopathologic evaluation of a completely occluded aneurysm on day
180. DSA images of the aneurysm before treatment (A), immediately after treatment showing com-
plete occlusion (B), and before sacrifice demonstrating stable occlusion (C). Photomicrograph of an
aneurysm section shows the aneurysm dome filled with organized connective tissue (D, H&E stain-
ing, original magnification �12.5) and the neck interface lined with a single layer of endothelium
(arrows) (E, enlarged view of the box in D; H&E staining, original magnification�40).
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(n=10), and 6–12months (n=33) after embolization. DSA was per-
formed after deeply anesthetizing the animals, and aneurysm occlu-
sion was evaluated as described before: class 1, complete occlusion;
class 2, near-complete occlusion; and class 3, incomplete occlusion.19

As described earlier, to determine the durability of the embolization
posttreatment and follow-up, we categorized the angiograms into 3
categories: stable, recurrent, and progressive aneurysm.17,18 A lethal
injection of pentobarbital was used to euthanize animals and harvest
the aneurysms and parent arteries. The tissue samples were immedi-
ately fixed in 10% neutral buffered formalin.

Histologic Evaluation
Harvested tissue samples were processed as described by Dai et
al.15 Samples were dehydrated in increasing concentrations of alco-
hol, followed by clearing with xylene. Specimens were embedded
in paraffin blocks and sectioned in a coronal orientation at 1000-
mm intervals using an IsoMet Low Speed saw (NCI MICRO).

Metallic coil fragments were removed
under a dissecting microscope before re-
embedding sections in paraffin blocks.
These blocks were then sectioned at 4-mm
intervals using a microtome with dispos-
able blades. The sections were floated in a
42°C water bath, mounted on Superfrost
Plus slides (Cardinal Health), and dried
overnight in an oven at 37°C. Slides were
deparaffinized and hydrated in water
before staining with H&E. An ordinal
grading system was used to evaluate histo-
logic healing as described earlier.18 The
total score was calculated by adding to-
gether the neck average, microcompaction
score, and healing score.

Statistical Analysis
Categoric variables were presented as fre-
quencies and percentages, with x 2 tests
(or the Fisher exact test) used for testing
the difference. Continuous variables were
expressed as means (SD), with testing
differences evaluated using a t test or
Mann-Whitney U test based on the data
distribution (normally distributed or
not). Logistic regression was used to
identify any possible predictors of aneu-

rysm recurrence and occlusion. Regression results were expressed
as ORs and 95% CIs. Receiver operating characteristic curves
were also generated. The area under the curve was calculated;
building the associated receiver operating characteristic curve to
provide aggregate values of significant predictors correctly classi-
fied the occlusion status of each rabbit. All data were analyzed
using R statistical and computing software (http://www.r-project.
org/software), Version 4.1.1, using the “rcmdr” and “glm2” pack-
ages. P, .05 was considered significant for all statistical tests.

RESULTS
Aneurysm Characteristics
A total of 183 rabbits were included in this study (aneurysm char-
acteristics are shown in Table 1), with a mean follow-up point of
2.3 (SD, 2.4)months, and balloon-assisted coiling was used in
63.9% (117/183) of aneurysms. Angiography before sacrifice
showed complete occlusion in 79.8% of the subjects, while near-
complete and incomplete occlusions were found in 11.5% and

Table 1: Characteristics of the included aneurysms

Variables

Balloon Used

No Yes Total
Mean SD Mean SD Mean SD P Value

Follow-up time point (mo) 3.1 2.2 1.8 2.4 2.3 2.4 ,.001a

Neck (mm) 3.8 5.0 2.8 1.2 3.2 3.1 .105
Width (mm) 3.7 1.0 3.6 1.0 3.6 1.0 .689
Height (mm) 8.2 2.2 7.9 2.4 8.0 2.3 .371
Volume (mm3) 69.2 56.1 61.3 45.2 64.1 49.4 .676

Note:—SD, standard deviation.
a Statistically significant.

FIG 2. Angiographic and histopathologic evaluation of a recanalized aneurysm on day 180. DSA
images of the aneurysm before treatment (A), immediately after treatment showing complete
occlusion (B), and before sacrifice shows near-complete occlusion demonstrating recanalization
(C). Photomicrograph of an aneurysm section shows a long, deep neck remnant that was wide
open to parent artery connective tissue (D, H&E staining; original magnification �12.5). The tissue
interface at the neck remnant appears to be macroconcave in relation to the tissues filled in the
dome (D) and contains poorly organized thrombus (E, enlarged view of arrow in D; H&E staining,
original magnification�40).
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8.7% of the subjects, respectively. Comparing posttreatment
angiographic occlusion with the presacrifice angiography showed
a stable course in 79.8% of the subjects (146/183), recurrence in
15.3% (28/183), and a progressive course in 4.9%. The mean
packing density was 28.5 (SD, 14.6), and the average histologic
healing score was 5.5 (SD, 2.5). The recurrence rate was 7.7% (9/
117) when a balloon was used compared with 28.8% (19/66)
when a balloon was not used. The presence or absence of bal-
loon-assisted coiling was a significant predictor of different out-
comes (Table 2).

Predictors of Aneurysm Recurrence
Univariate and multivariate analyses of the potential predictors of
the recurrence risk were performed. The predictors of recurrence
risk identified by this method included follow-up time points, an-
eurysm characteristics (neck, width, height, volume), and balloon
usage. The recurrence rate increased with lower packing density
(OR = 0.95; 95% CI, 0.91–0.98; P = .006), wider neck diameters
(OR = 1.75; 95% CI, 1.28–2.42; P = .001), higher aneurysm
heights (OR = 1.36; 95% CI, 1.13–1.65; P = .001), larger aneurysm
volumes (OR = 1.01; 95% CI, 1.00–1.02; P = .010), and the

absence of a balloon (OR = 0.21; 95% CI, 0.08–0.48; P, .001). In
the multivariate model, only balloon usage (OR = 0.17; 95% CI,
0.05–0.47; P = .001) persisted as a significant predictor of recur-
rence (Table 3).

Predictors of Aneurysm Occlusion
Similarly, univariate and multivariate analyses of the potential
predictors of the occlusion were performed. The occlusion rate
was higher with narrower neck diameters (OR = 0.60; 95% CI,
0.44–0.80; P = .001), lower aneurysm heights (OR = 0.76; 95% CI,
0.64–0.90; P = .002), smaller aneurysm volumes (OR = 0.99; 95%
CI, 0.99–1.00; P = .039), and the presence of a balloon (OR = 5.34;
95% CI, 2.50–11.95; P , .001). In the multivariate model, aneu-
rysm width was significant (OR = 5.45; 95% CI, 1.54–19.76; P =
.008), and only packing density (OR = 1.05; 95% CI, 1.02–1.10; P =
.008) with balloon use (OR = 6.88; 95% CI, 2.58–20.37; P , .001)
persisted as a significant predictor of recurrence (Table 4).

Packing Density Cutoff Values
Packing density cutoff values for predicting occlusion were
obtained after analyzing the receiver operating characteristic

Table 2: Summary of different outcomes following treatment

Variables

Balloon Used

No Yes Total
Count % Count % Count % P Value

Angio after treatment
Complete 46 69.7 106 90.6 152 83.1 ,.001a

Incomplete 3 4.5 2 1.7 5 2.7
Near-complete 17 25.8 9 7.7 26 14.2
Angio before sacrifice
Complete 41 62.1 105 89.7 146 79.8 ,.001a

Incomplete 13 19.7 3 2.6 16 8.7
Near-complete 12 18.2 9 7.7 21 11.5

Angio comparative score
Progressive 3 4.5 6 5.1 9 4.9 ,.001a

Recurrence 19 28.8 9 7.7 28 15.3
Stable 44 66.7 102 87.2 146 79.8
Cross loop sign (coil bridging the neck)
No 55 83.3 116 99.1 171 93.4 ,.001a

Yes 11 16.7 1 0.9 12 6.6
Packing density (mean) (%) 24.8 (SD, 14.0) 30.5 (SD, 14.6) 28.5 (SD, 14.6) .004a

Total histologic healing score (mean) 5.6 (SD, 2.5) 5.4 (SD, 2.4) 5.5 (SD, 2.5) .429

Note:—Angio indicates angiography; SD, standard deviation.
a Statistically significant.

Table 3: Predictors of aneurysm recurrencea

Predictors
Recurrence

No Yes OR (Univariable) OR (Multivariable)
Packing density (mean) (%) 29.8 (14.6) 21.2 (12.2) 0.95 (0.91–0.98, P value = .006b) 0.97 (0.93–1.01, P value = .129)
Follow-up time point (mean) (mo) 2.3 (2.5) 2.3 (2.0) 1.01 (0.84–1.18, P value = .887) 0.87 (0.67–1.11, P value = .297)
Neck (mean) (SD) (mm) 2.8 (1.2) 5.1 (7.4) 1.75 (1.28–2.42, P value = .001b) 1.52 (0.99–2.37, P value = .054)
Width (mean) (SD) (mm) 3.6 (1.0) 3.8 (1.1) 1.30 (0.88–1.91, P value = .184) 0.27 (0.07–1.11, P value = .061)
Height (mean) (SD) (mm) 7.8 (2.2) 9.4 (2.6) 1.36 (1.13–1.65, P value = .001b) 1.23 (0.91–1.71, P value = .191)
Volume (mean) (SD) (mm3) 60.0 (44.1) 87.2 (68.8) 1.01 (1.00–1.02, P value = .010b) 1.01 (0.98–1.05, P value = .354)
Balloon used (mean) (SD)
No 47 (71.2) 19 (28.8) Reference
Yes 108 (92.3) 9 (7.7) 0.21 (0.08–0.48, P value ,.001b) 0.17 (0.05–0.47, P value = .001b)

Note:—SD, standard deviation.
aModel metrics: Akaike information criterion (AIC) = 135.5, C-statistic = 0.809, The Hosmer–Lemeshow test (H&L) = x 2 (8) 4.62 (P = .798).
b Statistically significant.
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curve of all study subjects, which showed an overall good per-
formance (area under the curve = 0.72). The values tested ranged
from 6.00% to 93.94% (Online Supplemental Data). It appeared
that values of $18% had good sensitivity and specificity for pre-
dicting aneurysm occlusion; however, a packing density of 26.9%
had the best balance of sensitivity, specificity, and positive and
negative predictive values. On the basis of these findings, we
reconducted the regression analyses categorizing packing density
to$26.9% and values to,26.9%. The univariable results showed
no changes in the identified predictors from the previously built
model, but it was not the case in the multivariate results, in which
a packing density of $26.9% and aneurysm width (millimeters)
were significant predictors of higher occlusion rates (OR = 3.48;
95% CI, 1.31–10.15; P = .016; and OR = 4.96; 95% CI, 1.42–17.74;
P = .012, respectively). On the other hand, larger aneurysm necks
(millimeters) were associated with reduced occlusion rates (OR =
0.65; 95% CI, 0.43–0.97; P= .035) (Online Supplemental Data).

DISCUSSION
The aneurysm recurrence rate observed in this study (15.3%) is
similar to those reported in multiple analyses of aneurysm recur-
rence rates in humans (7%–27%).20-26 We also observed that the
rate of aneurysm recurrence was significantly reduced in proce-
dures with balloon-assisted coiling and in aneurysms showing
complete occlusion immediately after coil embolization. In this
rabbit elastase–induced aneurysm model, packing density and
aneurysm volume were weak predictors of aneurysm recurrence;
however, the packing density was a good predictor of the occlu-
sion rate. Previous effort had been made to compare the histo-
logic changes in human cerebral aneurysms with the findings in
animal models. A retrospective histopathologic evaluation of 27
elastase-induced aneurysms in rabbits was conducted,9 matching
the findings to the 4-point scale described by Frösen et al.27 The
authors found similarities between the 2 models in terms of under-
lying aneurysm wall degeneration mechanisms such as lack of an
intact elastic lamina, loss of the endothelium, and hypocellular an-
eurysm walls.9 In the elastase-induced model, the progression and
distribution of the histologic subtypes of the aneurysm wall were
similar to those previously described in the Frösen et al model.

Aneurysm recurrence is a significant limitation of endovascular coil-
ing procedures, with recurrence rates reported as high as 50%.20-22,28-30

Additionally, large aneurysms and wide-neck aneurysms have been

identified as significant risk factors for early recurrence and are also vul-
nerable to early recurrence.31 In a single-center retrospective study,
complete aneurysm occlusion was obtained in 31.7% of patients who
underwent endovascular coiling procedures, and at#24months, aneu-
rysm recurrence occurred in 35.9% of this patient population.32 The
study-level recurrence rate of the present study is comparable with that
found in the human study, thus indicating the utility of the rabbit elas-
tasemodel tomimic what is found in humans.

Aneurysm recurrence rates after coil embolization have been
associated with different factors in humans. Aneurysms with a
small neck have a lower recurrence rate compared with those
with wider necks.21 Similarly, smaller aneurysms have a lower re-
currence rate compared with large or giant aneurysms.21,22,33

Furthermore, the degree of aneurysm occlusion after treatment
has also been related to recurrence. Aneurysms with initial com-
plete occlusion were less likely to recur at follow-up.22 Our obser-
vation of a zero recurrence rate in aneurysms with complete
occlusion is in line with this finding.

Aneurysm recurrence may occur through multiple mecha-
nisms. Lower packing density or aneurysm growth may lead to
coil compaction,34 affecting histologic healing and subsequently
causing aneurysm recanalization. In clinical settings, a large an-
eurysm volume is associated with low packing density and higher
compaction rates. It is reported that a packing density of 24% is
required to prevent compaction in aneurysms with a volume of
,600 mm.3,35 Our analysis showed that aneurysm volume and
packing density were weak predictors of aneurysm recurrence.
This result may be due to specific differences found in this model
and to our embolization procedure. While it is known that the
range in values of hemodynamic factors such as pressure, oscilla-
tory shear index, and wall shear stress found in the rabbit elas-
tase–induced aneurysm model is similar to that seen in
humans,36 the model is also known for its aneurysm patency.
One report observed no changes in aneurysm geometry during
24months.37 The mean volume of aneurysms created in this
study was less than that found in humans,35 while the mean pack-
ing density was higher than 24%. A higher packing density has
been associated with better histologic healing in the rabbit elas-
tase aneurysm model.38 This model also showed a mild biologic
response, with studies reporting poor healing with the formation
of loose connective tissue, the absence of contractile cells, and a
lack of collagen deposition.15,39,40 In this rabbit elastase aneurysm
model, the curvature of the parent vessel causes substantial iner-
tia-driven flow, similar to that in humans, which may also con-
tribute to aneurysm growth and recurrence.41

Table 4: Predictors of aneurysm occlusiona

Predictors
Occlusion

No Yes OR (Univariable) OR (Multivariable)
Packing density (mean) (SD) (%) 20.4 (11.9) 30.5 (14.5) 1.07 (1.03–1.11, P value,.001b) 1.05 (1.02–1.10, P value = .008b)
Follow-up time point (mean) (SD) (mo) 2.5 (2.1) 2.2 (2.5) 0.96 (0.84–1.12, P value = .576) 1.11 (0.89–1.42, P value = .398)
Neck (mean) (SD) (mm) 4.7 (6.5) 2.8 (1.1) 0.60 (0.44–0.80, P value = .001b) 0.68 (0.45–1.02, P value = .065)
Width (mean) (SD) (mm) 3.7 (1.1) 3.6 (1.0) 0.89 (0.63–1.28, P value = .536) 5.45 (1.54–19.76, P value = .008b)
Height (mean) (SD) (mm) 9.1 (2.5) 7.7 (2.2) 0.76 (0.64–0.90, P value = .002b) 0.80 (0.60–1.05, P value = .123)
Volume (mean) (SD) (mm3) 79.5 (65.1) 60.3 (44.1) 0.99 (0.99–1.00, P value = .039b) 0.98 (0.96–1.01, P value = .229)
Balloon used (mean) (SD)
No 25 (37.9) 41 (62.1) Reference
Yes 12 (10.3) 105 (89.7) 5.34 (2.50–11.95, P value ,.001b) 6.88 (2.58–20.37, P value ,.001b)

Note:—SD, standard deviation.
aModel metrics: Akaike information criterion (AIC) =146.3, C-statistic =0.849, The Hosmer–Lemeshow test (H&L) = x 2 (8) 11.22 (P = .190).
b Statistically significant.
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The development of more efficient endovascular devices for
the treatment of intracranial aneurysms relies on preclinical test-
ing in animal models. The rabbit aneurysm model has been con-
sidered a criterion standard for preclinical testing of various
neurointerventional devices.17,42-45 Our results show that the an-
eurysm occlusion rates in rabbit aneurysms are comparable with
those of human aneurysms following the use of endoluminal and
intrasaccular flow-diverting devices,45,46 making this an ideal
model for testing endovascular devices.

Limitations
Our study has limitations. The follow-up times in this study were
limited to 1 year, which should be extended in future studies.
Additionally, this is an extracranial aneurysm model with thick
aneurysm walls, making it difficult to assess potential complica-
tions that may arise in treating human intracranial aneurysms.7

Moreover, our model has the inherent limitation of animal mod-
els, with their inability to account for all factors involved in the
human complex pathophysiology, including various cellular phe-
notypes in the aneurysm wall. Although the coils were all of the
same type, they were not the same brand and the operator was
not the same in all cases, possibly introducing some bias. Finally,
Raymond et al22 demonstrated that almost half of all recurrences
were present by 6months after coiling. Unfortunately, typical fol-
low-up imaging of patients would be done at 3–6months after
coiling, but there is not much literature available to compare
humans versus rabbits. We believe that evaluating the aneurysm
occlusion stability and recurrence at early (,1month), sub-
chronic (1–3months), and chronic (.3months) stages would
provide valuable insight into the timing of the recurrence.

CONCLUSIONS
The rabbit elastase aneurysm model may be a mosaic piece in the
evaluation process of aneurysm treatments and may mimic aneu-
rysm recurrence rates in humans. However, a comparative study
against a human sample is necessary to confirm this finding.
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ORIGINAL RESEARCH
HEAD & NECK

Iodine Maps from Dual-Energy CT to Predict Extrathyroidal
Extension and Recurrence in Papillary Thyroid Cancer Based

on a Radiomics Approach
X.-Q. Xu, Y. Zhou, G.-Y. Su, X.-W. Tao, Y.-Q. Ge, Y. Si, M.-P. Shen, and F.-Y. Wu

ABSTRACT

BACKGROUND AND PURPOSE: Accurate prediction of extrathyroidal extension and subsequent recurrence is crucial in papillary
thyroid cancer clinical management. Our aim was to conduct iodine map–based radiomics to predict extrathyroidal extension and
to explore its prognostic value for recurrence-free survival in papillary thyroid cancer.

MATERIALS AND METHODS: A total of 452 patients with papillary thyroid cancer were retrospectively recruited between June 2017 and
June 2020. Radiomics features were extracted from noncontrast images, dual-phase mixed images, and iodine maps, respectively. Random
forest and least absolute shrinkage and selection operator (LASSO) were applied to build 6 radiomics scores (noncontrast radiomics scor-
e_random forest; noncontrast rad-score_LASSO; mixed rad-score_random forest; mixed rad-score_LASSO; iodine radiomics score_random
forest; iodine radiomics score_LASSO) respectively. Logistic regression was used to construct 6 radiomics models incorporating 6 radiomics
scores with clinical risk factors and to compare them with the clinical model. A radiomics model that achieved the highest performance
was presented as a nomogram and assessed by discrimination, calibration, clinical usefulness, and prognosis evaluation.

RESULTS: Iodine radiomics scores performed significantly better than mixed radiomics scores. Both of them outperformed noncon-
trast radiomics scores. Iodine map–based radiomics models significantly surpassed the clinical model. A radiomics nomogram incor-
porating size, capsule contact, and iodine radiomics score_random forest was built with the highest performance (training set, area
under the curve = 0.78; validation set, area under the curve = 0.84). Stratified analysis confirmed the nomogram stability, especially
in group negative for CT-reported extrathyroidal extension (area under the curve = 0.69). Nomogram-predicted extrathyroidal
extension risk was an independent predictor of recurrence-free survival. A high risk for extrathyroidal extension portended signifi-
cantly lower recurrence-free survival than low risk (P, .001).

CONCLUSIONS: Iodine map–based radiomics might be a supporting tool for predicting extrathyroidal extension and subsequent re-
currence risk in patients with papillary thyroid cancer, thus facilitating clinical decision-making.

