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INDICATIONS FOR USE:
The WEB Aneurysm Embolization System is indicated for use at the middle cerebral artery (MCA) bifurcation, internal carotid artery (ICA) terminus, anterior communicating
artery (AComm) complex, or basilar artery apex for the endovascular treatment of adult patients with saccular, wide neck bifurcation intracranial aneurysms with dome
diameter from 3 mm to 10 mm and either neck size 4 mm or greater or the dome-to-neck ratio is greater than 1 and less than 2.
The WEB Aneurysm Embolization System is contraindicated for patients with known bacterial infection that may interfere with or negatively affect the implantation
procedure and patients with known hypersensitivity to nickel. For complete indications, contraindications, potential complications, warnings, precautions, and instructions,
see instructions for use (IFU provided with the device).
The VIA® Catheter is intended for the introduction of non-liquid interventional devices (such as stents/_ ow diverters) and infusion of diagnostic (such as contrast media) or
non-liquid therapeutic agents into the neuro, peripheral, and coronary vasculature. The VIA Catheter is contraindicated for use with liquid embolic materials, such as n-butyl
2-cyanoacrylate or ethylene vinyl alcohol & DMSO (dimethyl sulfoxide). The VIA Catheter is contraindicated for use in the pediatric population (<22 yrs of age).

Caution: Federal law restricts these devices to sale by or on the order of a physician.

MicroVention® delivers the ﬁrst intrasaccular solution
for wide neck bifurcation aneurysms.

The world leader
and ﬁrst
PMA-approved
device in an
important new
category of
intrasaccular
ﬂow disruptors.

SL Device

The WEB® System is a safe
and effective single-device
solution for treating wide
neck bifurcation aneurysms.

SLS Device

Contact a MicroVention sales associate to learn more
about integrating the WEB® device into your practice.

MicroVention Worldwide
Innovation Center
35 Enterprise
Aliso Viejo, CA 92656 USA
MicroVention UK Limited
MicroVention Europe, S.A.R.L.
MicroVention Deutschland GmbH

PH +1.714.247.8000

PH +44 (0) 191 258 6777
PH +33 (1) 39 21 77 46
PH +49 211 210 798-0

microvention.com
MICROVENTION® is a registered trademark of MicroVention, Inc. WEB® and VIA® are registered trademarks of Sequent Medical, Inc. in the United States ©2019 MicroVention, Inc. MM854 US 02/19
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CALL FOR

ABSTRACTS
Join us May 30-June 4, 2020 at Caesars Palace in Las Vegas to present the best

Submission Deadline: Friday, November 1, 2019 (8:00PM EST)
of peer review.
Submit an abstract for the ASNR 58th Annual Meeting (May 30 - June 4, 2020, Las Vegas, NV)
in one of the following presentation categories:
•

•

•

•

•

•

Abstract Submissions Information and Criteria
1. Abstracts should describe the learning
objectives of the presentation.
2. The American Journal of Neuroradiology
(AJNR) encourages presenters to submit
manuscripts based on their work to AJNR
before considering other journals.
3. Presenters of accepted abstracts must
register for the ASNR 58th Annual
Meeting and/or the Foundation of the
ASNR Symposium 2020.
4. Published or previously presented works
should NOT be submitted.

5. Submission topic areas include:
Adult Brain, Spine, Head and Neck,
Pediatrics, Functional/Advanced Imaging,
Interventional, Health Policy, AI/
Informatics, and Professional Development.
6. Submit each abstract in one category only.

7. Format abstract text using headings required
for submission category.
8. Maximum length: 2,500 characters, not
9.

the system.

10. Changes can be made to the abstract until
the deadline.

Questions?

Contact the ASNR Education Department at ekruse@asnr.org.

Neuroform Atlas® Stent System
RX ONLY

See package insert for complete indications, contraindications,
warnings and instructions for use.

Indications for use

The Neuroform Atlas Stent System is indicated for use with neurovascular
embolization coils in the anterior circulation of the neurovasculature for
the endovascular treatment of patients ≥ 18 years of age with saccular
wide-necked (neck width ≥ 4 mm or a dome-to-neck ratio of < 2) intracranial
aneurysms arising from a parent vessel with a diameter of ≥ 2.0 mm and
≤ 4.5 mm.

Contraindications

• Patients in whom the parent vessel size does not fall within the indicated
range.
• Patients in whom antiplatelet and/or anticoagulation therapy (e.g., aspirin
and clopidogrel) is contraindicated.
• Patients who have not received anti-platelet agents prior to stent
implantation.
• Patients with an active bacterial infection.
• Patients in whom angiography demonstrates the anatomy is not
appropriate for endovascular treatment due to conditions such as:
• Severe intracranial vessel tortuosity or stenosis;
• Intracranial vasospasm not responsive to medical therapy.
• Patients in whom a pre-existing stent is in place in the parent artery at the
target intracranial aneurysm location.

Potential adverse events

The potential adverse events listed below, as well as others, may be associated
with the use of the Neuroform Atlas Stent System or with the procedure:

• Aphasia
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Allergic reaction to Nitinol metal and medications
Aneurysm perforation/rupture, leak or contrast extravasation
Blindness
Cardiac arrhythmia
Coil herniation through stent into parent vessel
Cranial neuropathy
Death
Embolus
Headache
Hemiplegia
Hemorrhage (i.e., intracerebral, subarachnoid, retroperitoneal, or in other
locations)
Hydrocephalus
In-stent stenosis
Infection
Ischemia

Cautions / precautions

• Mass effect
• Myocardial infarction

• Neurological deficit/intracranial sequelae
• Pseudoaneurysm
• Reaction to radiation exposure (i.e., alopecia, burns ranging in severity
from skin reddening to ulcers, cataracts, or delayed neoplasia)
• Reactions to anti-platelet/anti-coagulant agents
• Renal failure
• Seizure
• Stent fracture, migration/embolization, or misplacement
• Stent thrombosis
• Stroke
• Transient ischemic attack
• Vasospasm
• Vessel occlusion or closure including parent vessel or non-target sidebranches
• Vessel perforation/rupture, dissection, trauma or damage
• Vessel thrombosis
• Visual impairment
• Other procedural complications including but not limited to anesthetic and
contrast media risks, hypotension, hypertension, access site complications
(including pain, hematoma, local bleeding, local infection, and injury to the
artery (i.e. dissection), vein, or adjacent nerves)
• Unplanned intervention

Warnings

Contents supplied STERILE using an ethylene oxide (EO) process. Do not
use if sterile barrier is damaged. If damage is found, call your Stryker
Neurovascular representative.
For single use only. Do not reuse, reprocess or resterilize. Reuse, reprocessing
or resterilization may compromise the structural integrity of the device and/
or lead to device failure which, in turn, may result in patient injury, illness
or death. Reuse, reprocessing or resterilization may also create a risk of
contamination of the device and/or cause patient infection or cross-infection,
including, but not limited to, the transmission of infectious disease(s) from
one patient to another. Contamination of the device may lead to injury, illness
or death of the patient.
After use, dispose of product and packaging in accordance with hospital,
administrative and/or local government policy.
• This device should only be used by physicians who have received
appropriate training in interventional neuroradiology or interventional
radiology and preclinical training on the use of this device as established
by Stryker Neurovascular.
• Persons allergic to nickel titanium (Nitinol) may suffer an allergic response
to this stent implant.
• Higher adverse event rates may be experienced for distal aneurysms
located in the anterior and middle cerebral arteries.
• Do not use device to treat patients with ruptured intracranial aneurysms
within a minimum of 30 days from the aneurysm rupture.