ABBREVIATIONS: AUC ¼ area under the curve; BMI ¼ body mass index; ETE ¼ extrathyroidal extension; DECT ¼ dual-energy CT; LASSO ¼ least absolute
shrinkage and selection operator; PTC ¼ papillary thyroid cancer; rad-score ¼ radiomics score; RF ¼ random forest; RFS ¼ recurrence-free survival

Although papillary thyroid cancer (PTC) has a favorable prog-
nosis, it is prone to local-regional recurrence.1 A dynamic

risk-stratification system can predict postoperative recurrence and

determinate the clinical treatment plan in patients with PTC.1

Extrathyroidal extension (ETE) is considered an adverse prognos-
tic factor of PTC and plays an important role in the risk-stratifica-
tion system.1-3 Patients with PTC with ETE are recommended for
a more aggressive initial therapy, likely total thyroidectomy and in-
tensive follow-up.1-3 Therefore, a preoperative diagnosis of ETE is
essential in the clinical management of PTC.

Some aggressive signs in conventional ultrasound and CT are
used to assess ETE in clinical practice; however, these signs are sub-
jective, and the sensitivity is relatively low due to that micro ETE
can only be determined by tumor histopathological examination.4-6

Because of the difficulty in ETE clinical diagnosis, some previous
studies have attempted to use clinical risk factors and tumor mor-
phologic features to predict ETE. However, the results of these stud-
ies were inconsistent, and morphologic features are subjective.7,8
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Radiomics is a rapidly evolving field that quantifies high-
throughput features from medical images and is useful in cancer
scanning, diagnosis, and prognosis evaluation.9,10 Concerning radio-
mics applications in PTC, some studies have verified their value in
evaluating tumor aggressiveness, predicting BRAF gene status, and
diagnosing or predicting cervical lymph node metastasis.11-14 For
preoperative prediction of ETE, Chen et al15 established a CT-based
radiomics nomogram and confirmed its predictive efficiency.

Compared with conventional CT, dual-energy CT (DECT)
allows material decomposition and offers iodine maps that directly
quantify the content and portray the distribution of iodine.16,17 As
is well known, the thyroid gland is the primary source of iodine
storage in the human body, and PTC destructs thyroid follicles
leading to a decrease in iodine concentration to various degrees.1

Therefore, iodine uptake of PTC in dual-phase iodine maps is
affected by both the thyroidal parenchyma and external iodine
(contrast media), which correlate with tumor perfusion. In addi-
tion, some previous studies have confirmed that quantitative iodine
concentration is effective in differentiating thyroid malignancy and
diagnosing metastatic lymph nodes from PTC.18-20

Radiomics of iodine maps can be used to further assess the
heterogeneity of iodine uptake.21,22 In previous studies, iodine
map–based radiomics has proved useful in diagnosing and pre-
dicting lymph node metastasis from PTC,22,23 indicating that io-
dine map–based radiomics is promising in PTC investigation.
However, no previous study has used iodine map–based radio-
mics to predict ETE and further correlate with prognosis in PTC,
leaving a gap in the current knowledge.

Therefore, in the current study, we evaluated the value of
dual-phase iodine map–based radiomics for predicting ETE and
recurrence-free survival (RFS) in patients with PTC.

MATERIALS AND METHODS
Study Population
Ethics approval was obtained for this retrospective study from The
First Affiliated Hospital of Nanjing Medical University institutional
review board, and the requirement of written informed consent
was waived. A total of 858 consecutive patients suspicious for PTC
who underwent DECT for preoperative assessment from June 2017
to June 2020 were retrospectively recruited. The inclusion and
exclusion criteria are listed in the Online Supplemental Data. The
final study cohort included 452 patients, divided into a training set
(317 patients) and a validation set (135 patients) according to the
time of the operation. Detailed demographic characteristics are
summarized in the Online Supplemental Data. A total of 84 and
272 patients with PTC were included in our previous studies, which
conducted radiomics analysis for diagnosing and predicting lymph
metastasis from PTC, respectively.22,23 Taking the final histopatho-
logic reports of tumor specimens as a criterion standard, we divided
the patients into groups without ETE (training cohort, n=195; vali-
dation cohort, n=73) and with ETE (training cohort, n=122; vali-
dation cohort, n=62).

Postoperative Follow-up and Recurrence
A total of 245 patients who underwent an operation from June
2017 to June 2019 were routinely followed up every 3–6months

in the first year and annually thereafter. The follow-up protocol is
summarized in the Online Supplemental Data.

Recurrence was defined as clinical evidence (biochemical,
structural, and functional) of new disease after the initial opera-
tion. Indicators of biochemical recurrence were suppressed thyro-
globulin, $1 ng/mL, stimulated thyroglobulin, $2 ng/mL, and a
detectable thyroglobulin antibody. Pathology-proved disease or
morphologic evidence of disease on cross-sectional imaging was
considered a structural recurrence. Suspicious findings on whole-
body scintigraphy or PET/CT were considered to indicate func-
tional recurrence. The end point of our study was RFS, which
was defined as the period from the date of the initial operation to
the date of the first recurrence (biochemical, structural, and func-
tional) or the last follow-up visit.1,24

DECT Imaging Technique and Postprocessing
The DECT examination was performed with a third-generation
DECT scanner (Somatom Force; Siemens) equipped with 2 x-ray
tubes at different voltages (tube A, 80 kV[peak]; tube B, Sn150
kVp).25 Postprocessing was performed using a commercially avail-
able software (Syngo Dual Energy, Version VB10B; Siemens). The
DECT image-acquisition parameters and postprocessing are
detailed in the Online Supplemental Data.

Clinicopathologic Information
Clinical information including age, sex, body mass index (BMI),
nodular goiter, Hashimoto thyroiditis, and serology examination
results, was acquired from medical records. Age was categorized by
45 and 55 years separately in accordance with the seventh and
eighth American Joint Committee on Cancer staging systems.1

BMI (kilograms/square meter) was calculated as weight (kilo-
grams)/(height � height) (square meter). BRAF V600E gene status
was obtained from genetic reports of preoperative fine-needle aspi-
ration biopsy and confirmed in the final tumor surgical specimens.

TumorMorphologic CT Features and CT-Reported ETE Status
Qualitative CT image analysis was performed by readers 1 and 2
(with 6 and 5 years’ experience in head and neck oncologic imag-
ing, respectively) on mixed images. If discrepant interpretations
occurred, reader 3 (with 8 years’ experience in head and neck
oncologic imaging) performed a further assessment and made
the final decision. All the observers were blinded to clinical data
and permanent pathologic results.

The morphologic CT features of the tumors evaluated in the
study are described in the Online Supplemental Data. The degree
of tumor capsule contact assessed on the CT image is presented
in the Online Supplemental Data. CT-reported ETE-positive cri-
teria are summarized in the Online Supplemental Data. Examples
of CT-reported ETE-positive PTC patients using corresponding
criteria are shown in the Online Supplemental Data.

Tumor Segmentation and Radiomics Feature Extraction
The workflow of our study is shown in Fig 1. Tumor segmentation
was performed semiautomatically by reader 2 using syngo.via
Frontier radiomics (Siemens) on noncontrast images, dual-phase
mixed images, and iodine maps.26,27 The process of semiautomatic
tumor segmentation is summarized in the Online Supplemental
Data. All tumor segmentation was confirmed again by reader 3.
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After tumor segmentation, radiomics features from VOIs were
automatically computed using syngo.via Frontier radiomics inter-
faces with the PyRadiomics library (https://github.com/AIM-
Harvard/pyradiomics).28 Detailed information on radiomics fea-
ture extraction is described in the Online Supplemental Data.

Radiomics Features: Mining and Signature Building
A 2-step procedure was devised for the high-dimensional radio-
mics feature mining. First, 183 patients were randomly selected for
test and retest, and the intraclass correlation coefficient was calcu-
lated to assess the reproducibility of the features. Features with an
intraclass correlation coefficient of ,0.8 were excluded from the
subsequent analysis. Second, random forest (RF) and the least
absolute shrinkage and selection operator (LASSO) logistic regres-
sion were respectively implemented for radiomics-feature selection
and signatures building (Online Supplemental Data).

Through the above dimensionality-reduction procedure, 6
radiomics scores (rad-scores) were built on the basis of noncon-
trast images or mixed images or iodine maps using RF or LASSO,
respectively (noncontrast rad-score_RF; noncontrast rad-
score_LASSO; mixed rad-score_RF; mixed rad-score_LASSO; io-
dine rad-score_RF; iodine rad-score_LASSO). The predictive per-
formance of the 6 rad-scores was compared through receiver
operating characteristic analysis calculated from the area under
the curve (AUC) using the DeLong test.

Establishment, Performance, and
Validation of Radiomics Models
Six radiomics models were built
through multivariate logistic regres-
sion analysis and were incorporated
into the 6 constructed rad-scores with
other independent risk factors (Fig 1).
Backward stepwise variable selection
was implemented with the Bayesian
information criterion. The variance
inflation factor was checked for each
factor contained in the final radiomics
models. A clinical model was also built
containing other pertinent risk factors
(except rad-scores) for comparison.

Receiver operating characteristic
analysis with the AUC calculated as a
performance indicator was used for
predictive efficacy assessment. Internal
validation was tested in an independent
validation cohort. Comparisons of pre-
dictive efficacy among the 6 radiomics
models and the clinical model were
applied through the AUC using the
DeLong test.

Radiomics Nomogram
Construction
To provide the clinicians with easy-to-
use tools, we developed a radiomics
nomogram based on the radiomics

model that achieved the highest predictive performance.
Consistency between the nomogram-predicted probability of
ETE and the actual results accompanied by the Hosmer-
Lemeshow goodness of fit test was tested, using calibration curves
by bootstrapping with 1000 resamples.29

Stratified and Subgroup Analysis
To confirm the robustness of the established nomogram, we per-
formed stratified analysis for ETE prediction according to age,
sex, BMI, and BRAF V600E gene status. CT-reported ETE-nega-
tive subgroup analysis was also used.

Clinical Utility
The clinical usefulness of the constructed nomogram was
assessed by decision curve analysis by quantifying the net benefits
at different threshold probabilities for the entire set.30

RFS Analysis
Univariable and multivariable analyses with Cox proportional
hazards regression were used to determine risk factors for RFS.
Variables with P, .050 in the univariable analysis were incorpo-
rated into the multivariable Cox regression. The RFS curve was
generated using the Kaplan–Meier method, and the nomogram-
predicted ETE low- and high-risk groups were compared using
log-rank tests.

FIG 1. Our study flow chart and radiomics workflow.
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Statistical Analysis
Statistical analyses were performed using SPSS (Version 23.0;
IBM), MedCalc (Version 15.0; MedCalc Software), and the statis-
tical package R (Version 3.4.3; http://www.r-project.org). A 2-
sided P, .050 indicated a statistically significant difference.

RESULTS
Clinical Characteristics
No significant differences were found between the training and
validation sets in any of the clinicopathologic and radiographic
characteristics (Online Supplemental Data) (P all. .050). The
ETE-positive rates were 38.5% (122 of 317) in the training cohort
and 45.9% (62 of 135) in the validation cohort. CT-reported ETE
had a high specificity (97.4%) but a poor sensitivity (40.2%) in
the entire cohort. Univariate analyses indicated BMI, size, capsule
contact, and CT-reported ETE with P, .050 in estimating ETE
(Online Supplemental Data). A clinical model was built contain-
ing size and capsule contact, which were identified as independ-
ent risks for ETE through multivariable logistic regression
analysis (Table 1).

Features Selection and Radiomics Scores Calculation
In total, 573 stable features extracted from noncontrast images,
1565 stable features (707 arterial and 858 venous phase) extracted
from mixed images, and 1461 stable features (738 arterial and
723 venous phase) extracted from iodine maps with the intraclass
correlation coefficient of.0.8 were retained. The reproducibility
of the extracted features is shown in the Online Supplemental
Data. The RF classifier selected 6 features of noncontrast images,
14 features (8 arterial phase and 6 venous phase) of mixed
images, and 15 features (7 arterial phase and 8 venous phase) of

iodine maps, respectively. RF feature-importance ranking is pre-
sented in the Online Supplemental Data. LASSO logistic regres-
sion shrank these stable features, resulting in 9 features of
noncontrast images, 22 features (8 arterial phase and 14 venous
phase) of mixed images, and 11 features (5 arterial phase and 6 ve-
nous phase) of iodine maps with nonzero coefficients, respectively.
The results of LASSO logistic shrinking are depicted in the Online
Supplemental Data. Ultimately, 6 rad-scores of noncontrast
images, mixed images, and iodine maps using RF or LASSO logis-
tic were established (noncontrast rad-score_RF; noncontrast rad-
score_LASSO; mixed rad-score_RF; mixed rad-score_LASSO; io-
dine rad-score_RF; iodine rad-score_LASSO).

Mixed or Iodine Rad-Scores versus Noncontrast Rad-
Scores
Significant differences were found between patients with and with-
out ETE in all 6 established rad-scores (P all, 0.050). There were
no significant differences between different rad-scores using the RF
or LASSO method (P all. 0.050). Mixed and iodine rad-scores
both performed better than noncontrast rad-scores, irrespective of
whether RF (training set, P= .171 and P, .001; validation set,
P= .198 and P= .001) or LASSO (training set, P= .172 and P, .001;
validation set, P= .318 and P= .004) was used, with significant dif-
ferences between iodine and noncontrast rad-scores (P, .005).
Detailed predictive ability comparisons of 6 rad-scores are summar-
ized in the Online Supplemental Data. Receiver operating character-
istic analyses are also shown in the Online Supplemental Data.

Iodine versus Mixed Rad-Scores
Iodine rad-scores significantly outperformed mixed rad-scores in
both the training and validation cohorts, irrespective of whether

Table 1: Results of multivariate logistic analysis for constructed clinical and radiomics models
Models b Odds Ratio (95% CI) P Value VIF

Clinical model
Size 0.04 1.03 (0.98–1.09) .009 1.61
Capsule contact 1.53 3.55 (2.32–5.44) ,.001 1.68
Radiomics model 1
Size 0.04 1.04 (0.98–1.10) .041 1.57
Capsule contact 1.29 3.61 (2.34–5.59) ,.001 1.56
Noncontrast rad-score_RF –0.51 0.60 (0.44–0.83) .002 1.00
Radiomics model 2
Size 0.04 1.04 (0.98–1.09) .045 1.57
Capsule contact 1.28 3.58 (2.33–5.50) .001 1.56
Noncontrast rad-score_LASSO –0.43 0.65 (0.41–1.04) .007 1.01
Radiomics model 3
Capsule contact 1.26 3.51 (2.41–5.13) ,.001 1.62
Mixed rad-score_RF 2.86 17.44 (1.71–177.60) ,.001 1.30
Radiomics model 4
Size 0.02 1.02 (0.97–1.08) .036 1.83
Capsule contact 1.24 3.45 (2.24–5.33) ,.001 1.47
Mixed rad-score_LASSO 1.49 14.44 (1.05–120.93) ,.001 1.51
Radiomics model 5
Size 0.01 1.00 (0.95–1.06) .034 1.78
Capsule contact 1.11 3.03 (1.95–4.71) ,.001 1.69
Iodine rad-score_RF 3.63 37.64 (6.76–209.59) ,.001 1.34
Radiomics model 6
Size 0.01 0.99 (0.94–1.05) .048 1.74
Capsule contact 1.09 2.98 (1.92–4.64) ,.001 1.62
Iodine rad-score_LASSO 2.86 35.32 (2.29–289.19) ,.001 1.37

Note:—VIF indicates variance inflation factor.
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RF or LASSO was used (P, .050). Iodine rad-score_RF obtained
the optimal performance, with an AUC of 0.74 in the training
cohort and 0.74 in the validation cohort. Radiomics feature com-
position of the iodine rad-score_RF is summarized in the Online
Supplemental Data, and distribution is shown as a violin plot in
the Online Supplemental Data.

Development, Performance, and Validation of Radiomics
Models
Six radiomics models were constructed using the 6 rad-scores
incorporating other clinical risk factors through multivariable
logistic regression analysis. The results of logistic regression are
presented in Table 1. The variance inflation factor of all variables
included in the 6 radiomics models ranged from 1.00 to 1.83,
indicating that there is no multicollinearity. The AUCs of all 6
radiomics models were all .0.73 in both the training and valida-
tion cohorts. The predictive performance of the 6 radiomics
models is detailed in the Online Supplemental Data. The predic-
tive performances of radiomics models improved when adding
the clinical risk factors (tumor size and capsule contact) in addi-
tion to different rad-scores. Among the 6 radiomics models,
radiomics model 5, which incorporated size, capsule contact, and
iodine rad-score_RF, achieved the highest performance with an
AUC of 0.78 in the training cohort and 0.84 in the validation
cohort.

Radiomics versus Clinical Models
All 6 radiomics models yielded higher discrimination than the
clinical model both in the training and validation cohorts. In
addition, the performance improvement of radiomics models 5
and 6 (radiomics of iodine maps using RF and LASSO) added to
the clinical model reached a significant difference (P, .050).
Predictive performance comparisons of radiomics models and
the clinical model are summarized in Table 2.

Radiomics Nomogram Building
A radiomics nomogram was built on the basis of radiomics
model 5 (radiomics of iodine maps using RF), which had the
highest predictive ability with AUCs of 0.78 and 0.84, sensitivities
of 0.73 and 0.74, specificities of 0.69 and 0.78, positive predictive
values of 0.62 and 0.67, negative predictive values of 0.77 and
0.81, and accuracies of 0.70 and 0.77 in the training and valida-
tion sets, respectively. Moreover, the radiomics nomogram added
a significant incremental performance to the clinical model
(Table 2 and Online Supplemental Data). Favorable calibration of
the nomogram was confirmed in both the training and validation
sets (Online Supplemental Data). The Hosmer–Lemeshow test
demonstrated that the nomogram yielded P values of .66 and .45
in the training and validation cohorts, respectively.

Stratified and Subgroups Analyses within the CT-
Reported ETE-Negative Group
Stratified analysis demonstrated that performance of the radio-
mics nomogram was good and stable in different subgroups. In
the CT-reported ETE-negative group, the nomogram still
achieved an AUC of 0.69, a sensitivity of 0.68, a specificity of
0.66, and an accuracy of 0.64. The results of the receiver operating
characteristic curve analysis are summarized and presented in the
Online Supplemental Data. In our study, 110 of 184 (59.8%)
patients with PTC with ETE were misdiagnosed using conven-
tional CT signs. Of these misdiagnosed patients, 77 were correctly
reclassified using the radiomics nomogram. The rate of misdiag-
nosis was dramatically decreased from 59.8% (110 of 184) to
17.9% (33 of 184).

Clinical Practice
Decision curve analysis revealed that if the threshold probability
was..09, the radiomics nomogram added more benefit than the
clinical model (Online Supplemental Data), thus indicating the
potential value of the nomogram in clinical practice.

RFS Analysis
The median follow-up was 26months (interquartile range = 23–
30) for 245 patients with PTC, and 46 of 245 (18.8%) patients had
recurrence (local-regional in 43 patients and distant metastasis in
3 patients).

Size, capsule contact, and nomogram-predicted ETE showed
a significant association with ETE in univariate Cox regression
analysis. Only nomogram-predicted ETE was identified as an in-
dependent preoperative factor for PTC recurrence in multivari-
able Cox analysis (P= .011) (Table 3). The median RFS was
23months (95% CI, 20–26) in the nomogram-predicted ETE
high-risk group and 31months (95% CI, 29–34) in the low-risk
group. The Kaplan-Meier cumulative event curve for recurrence
stratified by the nomogram-predicted ETE risk classification is
shown in Fig 2.

DISCUSSION
ETE is a significant prognostic risk factor for patients with PTC.
Patients with ETE are recommend for a more aggressive initial
therapy, likely total thyroidectomy and intensive follow-up.1-3

However, ETE varies to some degree: Some ETE involves only the
perithyroid soft tissues identified under a microscope, which could
only be detected through postoperative pathologic evaluation.1,5,15

On the basis of conventional imaging techniques (ultrasound and
CT) and their morphologic features, it is difficult to detect the ETE
that could only be determined by tumor histopathologic examina-
tion.4-6 In our study, 110 of 184 (59.8%) patients with PTC with

Table 2: Prediction efficiency comparisons of 6 radiomics models and the clinical model
Radiomics vs Clinical Models (AUC) Training Set (317) P Value Validation Set (135) P Value
Radiomics model 1 vs clinical model 0.73 vs 0.72 .920 0.73 vs 0.72 .838
Radiomics model 2 vs clinical model 0.73 vs 0.72 .877 0.73 vs 0.72 .777
Radiomics model 3 vs clinical model 0.76 vs 0.72 .022 0.76 vs 0.72 .132
Radiomics model 4 vs clinical model 0.75 vs 0.72 .064 0.74 vs 0.72 .179
Radiomics model 5 vs clinical model 0.78 vs 0.72 ,.001 0.84 vs 0.72 ,.001
Radiomics model 6 vs clinical model 0.77 vs 0.72 ,.001 0.80 vs 0.72 .032
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ETE were misdiagnosed using conventional CT signs. Therefore, a
more effective and reliable approach was needed.