• Take all necessary precautions to limit X-ray radiation doses to clinical
operators by using sufficient shielding, reducing fluoroscopy times, and
modifying X-ray technical factors whenever possible.
• The Neuroform Atlas stent may create local field inhomogeneity and
susceptibility artifacts during magnetic resonance angiography (MRA),
which may degrade the diagnostic quality to assess effective intracranial
aneurysm occlusion.
• Safety and effectiveness of the Neuroform Atlas Stent System in patients
below the age of 18 has not been established.
• The benefits may not outweigh the risks of device use in patients with
small and medium asymptomatic extradural intracranial aneurysms,
including those located in the cavernous internal carotid artery.
• Carefully weigh the benefits vs. risks of device treatment for each
individual patient based on their medical health status and risk factors
for intracranial aneurysm rupture during their expected life time such
as age, comorbidities, history of smoking, intracranial aneurysm size,
location, and morphology, family history, history of prior asymptomatic
subarachnoid hemorrhage (aSAH), documented growth of intracranial
aneurysm on serial imaging, presence of multiple intracranial aneurysms,
and presence of concurrent pathology. The benefits may not outweigh the
risks associated with device use in certain patients; therefore, judicious
patient selection is recommended based on clinical practice guidelines or
tools to assess the life time risk of intracranial aneurysm rupture.

Safety Information Magnetic Resonance Conditional

Non-clinical testing and analysis have demonstrated that the Neuroform
Atlas Stent is MR Conditional alone, or when overlapped with a second
stent, and adjacent to a Stryker Neurovascular coil mass. A patient with the
Neuroform Atlas Stent can be safely scanned immediately after placement of
this implant, under the following conditions:
• Static magnetic field of 1.5 and 3.0 Tesla
• Maximum spatial gradient field up to 2500 Gauss/cm (25 Tesla/m)
• Maximum MR system reported whole body averaged specific absorption
rate of 2 W/kg (Normal Operating Mode) and head averaged specific
absorption rate of 3.2 W/kg.
Under the scan conditions defined above, the Neuroform Atlas Stent is
expected to produce a maximum temperature rise of 4 °C after 15 minutes of
continuous scanning. The Neuroform Atlas Stent should not migrate in this
MRI environment.
In non-clinical testing, the image artifact caused by the device extends
approximately 2 mm from the Neuroform Atlas Stent when imaged with a
spin echo pulse sequence and 3 Tesla MRI System. The artifact may obscure
the device lumen. It may be necessary to optimize MR imaging parameters for
the presence of this implant. See additional precaution related to the image
artifact from the implant in the “Precautions” section of this labeling.

Stryker Neurovascular
47900 Bayside Parkway
Fremont, CA 94538

Stryker or its affiliated entities own, use, or have applied for the following trademarks or service marks:
Neuroform Atlas, Stryker. All other trademarks are trademarks of their respective owners or holders.
The absence of a product, feature, or service name, or logo from this list does not constitute a waiver
of Stryker’s trademark or other intellectual property rights concerning that name or logo.

strykerneurovascular.com
Date of Release: MAY/2019

Copyright © 2019 Stryker
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AXS Vecta Aspiration System
RX ONLY

Caution: Federal Law (USA) restricts this device to sale by or on the order of
a physician.
See package insert for complete indications, contraindications, warnings
and instructions for use.

Intended use/indications for use

The AXS Vecta Aspiration Catheter, as part of the AXS Vecta Aspiration System
is indicated in the revascularization of patients with acute ischemic stroke
secondary to intracranial large vessel occlusive disease (within the internal
carotid, middle cerebral – M1 and M2 segments, basilar, and vertebral arteries)
within 8 hours of symptom onset.
Patients who are ineligible for intravenous tissue plasminogen activator (IV
t-PA) or who failed IV t-PA therapy are candidates for treatment.

Device description

The AXS Vecta Aspiration System is composed of the following components:
• AXS Vecta 71 or 74 Aspiration Catheter
• Medela Dominant Flex Pump
• AXS Universal Aspiration Tubing
• AXS Universal Liner Set.
The AXS Vecta Aspiration Catheter delivers aspiration from the Medela
Dominant Flex Pump directly to the site of the occlusion to remove the clot.
The AXS Vecta Aspiration Catheter is a single lumen, flexible, variable stiffness
catheter. It has a radiopaque marker band on the distal end and a Luer hub
at the proximal end. The AXS Vecta Aspiration Catheter shaft has a lubricious
hydrophilic coating at the distal end (distal 25cm) to reduce friction during
use. It is packaged with one Scout Introducer, one hemostasis valve, and two
peel-away introducers.
The Scout Introducer may be used in conjunction with the AXS Vecta
Aspiration Catheter to facilitate in the introduction of the AXS Vecta Aspiration
Catheter into distal vasculature and aid in navigation to distal anatomy. The
Scout Introducer has a lubricious hydrophilic coating at the distal end to reduce
friction during use. The inner lumen of the AXS Vecta Aspiration Catheter
is compatible with the Scout Introducer, guide wires and microcatheters.
The inner lumen of the Scout Introducer is compatible with guide wires and
microcatheters of an outer diameter of less than 0.044in.
The AXS Universal Aspiration Tubing serves as a conduit to supply vacuum
from the Medela Dominant Flex Pump to the distal tip of the AXS Vecta
Aspiration Catheter. The AXS Universal Aspiration Tubing provides a
connection between the sterile and non-sterile environments. The proximal
end of the AXS Universal Aspiration Tubing is connected to the AXS Universal
Liner Set (outside of the sterile environment) while the distal end of the AXS
Universal Aspiration Tubing is connected to the AXS Vecta Aspiration Catheter
(inside the sterile environment). The AXS Universal Liner Set is connected to
the Medela Dominant Flex Pump (also outside of the sterile environment).
The Medela Dominant Flex Pump is designed to generate vacuum for the
AXS Vecta Aspiration System. When used as part of the AXS Vecta Aspiration
System, the AXS Vecta Aspiration Catheter requires a minimum vacuum
pressure of -68 kPa [-20.08 in Hg] from the Medela Dominant Flex Pump.
The Medela Dominant Flex Pump is reusable, non-sterile, and intended to be
utilized outside of the sterile environment.
The AXS Universal Liner Set is provided non-sterile and consists of an
individually packaged canister liner and a ClotFinder specimen cup. The AXS
Universal Liner Set is offered with and without a desiccant. The AXS Universal
Liner Set is single-use and the repository for aspirated material.
Dimensions of the AXS Vecta Aspiration Catheter and Scout Introducer are
included on the individual device label. The AXS Vecta Aspiration Catheters are
available in 3 different lengths, the device configurations including the length
of the Scout packaged with each catheter and the recommended Microcatheter
length is presented in the table 1.0 below.

EX_EN_US
INCCatheter part number
11129
-115
Catheter inner diameter (in)
0.071
Distal catheter outer diameter (in) 0.082
Catheter working length (cm)
115
Scout Introducer length (cm)
133
Recommended compatible
150
microcatheter length (cm)
Recommended compatible
0.044
microcatheter outer diameter (in) max
Recommended compatible
0.038
guidewire outer diameter (in)
max

INC11129
-125
0.071
0.082
125
143

INC11129
-132
0.071
0.082
132
150

INC11597
-115
0.074
0.083
115
133

INC11597
-125
0.074
0.083
125
143

INC11597
-132
0.074
0.083
132
150

160

160

150

160

160

0.044
max
0.038
max

0.044
max
0.038
max

0.044
max
0.038
max

0.044
max
0.038
max

0.044
max
0.038
max

The AXS Vecta Aspiration System is recommended for use in the following
vessel size ranges based on non-clinical testing. Refer to Table 2.0 below.
AXS Vecta Aspiration Catheter

Catheter part
number
INC-11129-115

AXS Vecta 71

INC-11129-125
INC-11129-132
INC-11597-115

AXS Vecta 74

INC-11597-125
INC-11597-132

Vessel size in mm
(Vessel size in inches)
2.1-4mm
(0.083in – 0.157in)
2.1-4 mm
(0.083in – 0.157in)
2.1-4 mm
(0.083in – 0.157in)
2.2-4 mm
(0.087in – 0.157in)
2.2-4 mm
(0.087in – 0.157in)
2.2-4 mm
(0.087in – 0.157in)

Contraindications

The AXS Vecta Aspiration Catheter has not been evaluated for use in the
coronary vasculature.
Do not use automated high-pressure contrast injection equipment with the AXS
Vecta Aspiration Catheter because it may damage the device.

Adverse events

Potential adverse events associated with the use of catheters or with the
endovascular procedures include, but are not limited to:
• Acute Vessel Occlusion
• Air Embolism
• Allergic reaction and anaphylaxis from contrast media
• Arteriovenous fistula
• Death
• Device malfunction
• Distal Embolization
• Emboli
• False Aneurysm Formation
• Hematoma or Hemorrhage at the puncture site
• Inability to completely remove thrombus
• Infection
• Intracranial Hemorrhage
• Ischemia
• Kidney damage from contrast media
• Neurological Deficit including Stroke
• Risks Associated with angiographic and fluoroscopic radiation including but
not limited to: Alopecia, burns ranging in severity from skin reddening to
ulcers, cataracts, and delayed neoplasia
• Sterile inflammation or granulomas at the access site
• Tissue necrosis
• Vessel Spasm, Thrombosis, Dissection or Perforation

Warning

Reuse, reprocessing or resterilization may compromise the structural integrity
of the device and/or lead to device failure which, in turn, may result in patient
injury, illness or death. Reuse, reprocessing or resterilization may also create
a risk of contamination of the device and/or cause patient infection or crossinfection, including, but not limited to, the transmission of infectious disease(s)
from one patient to another. Contamination of the device may lead to injury,
illness or death of the patient.
After use, dispose of product and packaging in accordance with hospital,
administrative and/or local government policy.

Warnings

• The AXS Vecta Aspiration Catheter has not been evaluated for more than one
(1) clot retrieval attempt.
• The AXS Vecta Aspiration Catheter was evaluated for an average duration of
direct aspiration of 4 minutes.
• This product is intended for single use only, do not re-sterilize or reuse.
Re-sterilization and/or reuse may result in cross contamination and/or
reduced performance.
• When the catheter is exposed to the vascular system, it should be
manipulated while under high-quality fluoroscopic observation. Do not
advance or retract the catheter if resistance is met during manipulation;
determine the cause of the resistance before proceeding.
• Operators should take all necessary precautions to limit X-Radiation doses to
patients and themselves by using sufficient shielding, reducing fluoroscopy
times, and modifying X-Ray technical factors where possible.
• This device is coated with a hydrophilic coating at the distal end of the
device for a length of 25 cm. Please refer to the Device Preparation Section
for further information on how to prepare and use this device to ensure it
performs as intended. Failure to abide by the warnings in this labeling might
result in damage to the device coating, which may necessitate intervention
or result in serious adverse events.

Precautions

• Do not use kinked, damaged, or opened devices.
• Use the device prior to the “Use By” date specified on the package.
• Exposure to temperatures above 54°C (130°F) may damage device. Do not
autoclave.
• Torqueing or moving the device against resistance may result in damage to
the vessel or device.
• Maintain a constant infusion of appropriate flush solution.
• If flow through the device becomes restricted, do not attempt to clear the
lumen by infusion. Remove and replace the device.
• Examine the device to verify functionality and to ensure that its size and
shape are suitable for the specific procedure for which it is to be used.
• The AXS Vecta Aspiration System should be used only by physicians trained
in percutaneous procedures and/or interventional techniques.
• The Scout Introducer should be used with a guidewire and Microcatheter
inserted when in vasculature.
• If using the AXS Vecta Aspiration System for Thrombectomy, monitor the
canister fluid level and replace the canister if the fill level reaches 75% of
the canister volume
• Administration of anticoagulants and antiplatelets should be suspended
until 24 hours post-treatment. Medical management and acute post stroke
care should follow the ASA guidelines.
• Any neurological determination should be evaluated by urgent CT scan
and other evaluations as indicated according to investigator/hospital best
practice.
• As in all surgical interventions, monitoring of intra-procedural blood loss is
recommended so that appropriate management may be instituted.
• Limit the usage of the AXS Vecta Aspiration Catheter to arteries greater than
the catheter’s outer diameter.
• Excessive aspiration with the distal tip of the AXS Vecta Aspiration Catheter
covered by the vessel wall may cause vessel injury. Carefully investigate
location of the distal tip under fluoroscopy prior to aspiration.
• There is an inherent risk with the use of angiography and fluoroscopy.
• When transporting the Medela Dominant Flex Pump, utilize the pump
handle.