Radiomics analysis can extract massive quantitative image fea-
tures, which enable mineable high-dimensional data to be applied
to support clinical decision-making.9,10 Chen et al15 conducted
radiomics analysis of conventional structural CT to predict ETE
and verify its potential value. We found that 6 radiomics models
all had favorable performance, with AUCs all . 0.73, and they
surpassed the clinical model, similar to findings in a previous
study. These findings indicate that radiomics approaches might
be promising in predicting ETE. Notably, the incremental per-
formance of radiomics models 5 and 6 (radiomics of iodine maps
using RF and LASSO) added to the clinical model indicated a sig-
nificant difference. To make the results of radiomics analysis
more stable, we applied 2 machine learning algorithms, RF and
LASSO, and no significant differences were found between the 2
methods.

The thyroid gland is the primary storage organ for iodine, so
radiomics analysis of PTC in contrast-enhanced images is
affected by both the thyroidal parenchyma and external iodine.
To eliminate iodine effects on the thyroidal parenchyma and
truly reflect contrast media uptake in PTC, we compared radio-
mics analysis of unenhanced CT images with enhanced images
(mixed images and iodine maps). We found that the mixed and
iodine rad-scores performed better than noncontrast rad-scores,
irrespective of whether RF or LASSO was used. Compared with
noncontrast images, dual-phase mixed images and iodine maps
may provide additional information on tumor perfusion that cor-
relates with tumor vascularity.16,17 Our results are consistent with

those in previous studies, which indicated that intratumor vascu-
lar heterogeneity was highly associated with migration, invasion,
and metastasis of PTC.1,31

Iodine rad-scores significantly outperformed mixed rad-
scores, irrespective of whether RF or LASSO was used. In addi-
tion, iodine rad-score_RF obtained optimal performance in both
the training and validation cohorts. Previous studies have con-
firmed an advantage of DECT-derived quantitative iodine con-
centration over conventional Hounsfield unit values in assessing
enhancement, suggesting that iodine maps represent a more reli-
able detection method for lesion-enhancement differences than
conventional CT images.32 In addition, iodine maps can effec-
tively suppress the background CT value and neck root artifacts,
further affecting subsequent radiomics analysis.16,32 Previously,
Zhou et al22,23 reported that radiomics analysis of iodine maps
can realize effective diagnosis and prediction for lymph node me-
tastasis in patients with PTC. Radiomics of iodine maps can truly
reflect tissue iodine heterogeneity, which aids in predicting ETE
for PTC, similar to findings in previous studies.

On the basis of above the results, we finally established a
radiomics nomogram incorporating the iodine rad-score_RF
with clinical risk factors (size and capsule contact) to predict
ETE. Size, capsule contact, and the iodine rad-score_RF comple-
ment each other. The efficiency of the nomogram improved
when combining clinical risk factors and radiomics features. It is
understandable that tumors with larger size and greater exposure
to the capsule are more likely to disseminate into the glandular
lobes and interrupt the thyroid edge.5,8 Fifteen radiomics fea-
tures, including 7 arterial phase and 8 venous phase, were used to
construct the iodine rad-score_RF, most of which (13 of 15)
described the distribution of voxel intensities that were relevant
to tumor heterogeneity. In addition, more than half of the
selected features (10 of 15) were wavelet filters. The wavelet trans-
formation decomposes the original image into 3 different fre-
quency directions, which can further explore the spatial
heterogeneity of target tumors at multiple scales.28

To confirm the stability and robustness of the radiomics nom-
ogram, we performed stratified analysis in different subgroups. In
addition, the radiomics nomogram performed well, with
AUCsof.0.80 in all subgroups with different age, sex, BMI, and
BRAF gene statuses. Encouragingly, the nomogram still achieved
an AUC of 0.69 in the CT-reported ETE-negative group.
Moreover, the rate of misdiagnosis is dramatically decreased
from 59.8% to 17.9% when using the radiomics nomogram.

The prognostic value of the nomogram-predicted ETE risk
was also analyzed in our study. Most promising, nomogram-pre-
dicted ETE was regarded as an independent preoperative predic-
tor of RFS in patients with PTC through multivariable Cox
analysis. High-risk patients had a significantly increased risk of

Table 3: Univariable and multivariable Cox regression analysis for risk factors associated with recurrence

Variable
Univariable Analysis Multivariable Analysis

Hazard Ratio (95% CI) P Value Hazard Ratio (95% CI) P Value
Size 1.07 (1.03–1.12) .011 NA NA
Capsule contact 1.56 (1.09–2.24) .015 NA NA
Nomogram-predicted ETE 1.75 (1.14–2.69) .001 1.07 (1.02–1.12) .011

Note:—NA indicates not applicable.

FIG 2. Kaplan-Meier cumulative event curve for PTC recurrence
stratified by the nomogram-predicted ETE risk classification (log-rank
statistic, P, . 001).
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recurrence compared with low-risk patients. Given that the inci-
dence of a recurrence is not low in patients with PTC,1 nomo-
gram-predicted ETE as a potential operative recurrence predictor
may help to decide the extent of the initial operation, postopera-
tive adjuvant therapy, and the intensity of postoperative follow-
up.

The current study has several limitations. First, this retrospec-
tive study conducted radiomics analysis in a single center, and
prospective multicenter studies with larger data sets are needed
to validate our results. Second, the use of iodinated contrast
agents may delay radioactive iodine therapy in patients with
PTC, though radioactive iodine therapy was routinely performed
at least 2months after the operation in our institution. A previous
study reported that the uptake of iodine 131 can return to normal
at this interval.1,20 Third, increased radiation exposure using con-
trast-enhanced DECT should not be ignored. A further effective
technique is required to reduce the radiation dose.

CONCLUSIONS
Radiomics of iodine maps performed significantly better than
that of conventional CT images for predicting ETE in PTC. An
iodine map–based radiomics nomogram demonstrated higher
performance than the clinical model in predicting ETE and sub-
sequent recurrence risk, thus serving as a supporting tool in PTC
clinical decision-making.

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

Microstructural Visual Pathway White Matter Alterations in
Primary Open-Angle Glaucoma: A Neurite Orientation

Dispersion and Density Imaging Study
S. Haykal, A. Invernizzi, J. Carvalho, N.M. Jansonius, and F.W. Cornelissen

ABSTRACT

BACKGROUND AND PURPOSE: DTI studies of patients with primary open-angle glaucoma have demonstrated that glaucomatous
degeneration is not confined to the retina but involves the entire visual pathway. Due to the lack of direct biologic interpretation
of DTI parameters, the structural nature of this degeneration is still poorly understood. We used neurite orientation dispersion and
density imaging (NODDI) to characterize the microstructural changes in the pregeniculate optic tracts and the postgeniculate optic
radiations of patients with primary open-angle glaucoma, to better understand the mechanisms underlying these changes.

MATERIALS AND METHODS: T1- and multishell diffusion-weighted scans were obtained from 23 patients with primary open-angle
glaucoma and 29 controls. NODDI parametric maps were produced from the diffusion-weighted scans, and probabilistic tractogra-
phy was used to track the optic tracts and optic radiations. NODDI parameters were computed for the tracked pathways, and the
measures were compared between both groups. The retinal nerve fiber layer thickness and visual field loss were assessed for the
patients with glaucoma.

RESULTS: The optic tracts of the patients with glaucoma showed a higher orientation dispersion index and a lower neurite density
index compared with the controls (P, .001 and P = .001, respectively), while their optic radiations showed a higher orientation dis-
persion index only (P = .003).

CONCLUSIONS: The pregeniculate visual pathways of the patients with primary open-angle glaucoma exhibited a loss of both axo-
nal coherence and density, while the postgeniculate pathways exhibited a loss of axonal coherence only. Further longitudinal stud-
ies are needed to assess the progression of NODDI alterations in the visual pathways of patients with primary open-angle
glaucoma across time.

ABBREVIATIONS: AUC ¼ area under the curve; FA ¼ fractional anisotropy; FISO ¼ fraction of isotropic diffusion; LGN ¼ lateral geniculate nucleus; MD ¼
mean diffusivity; NDI ¼ neurite density index; NODDI ¼ neurite orientation dispersion and density imaging; ODI ¼ orientation dispersion index; OR ¼ optic
radiation; OT ¼ optic tract; POAG ¼ primary open-angle glaucoma; RNFL ¼ retinal nerve fiber layer; ROC ¼ receiver operating characteristic; V1 ¼ primary
visual cortex; VFMD ¼ visual field mean deviation

Primary open-angle glaucoma (POAG) is a leading cause of ir-
reversible blindness worldwide.1 It is characterized by the

death of retinal ganglion cells, which leads to progressive visual
field loss and structural degeneration of the retina.2 While clinical
assessment of POAG remains focused on examining the eye, MR
imaging studies of patients with POAG have demonstrated that

glaucomatous degeneration spreads downstream from the prege-
niculate retinal ganglion cells to the postgeniculate visual path-
ways through anterograde transsynaptic degeneration, eventually
reaching the visual cortex.3 Specifically, DWI studies have shown
evidence of WM degeneration throughout the visual pathways,
including the optic tracts (OTs) and optic radiations (ORs).4-18

However, the underlying pathophysiology of this degeneration is
yet to be determined.Received April 26, 2021; accepted after revision February 26, 2022.
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Most DWI studies of visual pathway WM degeneration in
POAG have relied on the DTI approach to data analysis. DTI
uses a tensor to model water diffusion within every voxel, pro-
ducing parameters such as fractional anisotropy (FA) and mean
diffusivity (MD). A decrease of FA and an increase of MD are
generally interpreted as an indication of WM structural integrity
loss. However, these DTI parameters are nonspecific because
they reflect a wide range of WM structural changes, including
changes in axonal density, myelination, axonal orientation, and
membrane permeability.19 Higher order biophysical models of
DWI have been recently developed to provide more specific and
biologically interpretable measures of WM degeneration to
address this issue. Neurite orientation dispersion and density
imaging (NODDI) is such a higher order biophysical model.20

NODDI models water diffusion in the different biologic tissue
compartments. It models restricted diffusion in the intranuerite
space, hindered diffusion in the extraneurite space, and isotropic
diffusion in the CSF.20 By doing so, NODDI produces 3 parame-
ters: the neurite density index (NDI), the orientation dispersion
index (ODI), and the fraction of isotropic diffusion (FISO). NDI
indicates the volume fraction occupied by the intraneurite space
and thus represents the density of neurites (axons and dendrites)
within a voxel. A low NDI is generally associated with a loss of
neurites and hence neurodegeneration. ODI indicates the varia-
tion of axonal orientation in the extraneurite space and, hence,
represents how well-aligned and coherent axons are in a voxel. A
high ODI indicates axonal dispersion, while a low ODI indicates
axonal coherency. Last, FISO is the volume fraction occupied by
CSF in a voxel. A multicompartment model such as NODDI can
provide new insights into WM changes occurring in degenerative
disorders previously studied exclusively using DTI.

In this study, we present the first application of NODDI to
investigate WM changes in POAG, specifically in the pregenicu-
late OTs and the postgeniculate ORs. By doing so, we aim to
characterize the structural nature of these glaucomatous WM
changes in terms of axonal density and coherence, to better
understand their underlying pathophysiology. Additionally, we
assess the diagnostic performance of the NODDI measures of
glaucomatous WM degeneration. Finally, for comparison, we use
the conventional DTI approach for DWI data analysis.

MATERIALS AND METHODS
Ethics Approval
This study was approved by the Medical Ethical Committee of
the University Medical Center Groningen. The study adhered to
the tenets of the Declaration of Helsinki. All participants granted
written informed consent before participation.

Participants
This study included 2 groups: patients with POAG and healthy
controls. Patients with POAGwere diagnosed on the basis of hav-
ing reproducible visual field loss and optic neuropathy consistent
with glaucoma in at least 1 eye, accompanied by open angles on
gonioscopy. All included patients with POAG were under medi-
cal treatment to keep their intraocular pressure within the normal
range (#21mm Hg). Inclusion criteria for the controls were hav-
ing intact visual fields, a decimal visual acuity score of 0.8 or

higher, and an intraocular pressure of #21mm Hg bilaterally.
Exclusion criteria for both groups included having an ophthalmic
disorder (other than glaucoma in the POAG group), a history of
neurologic or psychiatric disorders, a history of brain surgery,
and having an MR imaging contraindication. In total, 23 patients
with POAG and 29 controls were included in this study.

Ophthalmic Tests
Visual acuity was tested using a Snellen chart with optimal correc-
tion for the viewing distance. Intraocular pressure was measured
using a Tonoref Noncontact Tonometer (Nidek). Optical coher-
ence tomography was used to measure the average peripapillary
retinal nerve fiber layer (RNFL) thickness using an OCT-HS100
device (Canon Medical Systems). For patients with POAG, visual
fields were assessed using a Humphrey Field Analyzer (Carl Zeiss
Meditec). A 24-2 test grid was used for 11 patients and a 30-2 grid
was used for 12 patients, and the results were expressed as visual
field mean deviation (VFMD). For the controls, visual fields were
screened for defects using a Humphrey FDT perimeter (Carl Zeiss
Meditec) with a C20-1 screening mode (no reproducibly abnormal
test locations allowed at P, .01).

MR Imaging Data Acquisition
MR imaging data were acquired on a Magnetom Prisma 3T MR
imaging scanner (Siemens) with a 64-channel head coil. High-re-
solution 3D T1-weighted MPRAGE scans were performed using
the following parameters: TR= 2300ms, TE= 2.98ms, TI =
900ms, flip angle = 9°, bandwidth = 240Hz, FOV= 240 � 256
mm2, voxel size= 1� 1� 1mm, slices per slab= 176. DWI scans
were performed using the following parameters: TR= 5500ms,
TE= 85ms, bandwidth = 2404Hz, FOV= 210 � 210 mm2, voxel
size = 2.0 � 2.0 � 2.0mm, number of slices = 66, acceleration
factor= 2. DWI data were acquired using a bipolar diffusion
scheme at b=1000 s/mm2 and b=2500 s/mm2 in 64 noncollinear
directions for each shell in an anterior-posterior phase-encoding
direction, and 3 images were acquired at b=0 s/mm2 in both ante-
rior-posterior and posterior-anterior directions to allow correc-
tion of susceptibility-induced image artifacts. The acquisition
time was around 10minutes for the T1-weighted scan and
14minutes for the DWI scan.

MR Imaging Data Preprocessing and Coregistration
DWI data were first denoised using MRtrix3 (www.mrtrix.
org).21,22 Then, the b=0 s/mm2 images acquired in the anterior-
posterior and posterior-anterior phase-encoding directions were
used to estimate the susceptibility-induced distortions using
the “topup” function of the FMRIB Software Library (FSL v5.0
11, https://fsl.fmrib.ox.ac.uk/fsl). Subsequently, the “eddy” func-
tion of FSL (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy) was used
to correct for motion, susceptibility,23 and eddy current–
induced24 distortions. Finally, rigid body transformation was
used to coregister the T1-weighted scan of each participant to the
preprocessed DWI scan using the FMRIB Linear Image
Registration Tool (FLIRT; http://www.fmrib.ox.ac.uk/fslwiki/
FLIRT).25
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Visual Pathway Tractography
Unless stated otherwise, all tractography steps were performed
using MRtrix3. First, a 5TT image was produced from the core-
gistered T1-weighted images using FSL commands invoked
through MRtrix3.26,27 5TT images comprise 5 volumes corre-
sponding to different brain tissues, namely WM, cortical gray
matter, subcortical gray matter, CSF, and pathologic tissue. Fiber
orientation distributions were then computed from the DWI data
for each tissue type using multishell multitissue constrained
spherical deconvolution.28 The produced WM fiber orientation
distribution maps were subsequently used for tracking the OTs
and the ORs.

The OR fibers were tracked between the lateral geniculate
nucleus (LGN) and the primary visual cortex (V1; Fig 1). The
LGN was identified manually, and a spherical ROI with a 4-
mm radius was used to circumscribe it. The T1-weighted
images were automatically segmented and parcellated using
FreesSurfer (https://surfer.nmr.mgh.harvard.edu)29 to produce
V1 masks. Probabilistic anatomically constrained tractogra-
phy27 was then used to produce a total of 5000 streamlines
between the LGN ROI and the V1 mask to delineate the ORs
using the following parameters for all subjects: maximum
length = 120mm, minimum length = 70mm, maximum angle
between successive steps = 22.5°, fiber orientation distribution
amplitude cutoff value = 0.05.

The OTs were tracked between the LGN and the optic
chiasm (Fig 1). The optic chiasm was identified manually, and
a rectangular ROI covering its coronal cross-section was cre-
ated. Due to the small size of the OTs, it was not possible to
use anatomically constrained tractography. Instead, we
adapted a method originally described for OR tracking to
remove anatomically improbable streamlines.30 First, proba-
bilistic tractography was used to track a total of 50,000 stream-
lines between the LGN and optic chiasm ROIs using the
following parameters for all subjects: maximum length =
50mm, minimum length = none set, maximum angle between
successive steps = 45°, fiber orientation distribution amplitude
cutoff value = 0.05. A track density image based on the number

of streamlines passing through each voxel was then produced
from the streamlines. Subsequently, a threshold was set at the
99th percentile of the intensity distribution of the track density
image to exclude voxels containing anatomically improbable
streamlines, and a binarized mask was then created from the
resulting image. Finally, 500 streamlines were tracked between
the LGN and the optic chiasm ROIs using the same parameters
described for initially tracking the OTs, while using the thresh-
olded track density image mask to constrain the fiber tracking.
All tracked OTs were visually inspected to ensure their ana-
tomic plausibility.

Estimation of NODDI and DTI Parameters
The NODDI model was fitted to the DWI data on a voxel-by-
voxel basis using the NODDI Matlab Toolbox (http://mig.cs.ucl.
ac.uk/index.php?n=Tutorial.NODDImatlab), producing NDI,
ODI, and FISO parameter maps. For comparison, standard DTI
parameter maps for FA and MD were computed from the b =
1000 s/mm2 shell in MRtrix3. Finally, average measures of the
NODDI and DTI parameters were computed for the tracked OTs
and ORs of each subject.

Statistical Analysis
Demographics and clinical characteristics of patients with
POAG and controls were compared using an independent
samples t test for parametric continuous variables, a Mann-
Whitney U test for nonparametric continuous variables, and a
x 2 test for categoric variables. NODDI and DTI measures of
the visual pathways were averaged over both hemispheres and
then compared using ANCOVA, including sex and age as nui-
sance covariates. The results of the clinical eye examinations
were averaged over both eyes, and their correlation with
NODDI and DTI measures was tested using the Pearson corre-
lation coefficient. Receiver operating characteristic (ROC)
curve analysis was used to assess the diagnostic performance
of NODDI and DTI measures in discriminating between
healthy and glaucomatous visual pathway WM. All statistical
analyses were performed using SPSS (Version 25; IBM), and
statistical significance was reported at P, .05.

FIG 1. A representative example of visual pathway tractography. A,
ROI placement overlaid on an axial section of a T1-weighted image.
Yellow indicates V1 masks; red, representation of the LGN spherical
ROI; blue, the optic chiasm. B, Probabilistic OT and OR fiber tracts.
Red indicates transverse fibers; green, anterior-posterior fibers; blue,
craniocaudal fibers.

Table 1: Demographics and clinical characteristics of
participantsa

POAG (n = 23) Controls (n = 29) P Value
Age (yr) 69.0 (8.5) 66.7 (6.7) .277
Males 12 (52.2%) 18 (62.1%) .473
IOP (mm Hg)
Right eye 13.1 (2.6) 13.0 (2.9) .947
Left eye 13.1 (3.7) 13.5 (3.3) .444
Mean 13.1 (2.8) 13.2 (3.0) .825

RNFL thickness (mm)
Right eye 69.4 (11.3) 96.9 (8.6) ,.001
Left eye 67.2 (11.5) 97.3 (8.7) ,.001
Mean 68.3 (9.3) 97.1 (7.9) ,.001

VFMD (dB)
Better eye –4.0 (5.2)
Worse eye –13.0 (9.3)
Mean –8.5 (6.0)

Note:—IOP indicates intraocular pressure.
a Values are presented as mean (SD) or number (%).
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RESULTS
Demographics and Clinical Characteristics
Patients with POAG and the controls did not differ significantly
in age, sex, or intraocular pressure. The average RNFL thickness
was significantly lower in patients with POAG compared with
controls. Details are provided in Table 1.