Contents supplied STERILE using an ethylene oxide (EO) process. Do not use if
sterile barrier is damaged. If damage is found, call your Stryker Neurovascular
representative.
For single use only. Do not reuse, reprocess or resterilize.
Stryker or its affiliated entities own, use, or have applied for the following trademarks or service marks: AXS Universal, AXS Vecta, ClotFinder, Stryker.
Scout is a registered trademark of InNeuroCo, Inc. All other trademarks are trademarks of their respective owners or holders.
The absence of a product, feature, or service name, or logo from this list does not constitute a waiver of Stryker’s trademark or other intellectual property rights concerning that name or logo.
Copyright © 2019 Stryker
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Ingest more.

Empowering ﬁrst pass retrieval
with AXS Vecta 71 Aspiration
Catheter now powered by the
Dual Action Aspiration of Medela
Dominant Flex.

AXS Vecta™ 71
Aspiration Catheter

Testing completed by Stryker. Data on ﬁle at Stryker.
The AXS Vecta 71 Aspiration Catheter has a larger lumen compared to the AXS
Catalyst 6 Distal Access Catheter, which is cleared for use with the Dominant Flex,
sold as the AXS Universal Aspiration System. A larger lumen provides more
aspiration power and more room for clot ingestion.

Copyright © 2019 Stryker
AP002595 v2.0 | Page 1 of 2

The results say it all
Now PMA approved

Clinically
proven

Safe

84.7%
Primary efficacy endpoint

4.4 %

Primary safety endpoint

Durable

3.8 %
Retreatment rate

The ATLAS IDE Study is
the largest of its class with
182 patients treated.

Neuroform Atlas®
Stent System
Copyright © 2019 Stryker
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PRACTICE PERSPECTIVES

Risk Factors for Perceptual-versus-Interpretative Errors in
Diagnostic Neuroradiology
X S.H. Patel, X C.L. Stanton, X S.G. Miller, X J.T. Patrie, X J.N. Itri, and X T.M. Shepherd

ABSTRACT
BACKGROUND AND PURPOSE: Diagnostic errors in radiology are classiﬁed as perception or interpretation errors. This study determined
whether speciﬁc conditions differed when perception or interpretation errors occurred during neuroradiology image interpretation.
MATERIALS AND METHODS: In a sample of 254 clinical error cases in diagnostic neuroradiology, we classiﬁed errors as perception or
interpretation errors, then characterized imaging technique, interpreting radiologist’s experience, anatomic location of the abnormality,
disease etiology, time of day, and day of the week. Interpretation and perception errors were compared with hours worked per shift, cases
read per shift, average cases read per shift hour, and the order of case during the shift when the error occurred.
RESULTS: Perception and interpretation errors were 74.8% (n ⫽ 190) and 25.2% (n ⫽ 64) of errors, respectively. Logistic regression analyses
showed that the odds of an interpretation error were 2 times greater (OR, 2.09; 95% CI, 1.05– 4.15; P ⫽ .04) for neuroradiology attending
physicians with ⱕ5 years of experience. Interpretation errors were more likely with MR imaging compared with CT (OR, 2.10; 95% CI,
1.09 – 4.01; P ⫽ .03). Infectious/inﬂammatory/autoimmune diseases were more frequently associated with interpretation errors (P ⫽ .04).
Perception errors were associated with faster reading rates (6.01 versus 5.03 cases read per hour; P ⫽ .004) and occurred later during the
shift (24th-versus-18th case; P ⫽ .04).
CONCLUSIONS: Among diagnostic neuroradiology error cases, interpretation-versus-perception errors are affected by the neuroradiologist’s experience, technique, and the volume and rate of cases read. Recognition of these risk factors may help guide programs for error
reduction in clinical neuroradiology services.

M

edical errors are a substantial cause source of patient morbidity and mortality.1 Given the important role that diagnostic imaging plays in patient management, errors in diagnostic
imaging interpretation likely contribute to this burden of medical
error.2 To improve patient care, radiologists should analyze errors
to identify conditions that may alter the risk of future errors. Such
analysis may uncover contributory factors that can inform appro-
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priate systematic corrective steps and improve the overall quality
of patient care.3-5
Errors in diagnostic radiology take 2 broad forms: errors of
perception and errors of interpretation. A perception error occurs
when a radiologist fails to identify an abnormality that is clearly
present to most readers on a diagnostic image (false-negative errors). An interpretation error occurs when a radiologist identifies
a finding on a diagnostic image but misinterprets its significance
or meaning. Interpretation errors may take several forms such as
attributing the wrong diagnosis to a finding, misjudging the severity of a finding, interpreting a normal finding as an abnormality, or interpreting an abnormal finding as a normal finding.
Prior studies of errors in radiology demonstrated that errors of
perception compose most radiologic errors (60%– 80%).6-8 Little
is known about potential risk factors that might predispose radiologists to perceptual-versus-interpretive errors. We hypothesized that the imaging technique, specific imaging finding, underlying diagnosis, radiologist’s experience, and environmental
conditions would influence the type of error made by neuroradiologists. Our study characterized whether case-specific metrics
differed between perception and interpretation errors among a

cohort of recognized neuroradiology error cases from a large academic medical center.

MATERIALS AND METHODS
Case Selection and Categorization
This study was Health Insurance Portability and Accountability Act–
compliant and was approved by the local institutional review board.
Cases of diagnostic errors were collected by staff and trainees
in the neuroradiology division at a large tertiary care medical center as part of an ongoing practice-quality-improvement initiative.
Each attending physician, fellow, and rotating resident in the neuroradiology division was instructed to place any error case they
identified during clinical practice into a specified digital folder in
our PACS. This requires a single-click drag-and-drop function
facilitating addition of relevant cases to the cohort. A monthly
divisional “M&M” conference was held where error cases were
presented in a confidential manner, and the error was adjudicated
by consensus among board-certified staff neuroradiologists.
Cases for this study accrued from July 2014 to January 2016
(19 months) during which time 75,804 CT and MR imaging neuroradiology examinations were interpreted at our institution. The
cases and radiologist reports were retrospectively reviewed by a
neuroradiology fellow and 2 board-certified attending neuroradi-

FIG 1. Perception error. A 55-year-old woman undergoing brain MR
imaging for multiple sclerosis. A, Contrast-enhanced T1WI (using a 3D
magnetization prepared rapid acquisition of gradient echo sequence)
reveals an incidental aneurysm of the right internal carotid artery
(arrow), which was not identiﬁed on this examination. It was detected
on subsequent MR imaging. B, A cerebral angiogram conﬁrms the
aneurysm (arrow).

ologists (with 5 and 7 years of experience, respectively) confirming that an error had occurred by consensus, with incorporation
of any relevant clinical information available in the electronic
medical record or PACS before and subsequent to the case in
question. Errors were defined as findings or interpretations that
both neuroradiologists thought should have been in the impression of the radiology report and that both neuroradiologists
agreed would potentially change clinical management (eg, missed
aneurysm, but not inflammatory maxillary sinus changes in an
immunocompetent patient). Because not all cases have criterion
standard final diagnoses (such as surgical pathology distinguishing meningioma from schwannoma), for interpretation errors,
we emphasized missing differential diagnoses that both neuroradiologists thought should have been included in the radiology
report. A total of 254 errors were discovered. Each error was categorized as either a perception error (the relevant finding was not
identified) or an interpretation error (the relevant finding was
identified, but not interpreted correctly) (Figs 1 and 2).
Each error case was categorized by the imaging technique (CT,
MR imaging, radiograph), anatomic location of the relevant finding (cerebral gray matter, cerebral white matter, infratentorial
brain, vasculature, meninges/ventricles, calvaria/scalp, face/skull
base, neck or spine/paraspinal), and etiology (neoplastic, vascular/ischemic, congenital, trauma, degenerative, infection/inflammation/autoimmune, or other). The diagnoses were tabulated for
each case. The experience level of the radiologist who made the error
was noted (trainee; non-neuroradiology attending physician; attending neuroradiologist with ⱕ5 years, 6 –10 years, 11–20 years, or ⬎20
years of experience). There were 12 attending neuroradiologists who
made at least 5 errors included in this study, and each attending
neuroradiologist experience level comprised exactly 3 such attending
neuroradiologists. The remaining attending neuroradiologists who
made ⬍5 errors included in our study were part-time or per diem
neuroradiologists, neuroradiologists who previously worked at our
institution but have since left, and community neuroradiologists affiliated with our institution. Trainee errors were only included if the
trainee created and signed a “preliminary report” that was available
in the electronic medical record for viewing by the referring clinicians. The cases were classified as those reported during regular weekday hours (Monday through Friday, 8 AM
to 5 PM) and those reported at all other
times (ie, on-call situations). Characteristics of the specific radiologist’s work shift
when the error occurred were available in
a subset (n ⫽ 217) of the cohort and included the number of cases read during
the total shift, the shift length (in hours),
and the average number of cases read per
hour during that shift. Finally, the sequence in which the error case occurred
during the shift was recorded (ie, was it the
fifth case of the day or the 30th?).

FIG 2. Interpretation error. A 17-year-old adolescent boy undergoing brain MR imaging for headache. A round mass (arrows) was identiﬁed in the right parietal lobe, demonstrating peripheral
hypointense “blooming” on the T2*WI (A) and both central and peripheral contrast enhancement
on the contrast-enhanced T1WI (B). The MR imaging ﬁnding was detected but incorrectly interpreted as representing a cavernous malformation. C, A subsequent angiogram revealed that this
was, in fact, a partially thrombosed aneurysm arising from the right middle cerebral artery (arrow).
(In A and B, there are artifacts from the patient’s braces).

Statistical Analysis
Perception errors and interpretation errors were summarized by frequencies
and percentages. Logistic regression was
used to examine whether interpretation-
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versus-perception errors were systematically related to the neuroradiologist’s experience, imaging technique, anatomic location,
disease etiology, day of the week, and time of day. The logistic
regression outcome variables were binary variables that were assigned the value 1 if the diagnostic error was classified as an interpretation error and value 0 if the diagnostic error was classified as
a perception error. We tested the null hypothesis that there was no
systematic relationship between the categories of the predictor
variable and the log-odds of cognitive error. The Wald statistic
served as the pivotal quantity of the null hypothesis test, with P ⬍
.05 defined a priori as a statistically significant difference. The
confidence interval was based on the Wald large-sample approximation method. Additionally, 2-tailed t tests at the P ⬍ .05 significance level were performed to compare the hours worked per
shift, cases read per shift, cases read per shift hour, and the order
of the error case during the shift, between perception and interpretation errors.

RESULTS
A total of 254 recognized diagnostic neuroradiology errors were
included. During the same time as error collection, approximately
75,000 diagnostic neuroradiology CT and MR imaging studies
were performed at our institution. There were a total of 190 perception errors (74.8%) and 64 interpretation errors (25.2%). The
On-line Table lists the errors by various categories. The most
common diagnoses among the errors were the following: metastasis (n ⫽ 23), infarction (n ⫽ 20), vascular thrombus (n ⫽ 14),
intracranial aneurysm (n ⫽ 14), and malformation of cortical
development (n ⫽ 11).
There was no association among the 3 radiologist subgroups,
trainees, non-neuroradiology attending physicians, and attending neuroradiologists for interpretation-versus-perception errors
(P ⫽ .57). We note that during the shifts when errors occurred,
the trainees (versus attending physicians) worked slightly longer
hours per shift (9.0; 95% CI, 7.14 –10.86 versus 7.3; 95% CI, 6.92–
7.68; P ⫽ .04) and read fewer cases per shift hour (3.83; 95% CI,
2.91– 4.74 versus 5.88; 95% CI, 5.53– 6.24; P ⬍ .001). However,
we found no significant difference in the average total cases read
per shift (33.5 versus 41.3; P ⫽ .22) and sequential error occurrence during the shift (14th case versus 23rd case; P ⫽ .08) between trainees and attending physicians.
Examining only attending neuroradiologists did not reveal a
statistical association between attending physician experience and
interpretation-versus-perception error, when attending physician experience was categorized as 1–5 years, 6 –10 years, 11–20
years, and ⬎20 years of experience (P ⫽ .18). However, a post hoc
comparison did reveal that the errors made by those with ⱕ5 years
of experience were more likely to be interpretation errors (OR,
2.09; 95% CI, 1.05– 4.15; P ⫽ .04) compared with the errors made
by those with ⬎5 years of experience.
There were 161 MR imaging cases (including 20 MRA/MRV),
89 CT cases (including 9 CTA/CTV), and 4 plain film cases. Errors
associated with MRI examinations were more likely to be interpretation errors (OR, 2.10 [1.09, 4.01], P ⫽ 0.03) compared to
errors associated with CT examinations. There was a significant
association between interpretation-versus-perception error and
disease etiology (P ⫽ .04), driven by the infectious/inflammatory/
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autoimmune category of which interpretation errors represented
52% of the errors (for all other disease categories, interpretation
errors represented ⬍30% of total errors).
There was no significant association between interpretationversus-perception errors and the anatomic location of the relevant imaging findings (P ⫽ .48). There was no association between the type of error and the time of the week when the case was
read (comparing routine weekday hours with all other times, P ⫽
.92).
Perception errors were associated with a 16% higher mean
number of cases read per shift (42.5; 95% CI, 39.0 – 46.0 versus
36.7; 95% CI, 32.0 – 41.3; P ⫽ .05) and a 19% higher mean number of cases read per shift hour (6.01; 95% CI, 5.6 – 6.4 versus 5.03;
95% CI, 4.5–5.5; P ⫽ .004). There was no difference in the mean
total hours per shift between the occurrence of perception errors
or interpretation errors (7.3; 95% CI, 6.9 –7.7 versus 7.6; 95% CI,
6.8 – 8.5; P ⫽ .45); however, perception errors did occur sequentially later during the shift (23.5; 95% CI, 20.8 –26.2 versus 17.9;
95% CI, 13.7–22.0 previous cases read; P ⫽ .04).