Differences in NODDI and DTI Parameters between
Groups
The OTs of the patients with POAG exhibited lower NDI and FA
values and higher ODI and MD values compared with the con-
trols, while the FISO did not differ between the groups. The ORs
of the patients with POAG had a higher ODI and FA, while the
NDI, FISO, and MD did not differ between the groups. Statistical
details and boxplots of the comparisons can be found in Table 2
and Fig 2, respectively.

Correlations with Ophthalmic Measures of Glaucoma
Severity
The NDI and FA of the OTs showed a significant positive correla-
tion with VFMD (r=0.60, P , .005 and r = 0.42, P, .05, respec-
tively), while only the FA showed a significant correlation with
RNFL thickness (r = 0.42, P, .05). The ODI, MD, and FISO of
the OTs and all tested parameters of the ORs showed no significant
correlation with VFMD or RNFL thickness (Online Supplemental
Data).

ROC Curve Analysis
`For the OTs, all tested parameters except FISO were able to dis-
criminate between healthy and glaucomatous WM (P, .05), with
FA having the largest area under the curve (AUC = 0.90). For the
ORs, only the ODI and FA were able to discriminate between
healthy and glaucomatous WM. ROC curves are shown in Fig 3,
and AUC results are listed in Table 3.

Table 2: Comparison of NODDI and DTI measures between patients with POAG and controlsa

Visual Tract/Parameter POAG Controls Partial g2 P Value
OT
NDI 0.64 (0.07) 0.70 (0.07) 0.12 .001
ODI 0.21 (0.03) 0.18 (0.02) 0.26 ,.001
FISO 0.51 (0.06) 0.49 (0.07) 0.02 .375
FA 0.32 (0.04) 0.39 (0.03) 0.50 ,.001
MD 1.55 (0.10) 1.45 (0.11) 0.18 .002
OR
NDI 0.55 (0.04) 0.57 (0.03) 0.02 .301
ODI 0.17 (0.01) 0.16 (0.01) 0.17 .003
FISO 0.1 3 (0.02) 0.13 (0.02) 0.00 .800
FA 0.51 (0.02) 0.53 (0.02) 0.20 .001
MD 0.8 7 (0.04) 0.85 (0.04) 0.01 .447

a Values are presented as mean (SD).

FIG 2. Boxplots showing the distribution of NODDI and DTI measures of the OTs and ORs of patients with POAG and the control group.
Asterisks indicate a statistically significant difference between groups. The asterisk indicates P, .01; double asterisks, P, .001).
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DISCUSSION
In this cross-sectional study, we present the first application of
NODDI to investigate visual pathway WM degeneration in
POAG. We found a disruption of axonal coherence in both the
pre- and postgeniculate visual pathways and a loss of axonal den-
sity in the pregeniculate pathways only. These findings and their
possible interpretations are discussed within the context of cur-
rent NODDI and transsynaptic degeneration literature.

Pattern of Axonal Density and Coherence Changes in the
Visual Pathways of Patients with POAG
The OTs of patients with POAG had a lower NDI and a higher
ODI compared with those of controls, implying a loss of both
axonal density and coherence. The ORs, on the other hand,
showed a higher ODI only, implying a loss of axonal coherence
with a preserved axonal density.

The axonal loss found in the OTs is expected because glau-
coma causes the death of retinal ganglion cells, the axons of
which form the OTs. Evidence of OT axonal loss has also been

previously reported in both animal models of glaucoma and
patients with POAG.17,31 However, the lack of OR axonal loss is
surprising because previous evidence of LGN32-35 and visual cor-
tex36-38 volume loss implies the death of the neurons of the ORs.
Because glaucomatous degeneration starts in the pregeniculate
pathways and then spreads to the postgeniculate ones, there is a
time lag between the degeneration occurring in the OTs and ORs
of patients with POAG.39 This time lag could possibly explain the
discrepancy in axonal density changes of the OTs and ORs in our
group of patients with POAG.

The loss of OR axonal coherence (as indicated by an increased
ODI) in the presence of preserved OR axonal density suggests
that disruption of axonal coherence precedes axonal loss in post-
geniculate glaucomatous WM degeneration. Indeed, a longitudi-
nal study of anterograde degeneration in an animal model of
optic nerve injury found a loss of the “highly coherent appear-
ance” of OR WM preceding axonal loss.40 Furthermore, a longi-
tudinal NODDI study of patients with stroke found an increase
of ODI and no alteration in the NDI in the WM tracts down-
stream of the stroke lesions at the subacute stage, followed by a
decrease in the NDI and a persistently high ODI later at the
chronic stage.41 These findings support the notion that the loss of
axonal coherence in the ORs of our patients with POAG is an
early sign of postgeniculate WM degeneration.

ODI as a Potential Proxy Marker of Postgeniculate Visual
Pathway Demyelination
A study of anterograde transsynaptic degeneration in the visual
pathways of both patients with POAG and a glaucoma animal
model demonstrated that demyelination of the postgeniculate vis-
ual pathways precedes axonal loss.40 The increase of the ODI and
the absence of NDI changes in the ORs of our patients with
POAG could potentially be a reflection of the described

Table 3: AUC for NODDI and DTI measures
Visual Tract/Parameter AUC 95% CI P Value
OT
NDI 0.73 0.59–0.90 .005
ODI 0.79 0.65–0.93 ,.001
FISO 0.57 0.42–0.73 .372
FA 0.90 0.80–1.00 ,.001
MD 0.75 0.62–0.88 .002
OR
NDI 0.63 0.47–0.78 .124
ODI 0.73 0.58–0.87 .005
FISO 0.53 0.37–0.69 .713
FA 0.76 0.62–0.90 .001
MD 0.59 0.44–0.75 .250

FIG 3. ROC curves assessing the ability of NODDI and DTI measures to discriminate between healthy and glaucomatous visual pathway WM.
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postgeniculate demyelination preceding axonal loss. This inter-
pretation is based on the findings of recent NODDI studies of
MS. First, a NODDI study of patients with MS found a marked
increase of the ODI in active MS lesions in comparison with inac-
tive lesions and normal-appearing WM, suggesting that an
increased ODI is a sign of active demyelination.42 Furthermore, a
longitudinal NODDI study of a de- and remyelinating MS animal
model reported an increase in ODI during the peak of the demye-
lination phase, followed by a drop in the ODI during the remyeli-
nation phase.43 Whether the reported increase of the ODI is a
direct result of demyelination or a result of other histopathologic
changes associated with demyelination is unclear. Nonetheless,
the association between active demyelination and increased ODI
together with the evidence of demyelination preceding axonal
loss in transsynaptic degeneration of the visual pathways suggests
that ODI could potentially be a proxy marker of early postgenicu-
late demyelination.

Comparison to DTI Studies of POAG
We found a loss of FA in both the OTs and ORs of patients with
POAG, which is congruent with previous DTI studies of visual
pathway WM changes in POAG.4-16 These findings give the
impression that both pre- and postgeniculate visual pathways ex-
hibit the same form of WM degenerative changes, whereas our
NODDI findings show that the OTs experience a loss in axonal
density and coherence, while the ORs experience a loss in axonal
coherence only. Our findings challenge the interpretations of pre-
vious DTI studies of POAG and highlight the importance of
using biophysical models such as NODDI for studying WM
microstructural changes.

Correlations with Ophthalmic Tests of Glaucoma Severity
and Diagnostic Performance of NODDI Parameters
Glaucoma severity is commonly assessed over 2 domains: struc-
tural and functional. To assess retinal structural glaucomatous
degeneration, we measured RNFL thickness using optical coher-
ence tomography, and to assess functional glaucomatous changes,
we measured VFMD using a Humphrey Field Analyzer. No cor-
relation was found between the RNFL thickness and any of the
tested NODDI parameters. This is surprising because the RNFL
is formed of the same retinal ganglion cell axons as the OTs, so a
correlation between the NDI of the OTs and the RNFL thickness
was expected. Yet, a positive correlation was found between
VFMD and the NDI of the OTs. The FA of the OTs showed a
significant correlation with both the RNFL thickness and
the VFMD, which is in line with findings in previous DTI
studies.11,16

For the OTs, ROC curve analysis revealed that FA is the best
discriminator (AUC= 0.90) of glaucomatous and healthy WM,
followed by ODI, MD, and NDI. FA likely surpasses the ODI and
NDI in diagnostic ability because the aspects of WM degenera-
tion assessed separately by the ODI and NDI contribute to FA
values collectively, producing a larger FA effect size in compari-
son. This idea is also supported by the results of the ROC curve
analysis of the ORs, in which the NDI could not discriminate
between glaucomatous and healthy WM, resulting in the FA and
ODI AUC values being more comparable (0.76 and 0.73,

respectively). While this result makes FA a better binary classifier
of glaucomatous WM degeneration, it lacks the biologic inter-
pretability of NODDI parameters. If our suggestion of increased
ODI as an early sign of transsynaptic degeneration is accurate,
NODDI measures would be more useful in discriminating
between healthy WM and different stages of glaucomatous WM
degeneration in comparison with DTI measures.

Clinical Implications
Our current findings contribute to the fundamental understand-
ing of the underlying mechanisms of POAG visual pathway
degeneration and may also have implications for future glaucoma
diagnostics and therapeutics. More specifically, our suggestion of
ODI as a marker of early postgeniculate WM degeneration could
prove to be useful for early detection of transsynaptic spread of
glaucomatous degeneration. Such a marker could play an impor-
tant role in the development of new glaucoma therapies such as
retinal ganglion cell transplantation and neuroprotection, for
which assessing the state of the postgeniculate visual pathway
would be crucial.

Limitations and Future Directions
A main limitation of this study is the relatively moderate group
sizes, which may have contributed to the lack of detectable axonal
loss that we found in the ORs of patients with POAG.
Furthermore, the inherent limitations of the NODDI approach,
specifically its inability to individually assess different crossing
fibers within the same voxel, may have influenced our findings.
The presence of crossing fibers in the ORs and their absence in
the OTs may be partially responsible for the discrepancy in NDI
changes that we found between the ORs and the OTs. Future lon-
gitudinal NODDI studies of patients with early-stage POAG or a
glaucoma animal model are needed to confirm our findings.

CONCLUSIONS
We found that the pregeniculate visual pathways of patients with
POAG exhibit a loss of axonal density and coherence, while the
postgeniculate pathways exhibit a loss of axonal coherence and a
preserved axonal density. Further longitudinal studies are needed
to assess the progression of NODDI alterations in the visual path-
ways of patients with POAG across time.
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An In-Depth Analysis of Brain and Spine Neuroimaging in
Children with Abusive Head Trauma:
Beyond the Classic Imaging Findings

G. Orman, S.F. Kralik, N.K. Desai, T.G. Singer, S. Kwabena, S. Risen, and T.A.G.M. Huisman

ABSTRACT

BACKGROUND AND PURPOSE: Abusive head trauma is the leading cause of morbidity and mortality in young children. Radiology pro-
vides valuable information for this challenging diagnosis, but no single neuroimaging finding is independently diagnostic of abusive head
trauma. Our purposes were to describe the prevalence of brain and spine neuroimaging findings and to analyze the association of neuro-
imaging findings with clinical factors to determine which neuroimaging findings may be used as prognostic indicators.

MATERIALS AND METHODS: Children with a confirmed abusive head trauma diagnosis between January 2018 to February 2021 were
included in this single-center retrospective study. Patient demographics, survival, Glasgow Coma Scale score on admission, length
of hospital stay, and intensive care unit stay were examined. Brain neuroimaging findings were categorized as classic and nonclassic
findings. Spine MRIs were also assessed for spinal ligamentous injury, compression fracture, and hemorrhage. The x 2 test or the
Wilcoxon rank-sum test was used for the analysis.

RESULTS: One hundred two children (male/female ratio: 75:27; average age, 9.49; range, 0.27–53.8 months) were included. Subdural
hematoma was the most common (83.3%) classic neuroimaging finding. Bridging vein thrombosis was the most common (30.4%)
nonclassic neuroimaging finding. Spinal ligamentous injury was seen in 23/49 patients. Hypoxic-ischemic injury was significantly
higher in deceased children (P = .0001). The Glasgow Coma Scale score was lower if hypoxic-ischemic injury (P, .0001) or spinal liga-
mentous injury were present (P = .017). The length of hospital stay was longer if intraventricular hemorrhage (P = .04), diffuse axonal
injury (P = .017), hypoxic-ischemic injury (P = .001), or arterial stroke (P = .0003) was present. The intensive care unit stay was longer if
intraventricular hemorrhage (P = .02), diffuse axonal injury (P = .01), hypoxic-ischemic injury (P, .0001), or spinal ligamentous injury
(P = .03) was present.

CONCLUSIONS: Our results may suggest that a combination of intraventricular hemorrhage, diffuse axonal injury, hypoxic-ischemic
injury, arterial stroke, and/or spinal ligamentous injury on neuroimaging at presentation may be used as potential poor prognostic
indicators in children with abusive head trauma.

ABBREVIATIONS: AHT ¼ abusive head trauma; AS ¼ arterial stroke; BVT ¼ bridging vein thrombosis; DAI ¼ diffuse axonal injury; EDH ¼ epidural hema-
toma; GCS ¼ Glasgow Coma Scale; HII ¼ hypoxic-ischemic injury; ICU ¼ intensive care unit; IVH ¼ intraventricular hemorrhage; LOS ¼ length of hospital stay;
PL ¼ parenchymal laceration; SDH ¼ subdural hematoma; SPH ¼ subpial hemorrhage; VS ¼ venous stroke

Quality neuroimaging and careful imaging interpretation are
essential for the diagnosis and treatment of abusive head

trauma (AHT), a leading cause of preventable morbidity and
mortality.1 A diagnosis of AHT is often challenging. The main
diagnostic challenges are that abused children are usually too
young to provide an adequate history, perpetrators are unlikely
to provide a truthful account of the trauma, and/or clinicians

may be biased that AHT is more or less likely in specific settings,
for example, depending on the socioeconomic situation of the
parents.2,3 Both false-positive or false-negative AHT diagnoses
may have critical implications for social and familial dynamics as
well as the child’s health. A false-positive diagnosis may result in
infants being removed from their homes and parents losing child
custody permanently or going to jail by mistake.3 In addition,
children who are abused are more likely to sustain repeat abuse;
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therefore, a false-negative diagnosis or missed diagnosis puts the
child at risk of possible future injury, including a fatal brain
injury.4,5

Radiology often provides critical diagnostic information for
patients with suspected AHT, especially when the clinical history
and physical examination may not reveal an abusive injury etiol-
ogy at the time of presentation.6 The optimal recommended
imaging studies are not standardized, and no single neuroimag-
ing finding is independently specific or diagnostic of AHT.2

Rather, the diagnosis of AHT depends on the multiplicity and se-
verity of imaging findings as well as consideration of the veracity
of the provided clinical history and reported mechanism of
trauma.7 Therefore, familiarity with the classic as well as the non-
classic neuroimaging findings of AHT will assist radiologists and
clinicians in a specific, sensitive, and timely diagnosis. The most
common classic finding in AHT includes subdural hematoma
(SDH) of varying CT densities and varying MR imaging signal
intensities suggesting repeated injuries. Recently, nonclassic neu-
roimaging findings such as the “lollipop sign” or “tadpole sign,”
parenchymal or cortical lacerations, and subpial hemorrhage
(SPH) have been described in the scientific literature.2,8-11

However, there is limited evidence describing and evaluating the
multiplicity of neuroimaging findings in a well-defined large
group of children with confirmed AHT.

AHT is associated with a variable outcome scale, including
mild developmental delay to severe disability and even mortality.
Neuroimaging may be helpful in identifying the prognosis of
patients with AHT by defining the extent of brain injury.
However, prognostic markers in neuroimaging in children with
AHT were rarely reported previously.

The goals of this study were the following: 1) to describe the
prevalence of classic and nonclassic brain and spine neuroimag-
ing findings in a well-defined large group of children with a con-
firmed AHT diagnosis at a quarternary Children’s Hospital; and
2) to analyze the association of neuroimaging findings with sur-
vival, Glasgow Coma Scale (GCS) score on admission, length of
hospital stay (LOS), and length of intensive care unit (ICU) stay,
to determine which of the neuroimaging findings or combination
of findings may be used as prognostic indicators.

MATERIALS AND METHODS
Following institutional review board approval (H-45947), all chil-
dren with a confirmed diagnosis of AHT through a multidiscipli-
nary approach with radiology, neurology, and child abuse
specialists and ultimate determination by the board-certified
Child Abuse Pediatricians at Texas Children’s Hospital, seen
between January 2018 and February 2021, were included in this
single-center retrospective study. Informed consent was waived
due to the retrospective nature of the study.

Patient demographic, clinical, and neuroimaging (CT and/or
MR imaging) data were gathered through electronic medical re-
cord review. Patient age, sex, race, survival after AHT, GCS on
admission, LOS, and ICU stay were noted.

CT studies of the brain were performed using standard
departmental protocols without IV contrast. The scanning vol-
ume covered the region from up to 10mm below the skull base to
10mm superior to the skull vertex with the FOV ranging from 20

to 50 cm with 1- to 3-mm section thickness. All examinations
were subject to volume-rendered 3D reconstruction algorithms
with 360° feet-to-brain spin and 360° left-to-right spin for stand-
ardization processes and then were stored on the PACS system.

MR imaging studies of the brain were performed using stand-
ard departmental protocols on a 1.5T or 3T MR imaging scanner.
Basal available sequences included noncontrast axial and sagittal
T1-weighted, axial and/or coronal T1 and/or T2-FLAIR, axial
and coronal T2-weighted, axial T2*-weighted gradient-echo or
susceptibility weighted imaging, axial diffusion-weighted imag-
ing, or diffusion tensor imaging. Section thickness varied between
3 and 4mm, depending on the sequence used and age of the
child.

MR imaging of the spine was performed using standard
departmental protocols on a 1.5T or 3T MR imaging scanner.
Routine conventional sequences of the spine were performed,
including axial and sagittal T1- and T2-weighted turbo spin-echo
imaging and sagittal short inversion recovery sequences.

Two experienced board-certified pediatric neuroradiologists
(N.K.D. with 10 years’ and S.F.K. with 9 years’ experience) who
knew that all children had a confirmed diagnosis of AHT but
were blinded to data regarding GCS, LOS, ICU stay, and survival
after AHT reviewed all patient neuroimaging studies independ-
ently. Any discrepancies in interpretation were resolved in a sec-
ond consensus reading session. Consensus reading results were
used for the final analysis.

Neuroimaging study findings of the brain were then catego-
rized as classic and nonclassic findings based on previous litera-
ture.2 Classic findings included skull fractures, epidural
hematoma (EDH), SDH, SAH, intraventricular hemorrhage
(IVH), contusions, diffuse axonal injury (DAI), and hypoxic-
ischemic injury (HII). To define DAI, we included the presence
of multiple microhemorrhages on MR imaging at the interface of
gray matter and white matter, in addition to the commissures,
corpus callosum, internal capsule, and brainstem. HII associated
with AHT included changes in CT density and/or MR imaging
signal intensity in the cortex, subcortical white matter, and/or
deep gray matter. Nonclassic findings included bridging vein
thrombosis (BVT), SPH, parenchymal laceration (PL), arterial
stroke (AS), and venous stroke (VS). Spinal MRIs were also
assessed for ligamentous injury (cruciform, apical, tectorial, ante-
rior atlanto-occipital, posterior atlanto-occipital, posterior
atlanto-axial, posterior longitudinal, anterior longitudinal, inter-
spinous, and nuchal), compression fracture, and spinal hema-
toma (SDH and EDH). Each of the neuroimaging-based
parameters was recorded as a yes/no response. The time period
between admission and initial neuroimaging was also noted.

All statistical analyses were performed using SAS/STAT
Software, Version 9.3 (SAS Institute). All variables were assessed
for normality. Comparisons between the 2 groups were then eval-
uated by the x 2 test or Wilcoxon rank-sum test. A P value , .05
was considered statistically significant.

RESULTS
One hundred two children were diagnosed with AHT during the
study period and included in this study. There were 73.5% males
(n=75) and 26.5% females (n=27) with an average age of 9.49
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(range, 0.27–53.8) months. All patients had initial head CT imag-
ing the same day or next day at admission. Race distribution of
the patients was Asian (n=4), Black (n=30), Hispanic (n=37),
White (n=29), and unknown (n=2).