DISCUSSION
We characterized the relative proportion of perceptual and interpretive errors and the underlying conditions associated with these
errors among a cohort of known, recognized error cases interpreted predominantly by academic subspecialty-trained neuroradiologists. To our knowledge, this is a novel approach to studying
diagnostic error. Prior studies of diagnostic errors in neuroradiology have focused on determining the rate and significance of
errors when interpreting emergency imaging studies9-21 or discrepancy rates between general practice radiologists and academic
subspecialists.22-25 Discrepancy rates can be misleading because
the incidence can be confounded by discovery or recall bias and
were not the focus of this study.
Our results identified certain specific case, neuroradiologist,
and reading situation features that were associated with interpretative or perception errors in neuroradiology practice. Less experienced neuroradiologists made a higher proportion of interpretation errors, while more experienced neuroradiologists made a
higher proportion of perception errors. Errors were more likely to
be perceptual with CT studies and interpretative with MR imaging studies. Errors were more likely to be interpretative during
evaluation of patients with infectious, inflammatory, or autoimmune diseases. Perception errors were associated with a higher
case volume, faster reading rates, and later parts of a work shift
compared with interpretation errors.
Our results regarding imaging technique should be intuitive to
most radiologists. Compared with CT, MR imaging is known to
produce far greater sensitivity for many common pathologic processes seen on neuroimaging studies (eg, acute infarcts,26 cerebral
neoplasms,27 demyelinating disease28), which should decrease the
number of perception errors among MR imaging cases. Conversely, MR imaging has more artifacts, there are more MR imaging sequences per study to evaluate, and the greater complexity
inherent to MR imaging findings relative to CT all might have
contributed to the relatively higher proportion of interpretation
errors among MR imaging-versus-CT cases.
Prior research in medical imaging perception might help to

explain our results concerning the radiologist’s experience level.
Studies using eye-tracking technology indicate that more experienced radiologists have shorter image-viewing times, fewer visual
fixations, fewer visual fixations on nondiagnostic areas of the image, and less dwell time per visual fixation when evaluating diagnostic imaging studies.29 Although such tendencies correlate with
greater efficiency in image search, they might also explain the
higher proportion of perceptual-type errors (ie, not seeing a pertinent imaging finding) among more experienced neuroradiologists. We stress, however, that while the proportion of errors
among more experienced neuroradiologists compared with less
experienced neuroradiologists was more heavily weighted toward
perceptual errors, our results have not established that more experienced radiologists have a higher overall rate of perceptual
errors.
Gaining an appreciation for predisposing conditions toward
error type (interpretive-versus-perceptual) might aid future efforts towards error reduction in diagnostic neuroimaging. Perceptual errors (ie, nonidentification of a relevant imaging finding)
might be reduced when radiologists use consistent search patterns
or checklists during image evaluation,30 have improved accessibility to an accurate clinical indication,31 and read studies from
state-of-the-art imaging systems.32 Clinical coverage schedules
can be tailored to avoid overly long work shifts that may predispose to fatigue-related perceptual errors.33,34 Specific practice
measures can also be implemented to reduce interpretation errors
(ie, misinterpretation of a detected imaging finding), though such
measures are less well-established in the literature. In theory,
these practices may include multidisciplinary case discussion,35,36
selective second reading of studies associated with a higher risk for
error,37,38 and application of a “slow-thinking” metacognition
approach to avoid heuristic pitfalls when interpreting imaging
abnormalities.39
This study has limitations. We collected 254 errors during a
time when 75,000 CT and MR imaging studies were performed at
our institution. This discovered error rate (⬍0.5%) is lower than
previous clinically significant error rates reported from similar
academic radiology practices.40 This finding likely reflects differences in the discovery mechanism and/or differences in what was
considered a clinically significant error and does not indicate differences in interpretation accuracy between institutions. The subsequent study analysis implicitly assumes that error discovery was
random and the subset used was a true representation of all errors
that occurred. Error detection depended on a second radiologist’s
review of the images or a follow-up study; diagnostic errors that
occur in outpatients without follow-up or image review during
multidisciplinary conferences may be under-represented in our
sample. Yet, our error-collection mechanism appeared to provide
an externally valid representative cohort of cases; the percentage
of perceptual errors and interpretive errors (74.8% and 25.2%,
respectively) here is similar to that in previous reports.6-8 Moreover, prior studies have shown that neoplastic and vascular etiologies are the most common neuroradiology error cases,25,40 concordant with our dataset (On-line Table). It would also be helpful
in a future study to match error cases to similar cases that were
interpreted correctly (ie, controls) to better resolve specific factors
that contribute to errors. Such a measure may allow determina-

tion of differences in the error rate based on case-specific, work
shift–specific, or radiologist-specific metrics and would be important for future study of this topic. The 2 neuroradiologists who
adjudicated errors for this study would be considered less experienced in the above analytic framework, but these readers each had
5⫹ years reading only neuroradiology studies at an academic institution, adjudicated the studies by consensus (after prior group
discussion), and had access to the full medical record (including
subsequent clinical data).
Finally, we chose a simple, binary, and mutually exclusive
scheme for classifying the error cases (ie, each case was either a
perception or an interpretation error). Although this form of radiologic error categorization is commonly accepted in the literature,30 errors can take far more specific or overlapping forms than
simply errors of perception or interpretation. For instance, research on medical imaging perception using eye-tracking technology indicates that perceptual errors broadly take 3 forms: 1)
search error: the lesion is never fixated on; 2) recognition error:
the lesion is fixated on, but below the threshold necessary for
recognition; and 3) decision error: the lesion is fixated on for long
periods, but its features are not fully appreciated and/or are dismissed.41 Interpretation errors also may vary, for instance, depending on whether a specific heuristic bias was involved in a
given misinterpretation or a whether lack of sufficient knowledge
contributed to the error.42,43 Understanding error trends at these
higher levels of nuance is an important challenge for future research efforts.

CONCLUSIONS
Among diagnostic neuroradiology error cases, interpretationversus-perception errors are associated with neuroradiology attending physician experience, imaging technique, disease etiology, case volume, reading rate, and case order. Our results
highlight differences between error types that may inform future
situation-specific effort toward error reduction in clinical neuroradiology services.
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PATIENT SAFETY

Intrathecal Use of Gadobutrol for Glymphatic MR Imaging:
Prospective Safety Study of 100 Patients
X C.S. Edeklev, X M. Halvorsen, X G. Løvland, X S.A.S. Vatnehol, X Ø. Gjertsen, X B. Nedregaard, X R. Sletteberg, X G. Ringstad, and
X P.K. Eide

ABSTRACT
BACKGROUND AND PURPOSE: Intrathecal contrast-enhanced glymphatic MR imaging has shown promise in assessing glymphatic function in patients with dementia. The purpose of this study was to determine the safety proﬁle and feasibility of this new MR imaging
technique.
MATERIALS AND METHODS: A prospective safety and feasibility study was performed in 100 consecutive patients (58 women and 42
men, 51 ⫾ 19 years of age) undergoing glymphatic MR imaging from September 2015 to August 2018. Short- and long-term serious and
nonserious adverse events were registered clinically and by interview after intrathecal administration of 0.5 mL of gadobutrol (1.0
mmol/mL) along with 3 mL of iodixanol (270 mg I/mL). Adverse events are presented as numbers and percentages.
RESULTS: One serious adverse event (anaphylaxis) occurred in a patient with known allergy to iodine-containing contrast agents (1%). The
main nonserious adverse events during the ﬁrst 1–3 days after contrast injection included severe headache (28%) and severe nausea (34%),
though the frequency depended heavily on the diagnosis. After 4 weeks, adverse events had resolved.
CONCLUSIONS: Intrathecal administration of gadobutrol in conjunction with iodixanol for glymphatic MR imaging is safe and feasible.
We cannot conclude whether short-duration symptoms such as headache and nausea were caused by gadobutrol, iodixanol, the lumbar
puncture, or the diagnosis. The safety proﬁle closely resembles that of iodixanol alone.
ABBREVIATIONS: gMRI ⫽ glymphatic MR imaging; iNPH ⫽ idiopathic normal pressure hydrocephalus

T

he glia-lymphatic (or glymphatic) system was described in
2012, providing experimental evidence for direct communication between the CSF of the subarachnoid space and the
perivascular spaces of the mouse brain.1 The glymphatic pathways were suggested to be dependent on aquaporin-4 water channels at astrocytic end-feet and are fundamental for the transport
and clearance of waste solutes such as amyloid-␤ and  protein,
which may accumulate in the brain and thereby cause neurodegenerative disease.2 Furthermore, it was suggested that intrathecal
contrast-enhanced MR imaging might be used for imaging of the
glymphatic circulation in man,3,4 and such studies have recently
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confirmed communication between the subarachnoid space and
the extravascular compartment of all brain regions, thereby extending previous animal data (Fig 1).
The human glymphatic system differs from that in rodents in
several ways, first by being much slower.5,6 Moreover, human
studies have shown delayed clearance of CSF tracer from all brain
regions in individuals with idiopathic normal pressure hydrocephalus (iNPH),5 and particularly from the entorhinal cortex,
where volume loss precedes hippocampal atrophy in Alzheimer
disease.7 After the discovery of meningeal brain lymphatic vessels
in 2015,8,9 observations from human glymphatic MR imaging
(gMRI) have suggested a functional link between glymphatic and
lymphatic pathways because peak CSF tracer enhancement coincided in time in both the brain and extracranial lymph nodes.10
The risk of gadolinium retention within the human brain
after repeat intravenous administrations has been extensively
debated.11-13 It has recently been acknowledged that gadoliniumcontaining MR imaging contrast agents leak from blood to the
CSF,14 even in patients without blood-brain barrier dysfunction,15 and probably in substantial amounts through the choroid
plexus.16 In principle, an intravenous dosage of contrast agent to
AJNR Am J Neuroradiol 40:1257– 64
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MR Imaging Protocol
Sagittal T1-weighted spoiled gradientecho volume scans were obtained using
a 3T Ingenia MR imaging scanner
(Philips Healthcare, Best, the Netherlands), with equal imaging sequence parameters at all time points. The main
imaging parameters were the following:
TR ⫽ shortest (typically 5.1 ms),
TE ⫽ shortest (typically 2.3 ms), flip angle ⫽ 8°, FOV ⫽ 256 ⫻ 256 cm, matrix ⫽ 256 ⫻ 256 pixels (reconstructed
to 512 ⫻ 512). We sampled 184 overcontiguous slices with 1-mm thickness
that were automatically reconstructed to
368 slices with a thickness of 0.5 mm.
Each image acquisition lasted 6 minutes
29 seconds.

Intrathecal Administration of
Gadobutrol
After precontrast MR imaging (approximately 8 AM), the patient was transported on a mobile table to an adjacent
neurosurgery operating room, where an
interventional neuroradiologist performed x-ray-guided lumbar puncture.
The level that provided the best access to
the spinal canal was determined by the
neuroradiologist on an individual basis, most typically at level
L2/L3 or L3/L4, and, in some cases, at level L4/5. Correct placement of a spinal syringe tip in the subarachnoid space at the lower
lumbar level was verified in terms of CSF backflow from the puncture needle (22 ga ⫻ 3.5 inches). Subsequently, a mixture of 2–3
mL of 270 mg I/mL of iodixanol (Visipaque) and 0.5 mL of 1.0
mmol/mL gadobutrol (Gadovist) was injected guided by fluoroscopy, to confirm unrestricted distribution of radiopaque contrast
agent in the lumbar subarachnoid space. After needle removal,
the patients were instructed to rotate around the long axis of the
body once before transportation back to the MR imaging suite, to
keep the patient in the supine position.

FIG 1. gMRI in a subject with iNPH. Intrathecal gadobutrol (0.05 mmol) used as a CSF tracer,
followed by MR imaging acquisitions after 2, 4, 6, and 24 hours, shows enrichment of the CSF
tracer as a percentage change in the T1 signal unit ratio. The color scale shows a contrast agent–
dependent percentage increase in the T1 signal unit ratio (for more detailed description see
Ringstad et al5). Note that contrast enhancement of the brain occurred in a centripetal pattern
and primarily in regions of the brain adjacent to large artery trunks at the surface—that is, the
anterior, middle, and posterior cerebral arteries. The periventricular tracer enhancement is due to
reﬂux of tracer into the ventricular system, which is a typical feature of iNPH.

venous blood therefore also represents a dosage of contrast agent
to the CSF.
With this background, exploring the safety profile of intrathecal MR imaging contrast agent administration is highly warranted. We performed a prospective safety and feasibility study of
100 individuals undergoing gMRI following intrathecal injection
of 0.5 mL of gadobutrol (Gadovist, 1.0 mmol/mL; Bayer Schering
Pharma, Berlin, Germany), in conjunction with 3 mL of iodixanol
(Visipaque, 270 mg I/mL; GE Healthcare, Piscataway, New Jersey), and recorded immediate, short-term, and long-term adverse
events.