Thirty-six children had only brain CT, and 66 children had
both brain CT and MR imaging for neuroimaging evaluation.
Classic neuroimaging findings were the following: 1) skull frac-
tures, 32.4% of the children (n=33). These fractures were either
single (n=25) or multiple (n=8) and linear (n=26) or commin-
uted (n=7). 2) EDH was found in 6.8% of the children (n=7),
ranging from 2- to 42-mm thickness. 3) SDH was seen in 83.3%
of the children (n=85), ranging from 2- to 35-mm thickness.
Thirteen patients had SDH in a single location, and 72 patients
had SDH in multiple locations. These locations were frontal
89.4% (n=76), parietal 87% (n=74), temporal 68.2% (n=58),
occipital 77.6% (n=66), tentorial 75.3% (n=64), and posterior
fossa 43.5% (n=37). 4) SAH was seen in 30.4% of the children
(n=31). Nine patients had SAH in a single location, and 22 had
SAH in multiple locations. These locations were frontal 93.5%
(n=29), parietal 71% (n=22), temporal 48.4% (n=15), occipital
25.8% (n=8), posterior fossa 6.5% (n=2), and basal cisterns
14.3% (n=5). 5) IVH was seen in 15.7% of children (n=16). 6)
Contusions were found in 20.6% of children (n=21). 7) DAI was
seen in 6.9% of the patients (n=7), and 8) HII was found in
47.1% of the children (n=48) in the cortex 100% (n=48), sub-
cortical white matter 62.5% (n=30), and/or deep gray matter
60.4% (n=29) (Online Supplemental Data).

Nonclassic neuroimaging findings were the following: 1) BVT
was found in 30.4% of the children (n=31); 2) SPH, in 5% of the
children (n=5) in the frontal (n=2) and parietal (n=3) regions;
3) PL, in 10% of the children (n=10); 4) AS, in 5% of the children
(n=5); and 5) VS, in 1% of the patients (n=1) in the frontoparie-
tal region (Online Supplemental Data).

Neuroimaging findings when only brain CT was available
(n=36) were the following: 1) Classic neuroimaging findings were
33.3% skull fracture (n=12), 11.1% EDH (n=4), 72.2% SDH
(n=26), 27.8% SAH (n=10), 5.6% IVH (n=2), 13.9% contusions
(n=5), 0% DAI (n=0), and 47.2% HII (n=17); and 2) nonclassic
neuroimaging findings were the following: 5.6% BVT (n=2), 0%
SPH (n=0), 2.8% PL (n=1), 2.8% AS (n=1), and 0% VS (n=0).

Forty-nine spine MRIs were available for the study. Spine MR
imaging findings included the following: 1) ligamentous injury in
46.9% of the children (n=23), of whom 3 had nuchal ligament
injury and 21 had interspinous and nuchal ligament injury; 2) 2%
of the children had compression fracture (n=1) at the T1 verte-
bra; and finally 3) spinal hemorrhage was seen in 22.4% of the
children (n=11): SDH (n=7), EDH (n=2), and SDH1EDH
(n=2) (Online Supplemental Data).

We noted the survival rates during hospital admission due to
AHT and found that 82.4% of the children (n=84) survived and
17.6% of the children (n=18) died within an average of 6.7
(range, 1–33) days. We compared the neuroimaging findings
between surviving and deceased children (Online Supplemental
Data). HII was significantly higher in deceased children (88.9%)
compared with surviving children (38.1%) (P= .0001), and BVT
was significantly lower in deceased children (5.9%) compared
with surviving children (36.1%) (P= .01) (Online Supplemental

Data). No significant difference was found for the rest of the neu-
roimaging findings between the 2 groups.

The GCS score at admission ranged between 3 and 15 for 99
patients; 3 patients had no GCS records available. We compared
the median (interquartile range) GCS scores between negative
and positive neuroimaging findings (Online Supplemental Data).
We found that the median (interquartile range) GCS was signifi-
cantly lower if the patient had HII (3.0 [3–15]) on brain neuroi-
maging compared with negative findings on neuroimaging (15.0
[3–15]) (P, .0001) and if the patient had ligamentous injury (4.5
[3–9]) on spine MR imaging compared with negative results
(12.5 [3–15]) (P= .017) (Online Supplemental Data). No signifi-
cant difference was found for the rest of the neuroimaging find-
ings for median (interquartile range) GCS scores.

The average LOS was 15.62 (range, 1–97) days. We found a
significantly longer LOS if IVH (23.6 days versus 14.1 days,
P= .04), DAI (30.4 versus 14.5 days, P= .017), HII (21.3 versus
10.5 days, P = .001), and AS (42.2 versus 14.3 days, P= .0003) or a
combination was present on initial neuroimaging (Online
Supplemental Data).

A total 68.6% of the patients (n=70) were admitted to the ICU
for an average of 10.38 (range, 1–53) days. We found significantly
longer ICU stays if IVH (12.2 versus 6.2days, P= .02), DAI
(15.6 versus 6.5days, P= .01), HII (11.8 versus, 2.9days, P, .0001),
or ligamentous injury (14.6 versus 8.2 days, P = .03) or a combina-
tion was present on initial neuroimaging (Online Supplemental
Data).

Representative patients are shown in the Online Supplemental
Data.

DISCUSSION
In this detailed neuroimaging analysis in a well-defined large
group of children with a confirmed AHT diagnosis, our findings
of the prevalence of the classic neuroimaging findings including
SDH, skull fracture, EDH, SAH, IVH, contusions, and DAI were
consistent with prior reports. The incidence of HII was reported
between 31% and 39% previously,12-14 but HII was found in
nearly half of our patient group, emphasizing the need to keep
AHT in the differential diagnosis of infants and children present-
ing with HII and lack of a specific etiology. BVT was the most
common nonclassic neuroimaging finding, observed in 30.4% of
the children with AHT in our study. In previous literature, BVT
was reported between 29% and 44%.8,9,15 Although less frequent,
the additional nonclassic imaging findings are critical to recog-
nize clinically to suggest a diagnosis of AHT. SPH in neonates fol-
lowing vaginal delivery was reported previously.16 PL has been
described in subjects with AHT younger than 5months of age.17

Khan et al18 reported 28% cerebrovascular accidents in patients,
of whom 23% had AS, in their retrospective study of 282 children
with AHT. The incidence of AS in their study was 6.4%, which
was similar to our results. However, in the same study, Khan et al
reported that 8% of their study population had VS. Spinal liga-
mentous injury was the most common (46.9%) spinal MR imag-
ing finding in our study, and interspinous and nuchal ligaments
were the most commonly affected ligaments. Ligamentous injury
in child abuse was reported between 36% and 78% in the previous
literature.19-21 Spinal ligamentous injury is a clinically critical
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finding highly suggestive of AHT, resulting from violent shaking.
Therefore, our results may suggest that the utility of spinal MR
imaging is extremely helpful in patients with suspected AHT. A
recent study reported that whole-spine MR imaging is helpful in
AHT diagnosis and may be superior to cervical spine MR imag-
ing to avoid missing, isolated thoracolumbar injuries.22

We also analyzed the association of neuroimaging findings
with critical acute clinical data, including survival, GCS on admis-
sion, LOS, and length of ICU stay. We found that HII is the most
important neuroimaging finding associated with critical clinical
variables. We found that HII was significantly higher (89% versus
38%) in deceased children, and the median GCS on admission
was significantly lower if HII was present on brain MRIs. HII rep-
resents severe and possibly irreversible injury to the brain.23

Previously, Gencturk et al23 reported a significant association
between outcome severity and the presence of HII in their study,
in which they evaluated clinical outcome based on abuse special-
ists’ clinical assessment for the 6-month follow-up scoring.
Therefore, in surviving children with AHT, the presence of HII
has critical clinical prognostic value and emphasizes the need for
neuroimaging in the evaluation of infants and children with sus-
pected abuse. Most interesting, spinal ligamentous injury was
associated with a lower GCS score and thus more severe injury. In
AHT, spinal ligament injury is believed to be secondary to rigorous
shaking of the child, which has been the most commonly reported
(50%–63%) injury mechanism in AHT, resulting in hyperexten-
sion/flexion of the craniocervical junction.24-26 Neuropathology lit-
erature suggested that damage to the lower brainstem (likely direct
injury to the medulla) and upper cervical cord could be responsible
for apnea events and may lead to HII and brain swelling.27,28 Our
results match the suggested hypothesis.

Kadom et al19 reported that bilateral HII occurred more fre-
quently in AHT, and almost half of bilateral HIIs in their cohort
were among children who also had cervical soft-tissue injury on
MR imaging. Our results show a higher incidence of HII in
deceased children and also a lower GCS score when HII is present
on neuroimaging. The similarity of the correlation between HII
and mortality and markers of clinical severity emphasizes the criti-
cal importance of brain MR imaging evaluation for HII in the eval-
uation of AHT. Most interesting, although less sensitive than brain
MR imaging, CT showed a similar incidence with a combination
of CT and MR imaging. We also found a significantly higher LOS
and/or ICU stay for IVH, DAI, HII, AS, and/or ligamentous injury
in the initial neuroimaging studies in our patient cohort. This may
suggest that a combination of these neuroimaging findings may be
used as prognostic indicators and should be explored further in
future studies of AHT and long-term developmental outcomes.

The strengths of this study include the large number of
patients in a quaternary children’s center. Additionally, this is the
first study focused solely on classic and nonclassic neuroimaging
findings in AHT with systematic completion of detailed imaging
analysis of all patient studies. Limitations of this study are the fol-
lowing: 1) Clinical information was obtained through retrospec-
tive chart review; however, as the main focus of the study, the
neuroimaging was re-read by 2 expert readers; 2) the children
included had a confirmed diagnosis of AHT, which may have
introduced bias in the reading of images, though 2 expert readers

re-read images to mitigate this limitation; 3) although expected
considering the high mortality of AHT, there was a discrepancy in
number of children between the deceased and surviving patient
groups, which has the potential to affect analyses; 4) CT is less sen-
sitive than MR imaging for certain diagnoses, and not all patients
had brain MR imaging available for the analysis; therefore, this li-
mitation may have affected the statistical analysis and results; 5) a
limited number of spinal MR imaging studies might have affected
the statistical analysis and results; 6) this was a single-center evalua-
tion of patients; and 7) heterogeneity of the imaging protocols per-
formed may have an impact on the detection of subtle pathologies.

CONCLUSIONS
AHT is a leading cause of preventable mortality and significant
morbidity for children. Given the difficulty in making this diag-
nosis often with incomplete history, head CT, brain MR imaging,
and spine MR imaging are each critical tools in the evaluation of
a child with suspected abuse. In this notably large cohort study
for AHT, we found that SDH is the most common classic neuroi-
maging finding, and BVT is the most common nonclassic neuroi-
maging finding. Most important, ligamentous injury is seen in
almost half of the spinal MRIs. HII is the most severe neuroimag-
ing finding associated with higher mortality and other markers of
clinical severity. Finally, we propose that the simultaneous presence
of IVH, DAI, HII, AS, and/or ligamentous injury on the initial
neuroimaging studies may be used as potential poor prognostic
indicators, but prospective studies assessing the association
between these neuroimaging findings and long-term developmen-
tal outcomes are needed to further support this conclusion.
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ORIGINAL RESEARCH
PERIPHERAL NERVOUS SYSTEM

Dorsal Root Ganglion Volumetry by MR Gangliography
S. Weiner, M. Strinitz, J. Herfurth, F. Hessenauer, C. Nauroth-Kreß, T. Kampf, G.A. Homola, N. Üçeyler,

C. Sommer, M. Pham, and M. Schindehütte

ABSTRACT

BACKGROUND AND PURPOSE: Dorsal root ganglion MR imaging (MR gangliography) is increasingly gaining clinical-scientific rele-
vance. However, dorsal root ganglion morphometry by MR imaging is typically performed under the assumption of ellipsoid geom-
etry, which remains to be validated.

MATERIALS AND METHODS: Sixty-four healthy volunteers (37 [57.8%] men; mean age, 31.5 [SD, 8.3] years) underwent MR gangliogra-
phy of the bilateral L4–S2 levels (3D-T2WI TSE spectral attenuated inversion recovery–sampling perfection with application-opti-
mized contrasts by using different flip angle evolution, isotropic voxels = 1.1 mm3, TE = 301 ms). Ground truth dorsal root ganglion
volumes were bilaterally determined for 96 dorsal root ganglia (derivation cohort) by expert manual 3D segmentation by 3 inde-
pendent raters. These ground truth dorsal root ganglion volumes were then compared with geometric ellipsoid dorsal root gan-
glion approximations as commonly practiced for dorsal root ganglion morphometry. On the basis of the deviations from ellipsoid
geometry, improved volume estimation could be derived and was finally applied to a large human validation cohort (510 dorsal
root ganglia).

RESULTS: Commonly used equations of ellipsoid geometry underestimate true dorsal root ganglion volume by large degrees
(factor = 0.42–0.63). Ground truth segmentation enabled substantially optimizing dorsal root ganglion geometric approximation using its
principal axes lengths by deriving the dorsal root ganglion volume term of 2

3 � A� B� Cþ 75 mm3. Using this optimization, the mean
volumes of 510 lumbosacral healthy dorsal root ganglia were as follows: L4: 211.3 (SD, 52.5) mm3, L5: 290.7 (SD, 90.9)mm3, S1: 384.2 (SD,
145.0)mm3, and S2: 192.4 (SD, 52.6) mm3. Dorsal root ganglion volume increased from L4 to S1 and decreased from S1 to S2 (P, .001).
Dorsal root ganglion volume correlated with subject height (r = . 22, P, .001) and was higher in men (P, .001).

CONCLUSIONS: Dorsal root ganglion volumetry by measuring its principal geometric axes on MR gangliography can be substantially
optimized. By means of this optimization, dorsal root ganglion volume distribution was estimated in a large healthy cohort for the
clinically most relevant lumbosacral levels, L4–S2.

ABBREVIATIONS: DRG ¼ dorsal root ganglion; DRGvol ¼ dorsal root ganglion volume; DRGvol (r) ¼ real dorsal root ganglion volume

The dorsal root ganglia (DRGs) are embedded in the posterior
spinal nerve root and contain the cell somata of all primary

afferent sensory neurons.1 DRGs are located within or laterally

adjacent to the intervertebral neural foramina and represent an
interface between the peripheral nervous system and CNS, partic-
ipating in somatosensory and pain-signal processing. The DRG is
increasingly coming into focus as a therapeutic target for inter-
ventional pain therapy by local electrical neuromodulation.2,3

These procedures would benefit from direct imaging determina-
tion of local DRG anatomy and morphometry.

MR neurography allows the improved imaging resolution of
peripheral nerves down to their fascicular level and has the capa-
bility of deriving novel quantitative estimates of microstructural
integrity.4,5 MR gangliography is an extension of MR neurogra-
phy and detects the DRG contour, which is challenging because
the DRG shape is highly variable. The first observations of DRG
volume by MR gangliography were promising by revealing sur-
prisingly strong clinical-radiologic associations between disease
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phenotypes and pathologically altered DRG volume.6-10 As a
result, DRG volume (DRGvol) as estimated in vivo by MR gan-
gliography has emerged as a promising novel disease marker in
pain research and for studying pain already at the peripheral
nervous system level where most pain syndromes originate.11

Already, DRGvol is serving as a novel biomarker in schwannoma-
tosis,7 oxaliplatin-induced painful sensory polyneuropathy,8

Fabry disease,9 and diabetic polyneuropathy.10 To reliably mea-
sure, reproduce, and compare DRGvol in larger cohorts and to be
able to also reliably detect smaller degrees of volume change, vali-
dation of DRG morphometry by MR imaging is required, which
so far is lacking.

Specifically, it is a prerequisite for future research to validate
whether true DRGvol can be estimated with sufficient accuracy by
approximation using measurements of the principal geometric
axes of the DRG. Finally, the variation of DRGvol between indi-
viduals and over spinal segments in a larger representative
healthy human cohort would be of interest. Because automated
quantitative volumetric 3D analysis of DRGvol is not yet feasible,
DRGvol so far has usually been estimated by calculations using
the manually determined maximal diameters in coronal (A), axial
(B), and sagittal (C) reformations. These parameters were then
heuristically used to fill the typical equation of a perfect geometric
ellipsoid body (43 � p � A

2 � B
2 � C

2). Even stronger simplifications
of this equation were adopted to further enhance the ease of use
for scientific or clinical purpose.12-14

We hypothesized that the assumption of the DRG as a perfect
ellipsoid represents an oversimplification, which would render
volumetric estimates substantially inaccurate. This hypothesis is
supported by known anatomic observations describing a vast va-
riety in DRG morphologic shapes and also peculiar variations
such as biganglia or even tri- or multipartite ganglia.15 These
challenging variations of basic DRG anatomy have only now,
with the application of 3D isotropic MR gangliography such as
proposed here, become observable and measurable in a reliable
manner.

MATERIALS AND METHODS
Study Design
This investigation was designed as a prospective study consisting
of 3 consecutive parts.

Part 1: Ground truth segmentation and volumetry (deriva-
tion/training cohort)

Part 2: Observation of ground truth deviation from ellipsoid
body geometry (derivation/training cohort)

Part 3: Optimization with determination of DRGvol and varia-
tions in an independent, large cohort of healthy subjects (valida-
tion cohort).

Ethics approval was obtained from the ethics committee of
the University of Würzburg (89/19-me). All healthy participants
provided written informed consent.

Participants
Sixty-four healthy volunteers without any previously known neu-
rologic diseases were recruited, regardless of any other restriction
or requirement (37 [57.8%] men; mean age, 31.5 [SD, 8.3] years).
For our derivation cohort, 12 healthy volunteers (7 [58.3%]

women; mean age, 25.9 [SD, 3.5] years) of the overall cohort
underwent MR gangliography of the bilateral L4–S2 levels.

Imaging Protocol
All MR gangliography examinations were conducted on the same
MR imaging 3T scanner (Magnetom Prisma Fit; Siemens) between
April 2019 and October 2020 at our facility. All participants under-
went MR imaging, including using a high-resolution 3D T2WI
FSE sequence (sampling perfection with application optimized
contrasts by using different flip angle evolution [SPACE]) with
spectral fat saturation of the lumbosacral plexus and spine (scan-
ning parameters: FOV = 300� 295� 106mm3, voxel size = 1.1�
1.1 � 1.1mm3, DTE = 4.4ms, TE = 301ms, TR = 2000ms). The
imaging slab was aligned perpendicular to the L4 vertebral body.

Image Analysis
DRGs were analyzed using the MERLIN Diagnostic Workcenter
(Phoenix-PACS) and FSLeyes (McCarthy, Paul; http://doi.org/
10.5281/zenodo.3937147).

Part 1. The derivation cohort was chosen as a representative sample
group with a balanced sex and age ratio from the total cohort.
Ground truth estimation was performed by voxel-based volumetric
analysis for 96 DRGs (L4: 24, L5: 24, S1: 24, S2: 24) by 3 expert
raters. Real DRGvol (DRGvol [r]) was defined as the mean average
value over the ground truth results from the 3 independent expert
raters with at least 4 years of neuroradiology and image analysis ex-
perience. Furthermore, the principal geometric axes (axial, coronal,
sagittal) were also measured in the same fashion using 3D reforma-
tions in these standard anatomic orientations (Online Supplemental
Data). Axial, coronal, and sagittal section orientations were aligned
with the principal axes of each DRG in anatomic space.

Part 2. DRGvol (r) was then compared with the most frequently
used approximations of DRGvol under the basic assumption of
ellipsoid geometry (Equations 1–4, [e1–e4]).12-14 We tested the
following 6 equations:

Existing equations.

1)
DRGvol e1ð Þ ¼ 4

3
� p � A

2
� B

2
� C

2

2)
DRGvol e2ð Þ ¼ A� B� C

2

3)
DRGvol e3ð Þ ¼ A� B� C

3

4)
DRGvol e4ð Þ ¼ 2:5 � A� B� C

6
:

Novel equations.

5) Because Equations 1–4 represent the same model:

DRGvol ¼ coefficient � A� B� C;

we adapted this model for the new Equation 5 (e5) on the basis of
this design by linear least squares approximation. DRGvol (e5)
was calculated for the 96 DRGs.
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6) Furthermore, we extended the existing linear model by
adding an intercept to reflect the true volume more accurately.
The geometric reason for this intercept is that an ellipse tapers
substantially at its proximal and distal ends, in contrast to the real
DRG, which does not merge in a pointlike fashion into the adja-
cent nerve but connects to it over a broader area (Online
Supplemental Data). As the simplest approximation, this missing
offset volume can be set as a constant, which is represented by
this intercept added to the equation. The design of Equation 6
was DRGvol = coefficient � A� B� Cþ intercept: DRGvol (e6)
was calculated for the 96 DRGs.

Part 3. The principal axes of 510 DRGs (L4: 128, L5: 128, S1: 128,
S2: 126) of 64 healthy participants were measured according to
Part 1, and DRGvol (e6) = 2

3 � A� B� Cþ 75 mm3 was
obtained by linear least squares regression. Additionally, the
length of the nerve roots (defined as the takeoff from the thecal
sac to the proximal pole of DRG) and the takeoff the angle of the
nerve roots in the coronal plane were measured to incorporate in-
formation from local anatomy.

For 1 participant, measurements for both DRGs of level S2
were not possible because of numerous cystic variations along the
DRG. These 2 DRGs of level S2 were treated as missing values.

Statistical Analysis
Statistical analyses were performed using SPSS Statistics, Version
26 (IBM). All results were documented as mean (SD) and 95%
confidence intervals. The Wilcoxon signed-rank test and Mann-
Whitney U test were performed to compare the differences
between 2 dependent/independent samples, respectively. Statistical
dependence between the rankings of the 2 variables was tested
using the Spearman rank correlation coefficient. Interrater reliabil-
ity was examined using the intraclass correlation coefficient.
Bland-Altman plots and intraclass correlation coefficients (2-way
mixed, single measures, consistency) were used to compare 2 dif-
ferent methods of volumetric calculation. Correction coefficients
and intercepts for improved DRGvol calculation were obtained by
linear regression analysis. Probability values of , .05 were consid-
ered significant. Adjustment of P values for multiple testing was
made using the Bonferroni-Holm method. Data visualization was
performed using Amira 2020.2 (Thermo Fisher Scientific).

RESULTS
Anthropometric Data
Sixty-four healthy subjects (women: 27 [42.2%]; men: 37 [57.8%])
participated in the study. The mean age was 31.5 (SD, 8.3) years;
range, 19–63 years; mean height, 177.0 (SD, 9.4) cm; mean
weight, 76.3 (SD, 14.7) kg; and mean body mass index, 24.2 (SD,
3.7) kg/m2. The mean height of the 27 female subjects was 169.4
(SD, 7.2) cm; the mean weight of the female subjects was 66.8
(SD, 12.1) kg; and the mean body mass index of the female sub-
jects was 23.3 (SD, 4.3 kg/m2). The mean height of the 37 male
subjects was 182.6 (SD, 6.5) cm; the mean weight of the male sub-
jects was 83.2 (SD, 12.5) kg; and the mean body mass index of the
male subjects was 24.9 (SD, 3.1) kg/m2. Parts 1 and 2 of the study
were limited to 12 randomly chosen healthy participants
(women: 7/58.3%; men: 5/41.7%). The mean age of these 12

participants was 25.9 (SD, 3.5) years; range, 20–34 years. The
mean height was 170.8 (SD, 6.7) cm; the mean weight was 66.08
(SD, 6.9) kg; and the mean body mass index was 22.8 (SD,
3.3) kg/m2.

Part 1. The intraclass correlation coefficient for volumetric determi-
nation based on voxelwise segmentation among the 3 raters was
.84. The mean of 3 raters’ voxelwise segmentation of 96 DRGs was
defined as DRGvol (r) and showed mean DRG volumes of 202.3
(SD, 64.1)mm3 for L4, 299.7 (SD, 91.9)mm3 for L5, 421.0 (SD,
243.5)mm3 for S1, and 197.2 (SD, 80.7)mm3 for S2. The DRGvol

(r) was significantly higher for S1 compared with L5 and for L5
compared with L4 (P, .001, respectively). The analysis showed a
significant correlation between height and DRGvol (r) (Spearman
correlation coefficient = 0.38, P, .001). The DRGvol (r) of male
subjects was significantly higher than the DRGvol (r) of female sub-
jects (P, .001). The Online Supplemental Data show a more
detailed overview of DRGvol (r) values.

Part 2. The principal geometric axes of the 96 DRGs were meas-
ured in sagittal, coronal, and axial image reformations (Online
Supplemental Data) and were used to calculate the estimated
DRGvol from the existing equations DRGvol (e1) to DRGvol (e4),
respectively. Data are summarized in the Online Supplemental
Data. Compared with DRGvol (r), all tested approximating equa-
tions showed an underestimation of DRGvol (Fig 1 and Online
Supplemental Data). Equation 1 turned out to be the best-fitting
approximation, showing a mean underestimation of 42.3%. The
other equations showed a mean underestimation among 44.9%
(e2), 54.1% (e4), and 63.3% (e3). The different results of DRGvol

are visualized in Fig 2.
To correct the calculations to the best fitting coefficient for

DRGvol (r), we performed linear regression analysis of DRGvol (r)
without an intercept. The resulting Equation 5, DRGvol (e5) =
:82� A� B� C, was used to calculate DRGvol (Equation 5),

FIG 1. Evaluation of 6 equations (e1–e6) for estimating DRG volume:
Boxplots show deviation of estimated DRGvol (e1–e6) from ground
truth volume (DRGvol (r) by calculating the quotient of estimated vol-
ume and ground truth volume. The closest approximation to ground
truth was attained for Equation 6 (DRGvol [e6], far right): =
2
3 � A� B� Cþ 75 mm3. The top of the box represents the 75th
percentile, the bottom of the box represents the 25th percentile.
The line in the middle represents the 50th percentile (median). The
whiskers represent the 5th and 95th percentiles, and values beyond
the lower and upper bounds represent outliers and extreme values.
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which is shown in the Online Supplemental Data. The intraclass
correlation coefficient between DRGvol (r) and DRGvol (e5) was
0.95.

An extended model for a linear regression analysis with an
intercept of DRGvol (r) was performed and resulted in equation
Equation 6: DRGvol (e6) = 2

3 � A� B� Cþ 75 mm3. DRGvol (e6)
was calculated for the 96 DRGs, which is shown in the Online
Supplemental Data. The intraclass correlation coefficient between
DRGvol (r) and DRGvol (e6) was .95. The comparison between the
results of the 2 fitted equations, once with and once without an
intercept, is shown in Fig 1 and in the Online Supplemental Data.
Figure 3 shows the comparison between the manually segmented
ground truth DRGvol (r) and the best ellipsoidal approximation of
DRGvol derived from Equation 6. Even though DRGs are not geo-
metrically perfect ellipsoidal objects, both an accurate volumetric
approximation and a purely visual, geometric approximation of
DRG shape are possible.

Part 3. The volume of 510 DRGs from level L4 to S2 of 64 healthy
volunteers was calculated using Equation 6. Values for mean diam-
eters A, B, and C of the DRG were determined, and estimated vol-
umes DRGvol (e6) are summarized in the Online Supplemental
Data. DRGvol increased significantly from L4 to S1 and decreased

significantly from level S1 to S2 (P, .001,
respectively) as shown in Fig 4. There is a
significant correlation between the sub-
ject’s height and DRGvol (e6) (Spearman
correlation coefficient = 0.22, P, .001).
DRGvol (e6) of male subjects was signifi-
cantly higher than DRGvol (e6) of female
subjects (P, .001).

The mean values for the nerve root
takeoff angle from the dural sac in coronal
reformations decreased from level L4
(37.9° [SD, 9.0°]) over levels L5 (35.5°
[SD, 8.0°]) and S1 (22.8° [SD, 6.4°]) to
level S2 (17.4° [SD, 5.0°]). The mean val-
ues for nerve root lengths increased from
level L4 (9.2 [SD, 2.1]mm) over levels L5
(13.0 [SD, 2.9]mm) and S1 (14. 6 [SD,
4.0] mm) to level S2 (16.5 [SD, 4.4]mm).
Data of nerve root takeoff angles and
lengths are summarized in the Online
Supplemental Data.

DISCUSSION
We demonstrate that common meth-
ods for MR imaging–based DRG volu-
metry, which, until now, have been
grounded on the assumption of simple
ellipsoid geometry, substantially under-
estimate true DRG volume (observed
factor of underestimation: 0.42–0.63).
Moreover, we demonstrated how to
optimize geometric equations for sub-
stantially more accurate DRG volume
estimation.

Increasing attention to the DRG within the fields of pain
research and pain medicine has been paralleled by methodologic
progress in human DRG imaging. In particular, recent progress by
structural and functional advances in MR gangliography stand
out.6-8,16 The DRG microstructure consists of a cell body–rich
area, which is oriented toward the DRG rim and is embedded in a
uniquely dense microvascular network.17 With more central to-
pography, a nerve fiber–rich area is located within the DRG.17

Pathophysiologic changes in 1 or both compartments are associ-
ated with DRGvol change. DRGvol is, therefore, an innovative and
novel biomarker promising to become clinically and scientifically
useful for a variety of diagnostic and research questions, particu-
larly in the field of pain research, because most pain syndromes
originate at the peripheral level of the nervous system.11 In pain
and somatosensory afferent signal processing, the DRG organ rep-
resents the interface between the peripheral and central nervous
systems. Also in the context of degenerative or traumatic processes,
the imaging observation of DRGvol seems valuable because it corre-
lates strongly with the number of DRG sensory neurons, allowing
conclusions about local neurodegeneration and loss of neurons.18

For example, changes in the quantity of neurons could be observed
in experimental diabetes models with a loss of large DRG neurons
that, on a functional level, was associated with slowed sensory

FIG 2. Colored 3D and surface volume-rendered and volume cut visualization of the volumetric
results of the 6 different equations for estimation of ipsilateral DRG volume. The green shell rep-
resents the ground truth voxelwise segmentation result, DRGvol (r). The purple shell just at and
very close to the outside of the ground truth shell (green) corresponds to the best optimization
result, which was obtained from the new Equation 6, including an intercept, only slightly overesti-
mating voxelwise ground truth segmentation. The pink shell just at the inside of the green shell
corresponds to the new and second-best-performing Equation 5, without an intercept, slightly
underestimating DRGvol (r). These 2 equations have provided the best results for estimating
DRGvol. For the purpose of visualization, the shells of these 2 optimized equations are slightly off-
set to allow macroscopic differentiation of the small differences. Significant underestimation of
volume was observed for commonly used equations e1–e4; (brown = e1, red = e2, orange = e3,
and yellow = e4. The contralateral DRG is surface volume-rendered in gray).
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nerve conduction velocity.19 Another example in which the
DRGvol decrease reflects DRG neurodegeneration is Friedreich
ataxia. In this disease, severe neurologic deficits are tightly associ-
ated with hypoplasia of the DRG neurons, which translates into
decreased DRGvol on the macrostructural level.20

The imaging methodical key to substantially improve the ac-
curacy of DRG morphometry by MR gangliography is to increase
the resolution and contrast of the DRG and of its local vicinity
using high-resolution isotropic voxels. The MR imaging signal is

heavily T2-weighted with efficient fat
suppression as an established contrast
for MR gangliography and MR neu-
rography.21 In this study, the principal
protocol component of MR gangliog-
raphy was an optimized 3D isotropic
fast spin-echo sequence (SPACE). It
improved the sharp-edged contrast
between the DRG contour and sur-
rounding tissue. It visualized more
accurately the distinctive shape and
contour of the DRG itself and, most
important, differentiated it more accu-
rately than possible before, in particu-
lar from the proximally and distally
adjacent segments of the posterior
nerve root.

In this study, the ground truth of
DRGvol (r) was obtained as a volume
average from extensive voxelwise
manual segmentation of 96 single

DRGs across a total of 1152 slices by 3 independent expert raters.
Interrater reliability among the 3 blinded raters was good22 to
very good.23 These ground truth DRG volumes confirm, in vivo
and in humans, the previously reported ex vivo studies showing a
continuous increase of DRGvol toward the caudal region (L4–S1)
with continuous decrease towards the sacral level.24 The DRGs of
levels L5 and S1 were significantly more voluminous compared
with other vertebral heights. This finding represents the main rea-
son why these 2 functionally important DRG levels can be pro-
posed as index levels to investigate disease-related DRGvol

alterations. Finally, these findings were further validated in the
largest human cohort so far observed for DRG volume estimation
(510 DRGs).

To substantially optimize DRGvol estimation, we tested several
equations of ellipsoid body volume against ground truth. In the
selection of equations, we applied the following rationale: Model-
based approximation of disease target lesions or organ volumes is
widely used to facilitate radiologic measurements, eg, for tumor
volume estimation. The equation that is typically used for such
purposes delivers volume estimation from standard diameter
lengths and is typically represented by the term (A�B�C

2 ). This
term was first described by Kwak et al,13 and it has been verified
by Lisk et al25 and found wider establishment through the work
of Kothari et al12 as well as Kazui et al.26 It represents a simplifica-
tion of the complete term of ellipsoid volume, which is
4
3 � p � A

2 � B
2 � C

2 because p can be simply approximated to 3.
In this pragmatic form, it is widely and easily used as a very sim-
ple tool for fast linear measurements that are practically available
in virtually every PACS. In contrast, more accurate volume esti-
mation requires fundamental understanding of the target struc-
ture shape, is not easily incorporated into PACS, and is
considerably more time-consuming. However, more accurate
volume estimation can also be relevant clinically as it has been
shown by using the example of vestibular schwannoma volume
estimation to detect changes earlier.27-29 Also for intracerebral
hemorrhage, it was shown that simple volume approximations

FIG 3. Comparative DRG volume-rendered visualization of ground truth volume DRGvol (r) versus
best estimated volume by DRGvol (e6). Left: right-anterior-oblique plane. Middle: frontal plane.
Right: left-anterior-oblique. Purple DRGs on the right side with smooth surfaces correspond to
estimated volumes using Equation 6 for the most accurate approximation. Green DRGs on the
left side with mesh surface correspond to ground truth volumes from expert manual segmenta-
tion and contour locations.

FIG 4. Boxplot of DRGvol (e6) showing the DRGvol (cubic millimeters)
for the different lumbosacral heights L4–S2. Equation 6 (DRGvol, e6)
provided the best approximation to ground truth. By means of this
equation, these boxplots display humanMR imaging DRG morphome-
try over the clinically most relevant segments, L4–S2, in a large valida-
tion cohort (n = 510). The top of the box represents the 75th
percentile; the bottom of the box represents the 25th percentile.
The line in the middle represents the 50th percentile (median). The
whiskers represent the 5th and 95th percentiles, and values beyond
the lower and upper bounds represent outliers and extreme values.
Significances are marked with asterisks (indicating P, . 0001).
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may substantially overestimate true hemorrhage volume by as
much as 45%.30

In the case of the DRG, so far, volumetry has been mainly
derived from measurements of its maximum diameter in only 1
or 2 planes.24,31 Only a few studies performed more detailed
measurements in which maximum diameters6,7 were determined
in 3 orthogonal planes to estimate DRGvol by the typical simpli-
fied ellipsoid equation: DRGvol = A�B�C

2 , which corresponded to
Equation 2 in this study. Equation 1 of this study represented the
mathematically precise equation for a perfect ellipsoidal body
(43 � p � A

2 � B
2 � C

2). Equations 2, 3, and 4 corresponded to dif-
ferent simplifications of this formula, which have been used in
prior research.14 All of these 4 existing equations to estimate
DRGvol (e1–e4) led to considerable underestimation of DRGvol in
this study compared with ground truth DRGvol (r) (observed fac-
tor of underestimation: 0.42–0.63).

According to a prior study on volumetry of the kidneys,32

we performed linear regression of DRGvol (r) without and with
the intercept and used the resulting regression equations to
derive equations DRGvol (e5) and DRGvol (e6), which were
substantially more accurate. The best approximation was
achieved for DRGvol (e6) = 2

3 � A� B� Cþ 75 mm3. It uni-
fies both the rapidity of measurement and very high accuracy
compared with the ground truth. Equation 6, with its addi-
tional intercept, also better accounts for nonellipsoid variation
in DRG shape, such as the more tubular shape that regularly
applies especially to smaller DRGs that are more closely
aligned with the posterior nerve root. The performance of all
tested equations relative to ground truth is visualized by Fig 2
using cut volume shells.

In the final part of our study, Equation 6, which provided the
best approximation (cut purple versus green volume shell in Fig
3), was applied to the largest human DRG cohort so far investi-
gated volumetrically, to the best of our knowledge. In addition,
our study also analyzed nerve root length, measured from the ori-
gin of the dural sac to the onset of the ellipsoidal structure of the
DRG, as well as their angulation relative to the DRG, showing a
significant decrease in the root angles from lumbar to sacral. The
length of the nerve root, on the contrary, increased continuously
from lumbar to sacral (L4–S2). These results, for the most part,
correspond closely to a cadaver study of DRG length and root
angulation.33

To be able to also observe more subtle therapy or disease-spe-
cific changes of DRGvol in larger cohorts in the future, a more
accurate assessment and normative reference values of DRGvol

are needed and are both provided by this study. Already in the
recent past, MR gangliography could show promising results in
the observation of disease-related volume change, for example in
chemotoxic polyneuropathy, painful diabetic polyneuropathy,
and Fabry disease.7,9,10

Our study comes with the following limitations: Imaging cover-
age had to be limited to the lower spine. Our findings may not be
transferrable to the cervical or thoracic spine where significant
heart motion or lung- and breathing-related artifacts would have
to be considered. At these other levels, other intercepts might have
to be used to obtain accurate estimates given the slightly different
geometric shape of these DRGs. Our observations were made in a

large cohort of healthy subjects. Accuracy might be compromised
if DRG shape is grossly altered by disease, which, however, seems
unlikely, especially during the early disease course, which repre-
sents the typical stage of clinical-scientific focus.

Although rare, there remain anatomic variations such as arach-
noid or dural cysts that may involve the proximal nerve roots and,
in extreme cases, the DRG. These extreme-but-rare variations will
continue to complicate the delineation of DRG boundaries in a
few cases.

Finally, and obviously, full automation of DRG morphometry
and volumetry need to be long-term goals. This seems achievable
through the use of machine learning and/or artificial neural net-
works. Still, the application of equation-based 3D DRG volume
estimation methods to larger cohorts as investigated here will cer-
tainly be needed as training datasets for this future purpose of
automated image processing and analysis.

CONCLUSIONS
DRGvol is a promising novel imaging biomarker in the fields of
pain research and peripheral nervous system–related diseases.
Existing ellipsoid-based equations for estimation of DRGvol sub-
stantially underestimate true DRGvol to a large degree. The fol-
lowing fitted equation could be derived and validated to avoid
underrating DRGvol: 23 � A� B� Cþ 75mm3.

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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Minimally Invasive Stent Screw–Assisted Internal Fixation
Technique Corrects Kyphosis in Osteoporotic

Vertebral Fractures with Severe Collapse:
A Pilot “Vertebra Plana” Series

A. Cianfoni, R.L. Delfanti, M. Isalberti, P. Scarone, E. Koetsier, G. Bonaldi, J.A. Hirsch, and M. Pileggi

ABSTRACT

BACKGROUND AND PURPOSE: Fractures with “vertebra plana” morphology are characterized by severe vertebral body collapse and
segmental kyphosis; there is no established treatment standard for these fractures. Vertebroplasty and balloon kyphoplasty might repre-
sent an undertreatment, but surgical stabilization is challenging in an often elderly osteoporotic population. This study assessed the feasi-
bility, clinical outcome, and radiologic outcome of the stent screw–assisted internal fixation technique using a percutaneous implant of
vertebral body stents and cement-augmented pedicle screws in patients with non-neoplastic vertebra plana fractures.

MATERIALS AND METHODS: Thirty-seven consecutive patients with vertebra plana fractures were treated with the stent screw–
assisted internal fixation technique. Vertebral body height, local and vertebral kyphotic angles, outcome scales (numeric rating scale
and the Patient’s Global Impression of Change), and complications were assessed. Imaging and clinical follow-up were obtained at 1
and 6 months postprocedure.

RESULTS:Median vertebral body height restoration was 7mm (174%), 9mm (1150%), and 3mm (117%) at the anterior wall, middle
body, and posterior wall, respectively. Median local and vertebral kyphotic angles correction was 8° and 10° and was maintained
through the 6-month follow-up. The median numeric rating scale score improved from 8/10 preprocedure to 3/10 at 1 and
6months (P, .001). No procedural complications occurred.

CONCLUSIONS: The stent screw–assisted internal fixation technique was effective in obtaining height restoration, kyphosis correc-
tion, and pain relief in patients with severe vertebral collapse.

ABBREVIATIONS: ant ¼ anterior; BKP ¼ balloon kyphoplasty; IQR ¼ interquartile range; LKA ¼ local kyphotic angle; mid ¼ middle; NRS ¼ numeric rating
scale; PGIC ¼ Patient’s Global Impression of Change; post ¼ posterior; SAIF ¼ stent screw–assisted internal fixation; VB ¼ vertebral body; VBH ¼ vertebral
body height; VKA ¼ vertebral kyphotic angle; VP ¼ vertebra plana; VBS ¼ Vertebral Body Stenting System; VCF ¼ vertebral compression fracture

Painful osteoporotic vertebral compression fractures (VCFs) are
commonly treated with traditional vertebral augmentation

techniques, particularly vertebroplasty and balloon kyphoplasty

(BKP), which reinforce the anterior column, arrest wedge defor-
mity, and palliate pain. The VCFs characterized by severe vertebral
body (VB) collapse (.70% VB height loss) are generally termed
“vertebra plana” (VP)1 and demonstrate extreme osseous struc-
tural loss and resorption with anterior and middle column injury.

Furthermore, they may present with intravertebral pseudoarthrosis
(also termed cleft or Kümmel disease), posterior wall retropulsion,
and pediculo-somatic junction fractures. The accompanying
kyphosis can limit breathing2 and activities of daily living and is
likely associated with an increased mortality risk.3

Ideally, treatment of these fractures should stabilize, restore
height, correct sagittal spinal alignment, correct kyphotic defor-
mity, and achieve pain relief. Although standard augmentation
techniques are effective in achieving pain palliation,1,4-6 they do
not address middle column and pediculo-somatic junction frac-
tures.7 Furthermore, secondary loss of stability has been reported
at follow-up in VP cases treated with augmentation.8,9 At the
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same time, these fractures often affect elderly and fragile patients,
making surgical stabilization problematic10,11 because stand-
alone posterior fixation techniques carry high risk of failure in
conditions of poor bone quality,12,13 while anterior or circumfer-
ential approaches are associated with higher intraoperative blood
loss and perioperative complications.14 Thus, there is no standard
treatment for these challenging VCFs.1,15

The stent screw–assisted internal fixation (SAIF) technique
includes percutaneous insertion and balloon-expansion of 2 ver-
tebral body stents (Vertebral Body Stenting System [VBS]; DePuy
Synthes–Johnson & Johnson), followed by placement of cannu-
lated and fenestrated pedicular screws (Injection pin, 2B1, Milan,
Italy) in the lumen of the stents and cement augmentation
through the screws. SAIF is currently being used for the treat-
ment of severe osteoporotic and neoplastic fractures in 5 interna-
tional centers.16-18

The purpose of this study was to assess the feasibility and
safety of performing SAIF in this cohort of patients with non-
neoplastic VP. In addition, height restoration and kyphosis cor-
rection of the target vertebrae and the clinical outcome in terms
of pain relief were studied.

MATERIALS AND METHODS
Patient Selection
This retrospective analysis included all thoracic and lumbar non-
neoplastic VP treated with the stand-alone SAIF technique at a
single institution between August 2017 and June 2020. Cases with-
out comparable pre- and postoperative imaging (pre- and postop-
erative standing plain films, and/or pre- and postoperative CT/
MR imaging) were excluded. The decision to treat with SAIF was
made by a multidisciplinary group (composed of interventional
neuroradiologists, spine surgeons, and pain specialists) for recent
(,1month) or nonhealed fractures causing persistent pain despite
conservative treatment ($5 on the numeric rating scale [NRS];
range, 0–10) or progressive collapse with kyphotic deformity.
Nonhealed fractures were defined as osteoporotic fractures occur-
ring.1month earlier or at an unknown time with persistent pain
and evidence of pseudoarthrosis (characterized by an intrasomatic
cavity filled with gas or fluid and fracture mobility) and/or bone
edema on MR imaging (STIR pulse sequence). Fractures were
graded according to the AO Spine Spinal Section of the German
Orthopedic and Trauma Society osteoporotic fracture classification
system.19 Patients with neurologic deficits that required decom-
pressive laminectomy and patients treated with SAIF combined
with posterior instrumentation were excluded. All patients gave
informed consent. The local ethics committee of Canton Ticino
and EOC institutional review board approved the study.

SAIF Procedure
ll procedures were performed percutaneously with the patient
under general anesthesia, with biplane fluoroscopic guidance
using a previously described technique.16 Two VBSs were bal-
loon-expanded in the VB with the intent to reduce local kyphosis.
Transpedicular cannulated-fenestrated screws (Injection Pin 2B1;
HealthManagement.org) were inserted over a Kirschner wire
inside the VBS lumen and augmented with high-viscosity poly-
methylmethacrylate (Vertaplex HV; Stryker) under fluoroscopic

control. Concomitant adjacent vertebroplasty was performed to
treat milder VCFs (non-VP fracture: ie, with a minor degree of
collapse) or with prophylactic intent when deemed appropriate
per institutional protocol.20 The main procedural steps are sum-
marized in Fig 1.

Clinical and Imaging Assessment and Follow-up
Intraprocedural and postprocedural complications were recorded
according to the Clavien-Dindo classification.21 In patients with
pre- and postoperative cross-sectional imaging (CT and/or MR
imaging), the VB height (VBH) was measured on midsagittal
images at the anterior wall (ant-VBH), middle body (mid-VBH),
and posterior wall (post-VBH) (Fig 2). The percentage of VBH
gain was calculated as the ratio of gained height/preprocedural
height. In patients with standing x-rays, the local kyphotic angle
(LKA, kyphotic angle of the 2 adjacent vertebral bodies) and the
vertebral kyphotic angle (VKA, kyphotic angle of the fractured ver-
tebral body)22 were measured pre- and postprocedure (Fig 2) and
at follow-up. The percentage of kyphotic correction was calculated
as the ratio of gained height/preprocedural height. All radiologic
measurements were performed by 2 fellowship-trained neuroradi-
ologists with 4 and 3 years of experience, respectively, not involved
in the procedures.

FIG 1. A, Procedural steps of the SAIF technique. Preprocedural lateral
view of a T11 VP fracture. B, Balloon-mounted vertebral body stent
insertion in the vertebral body. C, Balloon expansion of the stents. D,
Access trocars are exchanged with transpedicular, cannulated-fenes-
trated screws over a Kirschner wire. Anterior-posterior and lateral
views (E and F) obtained before cement injection through the screws.
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Preprocedural imaging was assessed to detect a cleft with pseu-
doarthrosis on CT/MR imaging and/or fracture mobility; fractures
were categorized as mobile when VBH on standing views was
reduced compared with supine views (Fig 2).

Clinical follow-up was performed at 1 and 6months postoper-
atively and included the NRS (range, 0–10) and the Patient’s
Global Impression of Change scale (PGIC; range, 1 = extremely
worse, 4 = unchanged, to 7 extremely better).23 Kyphotic angles,
mobilization of the implants, and refractures of the treated seg-
ment were assessed with standing x-rays.

Statistical Analysis
Analyses used SPSS, Version 20.0.0 (IBM). Descriptive statistics
for demographic and clinical data were expressed as median with
interquartile range (IQR). Differences in VBH, LKA, VKA, and
NRS scores before and after treatment were tested by the
Wilcoxon matched-pairs test; comparison between mobile and
nonmobile fracture groups was tested by the Wilcoxon unpaired
test. A P value, .05 was considered statistically significant.

RESULTS
Patients, Procedures, and Safety
The consecutive series of patients with vertebra plana treated
with SAIF consisted of 42 cases; 5 were excluded due to lack of

comparable pre- and postprocedure imaging. We, thus, included
37 SAIF procedures performed in 37 patients (11:26 male/female
ratio; mean age, 81.6 years; range, 65–98 years). Between T3 and
L4, 19/37 (51.3%) thoracic and 18/37 (48.6%) lumbar (overall, 27/
37) (73%) fractures were located at the thoracolumbar junction
(T10–L2). Thirty-four of 37 fractures were classified as osteopor-
otic fracture 4; three/37 fractures were classified as osteoporotic
fracture 5 because of spinous process fracture (1/37) or mild poste-
rior ligamentous complex lesions/edema (2/37) for which surgical
instrumentation was withheld on the basis of the multidisciplinary
spine care group recommendations. In 35/37 patients (94.6%), pro-
phylactic vertebroplasty of adjacent levels was also performed (2/
35 at the vertebra above, 33/35 above and below) at the operator’s
choice per institutional protocol. All procedures were successfully
completed without symptomatic cement leakage at the index level
or clinical or technical complications.

Follow-up
Follow-up data with imaging and the patients’ outcome scales
were available for 32/37 (86.5%; among them, 30 patients had com-
parable pre- and postprocedure CT/MR imaging and 29 patients
had pre- and postprocedure standing x-rays) patients at 1month
and for 28/37 (75.7%) at 6months. The remaining patients were
contacted by a nurse on the phone to ascertain that no specific

FIG 2. A, Standing plain film shows a L1 VP with kyphotic angulation. White lines along the endplates of T12 and L2 indicate the LKA, while the
dashed white lines along the L1 endplates indicate the VKA. B, Sagittal CT shows a pseudoarthrosis with a gas cleft in L1 and increased vertebral
body height in supine decubitus positioning, in keeping with a mobile fracture. An additional fracture of T11 was treated with vertebroplasty.
Sagittal fat-suppressed T2WI (C) shows posterior wall retropulsion and central canal stenosis without cord compression and an additional milder
fracture at T11. Anterior-posterior intraprocedural fluoroscopic image (D) demonstrates SAIF implants, with pedicular screws inserted in the
expanded stents before cement injection. Volume-rendering postprocedure CT (E) shows the SAIF treatment of L1 and vertebral augmentation
at T11, T12, and L2. Postprocedural standing plain film (F) shows reduction of the LKA from 28° to 16° and of the VKA from 30° to 11°.
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spinal problems had occurred, but in the absence of imaging and
formal clinical data, those patients were not included in this
analysis.

Radiologic Outcome
The Table summarizes the results.

VBH. Pre- and postoperative cross-sectional studies (CT or MR
imaging) were available in 30/37 (81.1%) patients. In this
group, the median ant-VBH, mid-VBH, and post-VBH were
9.5mm (IQR = 8.0–13.0 mm), 6mm (IQR = 5.0–7.75 mm),
and 17.5 mm (IQR = 16.0–19.0 mm), respectively, preproce-
dure, and 17mm (IQR = 15.0–19.25 mm), 15.5mm (IQR =
13.0–17.25 mm), and 20mm (IQR = 18.0–22.0 mm) postpro-
cedure; the median height gain was 7mm at the ant-VBH
(174%; range, 2–15mm), 9mm at the mid-VBH (1150%;
range, 4–13mm), and 3mm at the post-VBH (117%; range,
0–7mm). All differences were statistically significant
(P, .001).

LKA and VKA. Pre- and postoperative standing x-rays were avail-
able for 29/37 (78.4%) patients.

In this group, the median LKA was 25° preoperatively (IQR =
12.0°–29.0°), and 14° postoperatively (IQR = 6.0°–22.0°). The me-
dian gain was 8° (range, 0°–19°) and was statistically significant
(P, .001).

The median VKA was 21° preoperatively (IQR = 12.0°–27.°0)
and 9.0° postoperatively (IQR = 5.5°–12.0°). The median gain was
10° (range, 1°–23°) and was statistically significant (P, .001).

In the patients with 6months’ follow-up (28/37), the median
LKA and VKA gains were substantially maintained, respectively,
at 7° and 9°.

Mobile and Nonmobile Fractures. Among 29 patients with pre-
operative standing x-rays available, a mobile fracture was present
in 19 (65.5%) patients.

In this group, the median VBH gain was 7.0mm (IQR = 5.5–
8.5 mm) at the ant-VBH, 9mm (IQR = 6.5–11.0 mm) at the mid-

Radiologic outcome: median measurements of anterior, middle, and posterior VBH, LKA, and VKA pre- and postoperatively (with
IQR), for all fractures, mobile and nonmobile fracture groups

Preoperative (IQR) Postoperative (IQR) Median Gain
Correction Loss at
6 Months (IQR)

Ant VBH
All 9.5mm (8.0–13.0) 17mm (15.0–19.25) 7mm, 174% (P, .001)
Mobile 11.5mm (9.0–15.25) 18mm (16.5–19.5) 7mm, 164% (P, .001)
Nonmobile 11 mm (5.5–12.5) 19mm (16.5–17.5) 8mm, 173% (P = .03)
Mid VBH
All 6mm (5.0–7.75) 15.5mm (13.0–17.25) 9mm, 1150% (P, .001)
Mobile 6.5mm (5.75–9.5) 16mm (15.0–18.0) 9mm, 1138% (P, .001)
Nonmobile 5mm (4.5-5.5) 15.5mm (13.5–16.75) 11 mm, 1220% (P = .03)
Post VBH
All 17.5mm (16.0–19.0) 20mm (18.0–22.0) 3mm, 117% (P, .001)
Mobile 18mm (16.0–19.25) 20mm (18.5–23.5) 3mm, 117% (P, .001)
Nonmobile 17mm (15.0–18.0) 21mm (20.0–22.0) 4.5mm, 126% (P = .04)

LKA
All 25° (12.0–29.0) 14° (6.0–22.0) 8° (P, .001) 1° (0.0–1.0)
Mobile 25° (15.5–31.5) 14° (6.0–22.0) 8° (P, .001) 1° (0.0–1.7)
Nonmobile 21.5° (11.25–27.75) 13° (4.5–15.0) 4.5° (P = .009) 1° (0.5–1.0)
VKA
All 21° (12.0–27.0) 9° (5.5–12.0) 10° (P, .001) 0° (0.0–1.0)
Mobile 23° (12.0–27.0) 9° (5.5–12.0) 11° (P, .001) 0° (0.0–1.0)
Nonmobile 19.5° (13.25–22.5) 7° (3.75–12.0) 9.5° (P = .006) 0° (0.0–1.0)

FIG 3. Sagittal CT (A) shows a T12 VP, with segmental kyphosis and a T11
spinous process fracture. Intraprocedural fluoroscopic lateral view (B)
shows fracture reduction by the SAIF technique before cement augmen-
tation. Postprocedural sagittal (C) and axial (D) CT images show the final
results obtained with the SAIF construct. There is cement augmentation
of the T11 spinous process fracture (arrow), which was particularly tender
at palpation, and the prophylactic augmentation of the adjacent levels.
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VBH, and 3mm (IQR = 2.0–3.5 mm) at the post-VBH; the me-
dian correction of VKA and LKA was 11° (IQR = 5.0°–17.0°) and
8° (IQR = 7.0°–12.5°), respectively.

In patients with a nonmobile fracture (10/29), the median VBH
gain was 8mm (IQR = 7.0–9.75 mm) at the ant-VBH, 11mm
(IQR = 9.5–11.75 mm) at the mid-VBH, and 4.5mm (IQR = 2.5–
5.75 mm) at post-VBH; the median correction of VKA and LKA
was 9.5° (IQR = 5.5°–15.5°) and 4.5° (IQR = 3.25°–7.75°),
respectively.

The VBH and VKA corrections did not show significant dif-
ferences between mobile and nonmobile fractures, while the LKA
gain appeared greater in the mobile group, compared with non-
mobile group, without reaching statistical significance (P= .07).

Refractures during Follow-up
No refracture occurred. No salvage surgery or new procedure
was necessary at the index level during the available follow-up.

Pain Assessment
The median preoperative NRS pain score was 8 (range, 5–10;
IQR = 7.0–9.0), while it was 3 (range, 0–8; IQR = 2.0–5.0) after
1month and 3 (range, 0–7; IQR = 2.0–4.0) after 6months. The
differences were significant (P, .001). The median PGIC score
was 6 (corresponding to “much better”) after 1month (range, 4–
7; IQR = 5.0–7.0) and remained 6 after 6 months (range, 3–7;
IQR = 6.0–7.0). No significant difference was observed between
mobile and nonmobile fractures in patients’ outcome scales (P =
.35).

DISCUSSION
In this osteoporotic plana series, the
SAIF technique was both feasible and
safe. SAIF resulted in vertebral height
restoration, kyphosis correction, and
pain palliation. These results were sus-
tained at 6 months’ follow-up.

Vertebral compression fractures
with VP morphology are considered
severe fractures,24,25 and surgical stabi-
lization is generally recommended to
restore segmental stability, allow early
mobilization, and avoid pseudoarthro-
sis.10,26-28 Kyphosis correction is im-
portant because kyphotic deformity is
an independent risk factor for breath-
ing difficulties and pulmonary compli-
cations, increasing morbidity and
mortality.29,30

Open surgical treatment is typically
recommended, including anterior
instrumentation to reconstruct the an-
terior spinal column.14 However, these
approaches may result in implant fail-
ure due to high strain31,32 and anterior
or anterolateral approaches carrying
higher risks of blood loss and respira-
tory complications in elderly and frag-
ile patients.33

Vertebroplasty or BKP is less invasive and might provide pain
relief but may represent an undertreatment for these severe
fractures.4,6,8,34,35

Most published reports on the treatment of vertebral compres-
sion by BKP alone measured the postprocedure improvement of
the VKA,36 but this measure might not translate into an effective
segmental kyphosis correction.1,37 BKP might also be limited in
effective kyphosis correction by the deflation effect before cement
placement.38,39 The use of third-generation, rigid, intrasomatic dis-
traction devices, such as SpineJack (Stryker) has been reported as a
potential minimally invasive transpedicular replacement of ex-
pandable cages and, combined with posterior instrumentation, has
been reported as a possible solution to treat VP fractures.27

The SAIF technique applies a treatment rationale that is well-
suited to patients with severe vertebral collapse. The rigid stents
obtain and maintain predictable fracture reduction, avoid deflation
effect, and create room for cement, thus reducing the risk of leak-
age. The metallic mesh of the VBS scaffolds the vertebral body
from within, offering ample cross-sectional support for the disc
endplates. Cement injection then solidifies the structure and sup-
port. Percutaneous pedicle screws anchor the VBS-cement com-
plex to the posterior elements. In addition, the screws offer
osteosynthesis for pedicular fractures and act to transfer the spinal
load to the neural arch, unloading the middle column.16 The “rein-
forced concrete” construct rebuilds the VB, offering a 360° nonfu-
sion internal stabilization of the vertebra (Figs 3 and 4). Two
biomechanical studies provide support for this approach in both
neoplastic and osteoporotic models.7,40

FIG 4. Standing plain film (A) and sagittal CT (B) show a T12 VP with pseudoarthrosis, gas cleft,
and fracture mobility. Lateral intraprocedural fluoroscopic images before (C) and after (D) stent
expansion with consequent fracture reduction. Postoperative standing plain film (E) demonstrates
T12 height restoration and kyphosis correction, stable at 6months’ follow-up (F). Axial CT (F) at
the T12 level shows the stent-cement complex reconstructing the vertebral body and the trans-
pedicular screws cemented inside the stents acting as “anchors” to the posterior elements.
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In this series, SAIF obtained high degrees of VB height restora-
tion, and VBH gain was much higher than previously reported
with BKP.1 Yokoyama et al,41 using BKP, obtained 3.6-, 2.0-, and
0.5-mm VBH gain at the anterior, middle, and posterior VB,
respectively. By means of the same measurements, SAIF obtained a
median gain of 7.0, 9.0, and 3.0mm.

LKA on standing plain radiographs was used to assess kypho-
sis correction. LKA has been demonstrated to be a valid and reli-
able measure of thoracic kyphosis in patients with osteoporosis,
in addition to VKA.37 The LKA correction is usually less than the
VKA correction because it is also influenced by the adjacent disc
height loss but more reliably assesses the real effect of the treat-
ment on segmental kyphosis (Fig 2).

In the present series, the LKA and VKA median correction
was 8° and 10°, respectively, outperforming the previously
reported results achieved with BKP, in which the LKA correction
ranged between 1.94° and 6.5° and the VKA correction ranged
between 4.2° and 7.3°.37,42-44 Diel et al45 reported an average cor-
rection of LKA of 4.2° using VBS. Even when surgical posterior
fixation was combined with vertebral augmentation, the LKA
correction ranged between 5° and 9° in 3 studies.11 A recent pro-
spective study reported an LKA correction of 9° at 1-year follow-
up, obtained with augmentation, posterior instrumentation, and
arthrodesis, followed by a plastic thoracolumbar orthosis to be
worn for 6 months postsurgery.26 SAIF results on VBH and
kyphosis correction were comparable with those obtained with
360° surgical approaches, but with a reduced complication rate.31

At 6-month follow-up, the achieved kyphosis correction was
substantially stable, with an average loss of correction of only 1°
at 6months. In keeping with the previously reported results of
Becker et al1 and Yokoyama et al,41 the LKA gain tended to be
greater in the mobile fracture group, though the difference did
not reach statistical significance, likely due to small numbers in
the nonmobile group. Nevertheless, significant VBH and VKA
correction was also obtained in nonmobile fractures. These
results might be explained by the efficient distraction forces
exerted by the stents and the avoidance of the deflation effect,
with polymethylmethacrylate anchoring the entire complex to
the vertebral body.

The axis of insertion of the vertebral body stent into the VB is
of paramount importance to optimize craniocaudal distraction,
fracture reduction, and height restoration. Pedicular access
should, therefore, be adapted to optimize device placement inside
the VB along an axis parallel to the anticipated alignment of the
original prefracture endplates. The distraction performed perpen-
dicular to this axis approximates the original prefracture shape of
the VB and allows the device to achieve maximum expansion and
fracture reduction.46 With the plana morphology, trocar access is
usually through the lower half of the pedicle (Figs 3 and 4).

Prophylactic vertebroplasty of adjacent levels, the role of
which remains controversial, was performed in 35/37 patients.
High-quality evidence supporting improved patient outcome has
not been confirmed.47 Of note, this study was performed in
Switzerland where prophylactic augmentation is more commonly
performed than in the United States.

Patients treated with SAIF had satisfactory pain relief and an
overall subjective impression of improvement as measured by the

NRS and the PGIC score, respectively. While pain relief has been
similarly reported by standard augmentation techniques,48 the
SAIF approach achieves greater improvement in kyphosis, poten-
tially improving biomechanics, ambulation, and breathing function.

Patients requiring laminectomy were excluded from this se-
ries, but SAIF can be combined with decompression and poste-
rior instrumentation when needed.

The main limitations of this study are the retrospective design
and lack of a control group. Follow-up was generally limited to
6months because our clinical practice does not require further
medical visits for this fragile elderly population in the absence of
persistent or new back pain. The single-center design limits its gen-
eralizability, and larger, multicenter prospective studies are war-
ranted. Finally, the augmentation of the adjacent vertebral bodies
(either to treat milder VCFs or for prophylactic intent) is an addi-
tional potential confounder with respect to pain relief. Of note,
these specific vertebral body stents and percutaneous fenestrated
screws lack US Food and Drug Administration approval, and these
procedures have, thus far, all been performed in Europe.

CONCLUSIONS
This study suggests that SAIF can be performed safely in patients
with severe vertebral collapse. SAIF was effective in obtaining
vertebral body height restoration, kyphosis correction, and pain
relief in this cohort with stability of these results at the 6-month
follow-up assessment. Based on these preliminary results, SAIF
could overcome some of the limitations of standard vertebral
augmentation and present a minimally invasive option in patients
with osteoporotic vertebra plana.

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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MRI Findings after Recent Image-Guided Lumbar Puncture:
The Rate of Dural Enhancement and Subdural Collections

I.T. Mark, W.P. Dillon, M.B. Richie, and J.E. Villanueva-Meyer

ABSTRACT

BACKGROUND AND PURPOSE: The rate of abnormal intracranial MR imaging findings including subdural collections and dural
enhancement after recent lumbar puncture is not known. The purpose of our study was to examine the intracranial MR imaging
findings after recent image-guided lumbar puncture.

MATERIALS AND METHODS: Patients who underwent contrast-enhanced MR imaging of the brain within 7 days of a CT-guided
lumbar puncture between January 2014 and April 2021 were included. Contrast-enhanced MR images were reviewed for diffuse dural
enhancement, morphologic findings of brain sag, dural venous sinus distension, and subdural collections.

RESULTS: Of the 160 patients who met the inclusion criteria, only 6 patients (3.9%) had new diffuse dural enhancement, though
none had dural enhancement when the MR imaging was within 2 days of lumbar puncture. All 6 patients with dural enhancement
had small, concurrent subdural collections. Two additional patients had subdural collections, for a total of 5.2% of our population.

CONCLUSIONS: Our study is the first to examine intracranial MR imaging after recent lumbar puncture and has 2 key findings:
First, 5.2% of patients had small, bilateral subdural collections after recent lumbar puncture, suggesting that asymptomatic subdural
collections after recent lumbar puncture are not atypical and do not require further work-up. Additionally, when MR imaging was
performed within 2 days of lumbar puncture, none of our patients had diffuse dural enhancement. This argues against the com-
monly held practice of performing MR imaging before lumbar puncture to avoid findings of dural enhancement, and should not
delay diagnostic work-up.

ABBREVIATIONS: LP ¼ lumbar puncture; SIH ¼ spontaneous intracranial hypotension; WBC ¼ white blood cell

MR imaging findings after lumbar puncture (LP) have not
been thoroughly studied. The incidence of diffuse dural

enhancement within 30 days after lumbar puncture has been
described,1,2 but no prior studies have focused on the incidence
of abnormal MR imaging findings immediately after LP. The
concern for possible dural enhancement after LP often directs
providers to perform MR imaging before LP—a paradigm that
can lead to diagnostic and management delays.2

The commonly accepted mechanism causing post-LP dural
enhancement is a CSF leak from the puncture site, which leads to
low CSF volume and subsequent venous engorgement within the
dura per the Monro-Kellie hypothesis.3 Additional intracranial

findings associated with spontaneous intracranial hypotension
(SIH) in the setting of LP, including subdural collections, are rare
and have not been studied except for several case reports.4-10

The purpose of our study was to identify immediate post-LP
imaging findings including the frequency of dural enhancement
as well as other findings associated with SIH.

MATERIALS AND METHODS
We retrospectively reviewed 2319 patients who underwent an
image-guided LP between January 2013 and April 2021. One hun-
dred sixty patients had contrast-enhancedMR imaging of the brain
within 7days of the procedure and were included in our study. All
LPs were CT-guided. The indications for the MR imaging and LP
were reviewed, as well as infectious, inflammatory, and neoplastic
comorbidities that could explain the dural enhancement. Routine
CSF evaluation was also reviewed.

All MR imaging studies were reviewed by a neuroradiology
fellow (I.T.M.), with equivocal findings additionally reviewed by
a neuroradiologist with 4 years’ experience (J.E.V.-M.). This
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review included any pre-LP MRIs to assess pre-existing findings.
In addition to dural enhancement, we evaluated imaging findings
associated with CSF hypotension: morphologic findings of brain
sag, dominant transverse sinus venous distension,11 and subdural
fluid collections.12 A mamillopontine distance of ,5.5mm was
used as a quantitative marker of brain sag.13 Basic statistical analy-
sis (mean [SD]) was performed with Excel (Microsoft).

RESULTS
All Patients
The mean age of the 160 patients included in this study was 54.8
(SD, 17.6) years (range, 21–93years). Sixty-nine patients (43.1%)
were women. The mean time from LP to MR imaging was 2.1 days.
We used the following needle sizes: 22-ga Quincke tip (BD
Medical) (144 patients), 20-ga Quincke tip (10 patients), 17-ga
Tuohy (B. Braun Medical Inc.) (5 patients), and 25-ga Quincke tip
(1 patient). One hundred fifty-six patients had CSF removed, with a
mean volume of 15.6 (SD, 6.8) mL. Opening pressure was recorded
in 54 patients, with a mean of 20.3 (SD, 8.9) cm H2O (range, 7–
43 cm H2O). Seven patients had pre-existing dural enhancement
before LP. Of the remaining 153 patients, 6 patients (3.9%) had dif-
fuse dural enhancement (Table 1).

Patients with Subdural Collections
Seven patients had subdural collections before LP. Of the remaining
153 patients, 8 patients (5.2%) had small bilateral subdural collec-
tions with a mean of 3.1 days between LP and MR imaging (range,
0–6days) (Table 2). The mean age was 58.8 years (range, 35–71
years). All procedures used a 22-ga Quincke tip needle for the LP
with a mean of 12.3mL of CSF removed (range, 6–16mL). The
opening pressure was obtained in 2 patients (13 and 14 cm H2O).
Of the 8 patients, 6 had diffuse dural enhancement (Figs 1 and 2).
Of the 7 excluded for prior subdural collections, 2 collections were
at the site of prior craniotomies, 1 patient had diffuse dural metasta-
ses, 2 had thrombocythemia, 1 had coccidioidal meningitis, and 1

collection was idiopathic. None of these patients had a known con-
nective tissue disorder.

Patient 1. A 35-year-old man who was hospitalized for a neutro-
penic fever in the setting of mycosis fungoides that involved the
superficial soft tissues of the face with diffuse lymphadenopathy.
MR imaging performed 4 days after LP demonstrated brain sag,
venous distension, small subdural fluid collections, and diffuse
dural enhancement, which were not present on an MR imaging
24 days before LP. However, since the comparison MR imaging,
the patient had 4 additional LPs. The patient reported a long-
standing headache on admission that predated the comparison
MR imaging with normal findings. One week after the last LP,
the patient was evaluated for a blood patch on the basis of the
persistent headache and abnormal MR imaging findings; how-
ever, this was not performed secondary to a large skin ulcer over
the lumbar spine. The headache improved without a blood patch
by day 11 after LP. CSF analysis showed elevated glucose (93mg/
dL) and total protein levels (185mg/dL) with a normal white

Table 1: Contrast-enhanced MR imaging findings of patients who underwent imaging within 7 days of an image-guided LPa

Subdural Collections Dural Enhancement Brain Sag Venous Distension
All patients 5.2% (8/153) 3.9% (6/153) 0.6% (1/159) 1.3% (2/158)
MR imaging ,2 days of LP 2.5% (2/80) 0% (0/85) 0% (0/85) 2.4% (2/83)
Large-volume LP (.30mL) 0% (0/6) 0% (0/6) 0% (0/6) 0% (0/6)

a Imaging findings present on pre-LP imaging were not included in this analysis.

Table 2: Eight patients who had subdural collections on MR imaging within 7 days after LPa

Presenting Diagnosis/
Reason for Procedure

Age
(yr)

Days between LP
and MR Imaging

CSF
Removed

(mL)

CSF Opening
Pressure (cm

H2O)
Brain
Sag

Venous
Distension

Diffuse Dural
Enhancement

Patient 1 Mycosis fungoides 35 4 9 NA Yes Yes Yes
Patient 2 Leukemia 42 4 8 NA No Yes Yes
Patient 3 AMS 54 3 16 NA No No Yes
Patient 4 AMS 61 0 14 NA No No No
Patient 5 Multiple myeloma 69 3 16 NA No No Yes
Patient 6 Leukemia 69 1 6 NA No No No
Patient 7 Pulmonary

adenocarcinoma
69 6 15 13 No No Yes

Patient 8 AMS 71 4 14 14 No No Yes

Note:—NA indicates not available; AMS, altered mental status.
a None of the patients had a definite etiology on CSF analysis to explain dural enhancement. Each patient underwent an LP with a 22-ga Quincke tip spinal needle.

FIG 1. A 42-year-old woman (patient 2) with B-cell acute lymphoblas-
tic leukemia who had an LP for intrathecal chemotherapy followed
by MR imaging 4 days later. CSF did not show signs of infection,
inflammation, or malignancy. A, T1-weighted postcontrast coronal MR
imaging shows smooth, diffuse dural enhancement. B, FLAIR coronal
MR imaging shows small bilateral subdural fluid collections without
mass effect.
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blood cell (WBC) count and benign CSF findings on cytopathol-
ogy analysis.

Patient 2. A 42-year-old woman presented for treatment of B-cell
acute lymphoblastic leukemia (Fig 1). She had an LP 15days
before the LP included in our study. MR imaging performed
4 days after the LP demonstrated venous distension, small sub-
dural fluid collections, and diffuse dural enhancement without
brain sag. She did not have comparison MR imaging. The patient
reported a headache the day after the LP; however; this resolved
by day 5 without a blood patch. CSF had a normal total protein
level, WBC count, and cytology findings.

Patient 3. A 54-year-old man with a history of a renal transplant
who presented with fever of unknown origin. He did not have a
prior LP. MR imaging performed 3 days after LP demonstrated
diffuse dural enhancement and small subdural fluid collections
without venous distension or brain sag. Comparison MR imaging
was not available. He remained in the hospital for 21 days after
his LP and did not report a headache or require a blood patch.
CSF had a normal total protein level and WBC count.

Patient 4. A 61-year-old woman admitted for a prolonged spinal
infection who underwent an LP and MR imaging for new-onset
encephalopathy. Given the extensive spinal infection, the CT-
guided LP was performed via a C1–C2 puncture. There was no his-
tory of a prior cervical or lumbar puncture. MR imaging per-
formed on the same day as the C1-C2 puncture demonstrated
small subdural fluid collections in addition to separate extra-axial
blood at the puncture site without brain sag, venous distension, or
diffuse dural enhancement. MR imaging 35days before the C1-C2
puncture did not show subdural fluid collections. The patient did
not have a headache or require a blood patch throughout the

remainder of the hospitalization, which
lasted 23days after the C1-C2 puncture.
CSF had normal total protein level and
WBC count.

Patient 5. A 69-year-old man was
admitted for treatment of multiple my-
eloma (Fig 2). There was no history of
LP. MR imaging performed 3 days af-
ter the LP demonstrated diffuse dural
enhancement and small subdural fluid
collections without brain sag or venous
distension. These findings were new
on the basis of comparison MR imag-
ing 40days prior. CSF had normal
total protein levels, WBC count, and
cytology findings. He did not have a
headache or require a blood patch dur-
ing the remaining 38days of his
hospitalization.

Patient 6. A 69-year-old woman
underwent an LP for intrathecal chem-
otherapy in the setting of mixed phe-
notype acute leukemia. Within the

30 days before her LP, she had 5 additional LPs. The MR imaging
performed 1 day after the LP demonstrated small subdural fluid
collections without brain sag, venous distension, or diffuse dural
enhancement. These findings were new compared with the most
recent comparison MR imaging 44 days prior. CSF had a normal
total protein level, WBC count, and cytology findings. She did
not have a headache or require a blood patch during the remain-
ing 48 days of her hospitalization.

Patient 7. A 69-year-old man presented with new left abducens
nerve palsy with an acute right MCA territory infarct and was
found to have newly diagnosed metastatic lung cancer. A bedside
LP was attempted before the image-guided LP. MR imaging per-
formed 6 days after the LP demonstrated diffuse dural enhance-
ment and small subdural fluid collections without brain sag or
venous distension. These findings were new compared with the
most recent comparison MR imaging 16days prior. CSF demon-
strated elevated total protein level (118mg/dL) without an ele-
vated WBC count. CSF cytology was not performed. He did not
have a headache during the 17days before being transitioned to
comfort care in the setting of metastatic carcinoma.

Patient 8. A 71-year-old man presented with altered mental sta-
tus in the setting of atypical chronic myeloid leukemia. A bedside
LP was attempted before the image-guided LP. The MR imaging
performed 4 days after the LP demonstrated diffuse dural
enhancement and small subdural fluid collections without brain
sag or venous distension. These findings were new compared
with the most recent comparison noncontrast MR imaging
24 days prior, though comparison for dural enhancement was
limited because there was no overt dural thickening. CSF had a
normal total protein level and WBC count. He did not have a

FIG 2. A 69-year-old man (patient 5) with a history of multiple myeloma underwent an LP fol-
lowed by MR imaging 3 days later. Coronal T1-weighted postcontrast (A) and FLAIR (B) images 1
month before LP do not show subdural collections or dural enhancement. However, 3 days after
the LP, MR images show smooth diffuse dural enhancement on coronal T1-weighted postcontrast
imaging (C) and a left frontal convexity subdural fluid collection on coronal FLAIR imaging (D) but
no morphologic findings of brain sag on T1-weighted sagittal imaging (E). F, Coronal reformatted
CT 1 month after LP shows resolution of the subdural fluid collection.
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headache or require a blood patch during the remaining 13days
of his hospitalization.

MR Imaging Immediately after LP
Of the patients who had MR imaging performed on the same day
(40 patients), 1 day after (35 patients), and 2 days after LP (10
patients), none had new diffuse dural enhancement or morpho-
logic findings of brain sag. Two patients had venous distension
not seen on prior imaging. Seven patients had subdural collec-
tions; however, 5 were unchanged from pre-LPMR imaging.

High-Volume Lumbar Puncture
Six patients (3.9%) had at least 30mL of CSF removed. Of these
patients, the mean CSF removed was 33mL (range, 30–40mL).
None of these patients had dural enhancement, subdural collec-
tion, venous distension, or brain sag.

Intrathecal Chemotherapy
Thirteen patients underwent LP for the administration of intra-
thecal chemotherapy, one of whom had diffuse dural enhance-
ment (Table 2).

DISCUSSION
Our study found that of patients undergoing brain MR imaging
within 7days of LP, 5.2% of patients had small subdural collec-
tions. Subdural collections after LP have been previously reported
in case reports in symptomatic patients,4-8 without prior studies to
describe the incidence. Additionally, while 3.9% of our total popu-
lation had dural enhancement, none of the patients who under-
went MR imaging within 2days of LP or who had large-volume
CSF removal had dural enhancement.

These 2 findings are important but for different reasons.
Previous studies have examined the incidence of dural enhance-
ment after LP; however, they focused on MR imaging examina-
tions that occurred within 1month after LP. Mittl et al1 found that
11 patients of 97 had diffuse dural enhancement within 1month
after LP; however, 10 of the 11 patients had a comorbidity to
explain the findings. Wesley et al2 studied 77 patients who under-
went an MR imaging within 30days after LP and found only a sin-
gle case of unexplained dural enhancement in a patient who
underwent a large-volume tap. Our study is the first to focus on
patients who underwent MR imaging within 2days of LP, none of
whom had dural enhancement. This finding suggests that the com-
monly held practice of performing an MR imaging before LP to
avoid findings of dural enhancement should not delay the diagnos-
tic work-up.

Furthermore, we are the first study to examine the rate of sub-
dural collections after LP. Prior authors have demonstrated sub-
dural collections in 20%–45% of patients with SIH.14 In the setting
of SIH, the tearing of the bridging veins or rupture of the dilated
thin-walled blood vessels in the subdural zone has been proposed
as the causative mechanism.15 While this is the most likely mecha-
nism in our patients, 2 of our patients had isolated subdural collec-
tions without additional SIH findings. Tosaka et al12 examined
serial images of 8 patients with SIH and found that dural enhance-
ment resolved before the subdural collections and could be a possi-
ble explanation in our study. De Noronha et al16 described a case

series of patients with SIH, of whom 2 patients had subdural collec-
tions without dural enhancement. The mechanism that leads to
subdural collections without dural enhancement is not well-under-
stood, but it could be related to pre-existing susceptibility of the
cortical vessels that places them at greater risk of damage in the set-
ting of SIH. Additionally, the timing of dural enhancement in SIH
has been shown to be variable, and some patients can take a longer
time to develop dural enhancement than the duration our study.17

Most interesting, of the 8 patients with subdural collections, 3 had
a prior image-guided LP within the past month (ranging from 1 to
5 prior LPs) and 2 had failed bedside LP attempts. This scenario
further supports CSF leakage and SIH as the etiology for the
abnormal MR imaging findings.

Our study has several limitations, starting with its retrospec-
tive nature. Second, our patients underwent an LP with image
guidance; however, this in line with recent Medicare trends.18

Additionally, none of our patients received an epidural blood
patch, compared with a previously reported 4.2% rate with
image-guided LP.19 Given this discordance, it raises the question
of whether our technique and sample size are reflective of the
greater population. All our patients underwent CT guidance for
their LP, reflecting our group practice. In theory, the improved
needle localization of CT over fluoroscopy would allow a less
traumatic procedure with possibly fewer dural punctures. In this
case, our study could underrepresent the incidence of abnormal
MR imaging findings. However, the benefits of CT guidance help
with navigation around degenerative osteophytes rather than
changing the number of dural punctures. Final limitations that
may affect the generalizability of our study include the selection
of the needle size (most of our cases involved a 22-ga spinal nee-
dle) and age (pediatric patients were excluded).

CONCLUSIONS
Our study is the first to examine the intracranial MR imaging find-
ings after recent CT-guided LP and has 2 key findings: First, 5.2%
of patients had small, bilateral subdural collections after recent LP,
suggesting that subdural collections are not atypical and, if asymp-
tomatic, do not require further work-up. Additionally, when MR
imaging was performed within 2days of LP, none of our patients
had diffuse dural enhancement. This finding argues against the
commonly held practice of performing MR imaging before LP to
avoid findings of dural enhancement, and it should not delay diag-
nostic work-up.

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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