MATERIALS AND METHODS
Approvals
The institutional review board (2015/1868), regional ethics committee (2015/96), and the National Medicines Agency (15/
04932–7) approved the study. Inclusion was by written and oral
informed consent.

Experimental Design and Patients
This observational and prospective study included consecutive
patients admitted to the Department of Neurosurgery, Oslo University Hospital, Rikshospitalet, for management of tentative CSF
circulation disorders during September 2015 to August 2018
(Table 1).
We used the following exclusion criteria: history of hypersensitivity reactions to contrast agents, history of severe allergy reactions in general, evidence of renal dysfunction, pregnant or
breastfeeding women, and age younger than 18 years or older
than 80 years.
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Postcontrast MR Imaging Acquisitions and Image Analysis
Assessment of contrast agent entry at the level of the craniocervical junction (spinal transit time) by means of MR imaging was
initiated as soon as possible after intrathecal gadobutrol administration (typically with an approximately 5- to 10-minute delay).
Consecutive and identical MR imaging acquisitions covering the
cranial compartment and upper neck region with the previously
outlined MR imaging protocol parameters were initiated and performed approximately every 10 minutes during the first hour after contrast agent injection. The patients were thereafter instructed to remain supine in bed. Repeat, identical MR imaging
acquisitions were then performed approximately every 2 hours
after intrathecal gadobutrol administration until afternoon
(about 4 PM). Transfer of patients between the neurosurgical department and the MR imaging suite and between the bed and the
MR imaging table was performed by the hospital staff to help the

Table 1: Patient materiala
No.
Mean age (yr)
Sex (female/male)
BMI (kg/m2)
Comorbidity
Hypertension
Diabetes
Diagnosis
iNPH
SIH
AC
PC
IIH
cHC

RESULTS
Total Material
100
51 ⫾ 19
58:42
27 ⫾ 5
18 (18%)
4 (4%)
35 (35%)
14 (14%)
18 (18%)
22 (22%)
6 (6%)
5 (5%)

Note:—SIH indicates spontaneous intracranial hypotension; AC, arachnoid cyst; PC,
pineal cyst; IIH, idiopathic intracranial hypertension; cHC, communicating hydrocephalus; BMI, body mass index.
a
Data are No. (percentage in parentheses) and means.

patient remain in the supine position. Beginning in the afternoon,
the patients could move freely; new MR imaging acquisitions
were repeated after 24 and 48 hours.
The first appearance of any MR imaging contrast agent at the
level of the foramen magnum was assessed visually by an experienced neuroradiologist (G.R.) on the sagittal T1-weighted volume scans in the hospital PACS.

Assessment of Serious and Nonserious Adverse Events
Serious and nonserious adverse events were recorded systematically by study nurses not otherwise involved in management of
patients. Serious adverse events were defined as any untoward
medical occurrence that, at any dose, results in the following:
death, an immediately life-threatening situation, inpatient
hospitalization or prolongation of existing hospitalization,
persistent or significant disability or incapacity, or an important
medical event that may jeopardize the subject or may require
medical intervention to prevent one of the outcomes listed here.
Adverse events not having these consequences were considered
nonserious.
Assessment of adverse events was performed prospectively
during days 1–3 after intrathecal contrast agent administration,
after 4 weeks, and finally after about 12 months. The patients were
specifically queried for the presence of a defined set of symptoms
presenting or being aggravated after intrathecal contrast administration and MR imaging and for symptom duration. These
symptoms were chosen according to adverse effects most commonly observed after intrathecal iohexanol: headache (mild/
moderate/severe), nausea (mild/moderate/severe), dizziness
(mild/moderate/severe), itch, warm feeling, paresthesia, visual
problems, cognitive difficulties, muscular spasms, discomfort
at the injection site, and tremor. Other symptoms than those specifically requested were listed independent of possible causes. All
patients who still reported symptoms at 4 weeks were phoned by
the study nurses at a later time, ranging from a few months to up
to 12 months, for a final assessment. Report of symptoms at any
other contact after 4 weeks was also registered and categorized as
“late.”

Patients
Table 1 presents demographic information about the 100 consecutive patients who were included in the study. The cohort included 58 female and 42 male patients, with a mean of 51 ⫾ 19
years of age. Comorbidity was common.

Veriﬁed Intracranial Distribution of Gadobutrol
Gadobutrol enhancement in cranial CSF spaces was verified in all
individuals (Fig 2). Contrast was still visible intracranially after 24
and 48 hours. The gMRI of 1 patient with iNPH is shown in Fig 3.
The mean time from intrathecal administration of gadobutrol
until the first visual detection of the contrast agent at the foramen
magnum (spinal transit time) was 20 ⫾ 23 minutes (median, 13
minutes; range, 6 –150 minutes). As illustrated in Fig 4, there was
some interindividual variation concerning spinal transit time.
There were no significant differences in spinal transit time across
the patient groups (data not shown). In all patients, scans obtained until 4 PM were assessed visually to ensure the expected
magnitude of enhancement in the intracranial CSF spaces, which
could be confirmed. Prolonged spinal transit time was, therefore,
less likely to be attributed to extradural injection of contrast agent
at the lumbar level.

Serious Adverse Effects
No patients without a history of prior adverse events experienced
serious adverse reactions likely related to intrathecal gadobutrol
administration. One woman with established allergy to iodinated
radiocontrast agents was, by error, included in the study, even
after interaction with the referring doctor, study nurse, the neurologist who managed hospital admittance, and an anesthesiologist. This individual experienced an immediate anaphylactic reaction consisting of skin rash, dyspnea, and a fall in blood pressure,
symptoms that were comparable with a previous reaction to iodinated radiocontrast agent (Table 2). Fortunately, after receiving
intravenous Ringer-acetate (1000 mL) and surveillance within the
intensive care unit for a few hours, no further actions were required. After a few hours, the patient was able to undergo MR
imaging, though estimation of spinal transit time was not possible
in this individual.
One 80-year-old man with iNPH had a pulmonary embolism,
which was attributed to a long train journey and reduced mobility
a few days before.

Nonserious Adverse Events
The nonserious adverse events within 3 days, at 4 weeks, and at 12
months, respectively, are presented in Table 2.
Nonserious adverse events within the first 1–3 days (delayed)
after intrathecal gadobutrol were rather frequent and usually occurred after 10 –20 minutes or in the afternoon about 3 PM. Adverse events rarely occurred at days 2 or 3. Twenty-two of 100
individuals reported no symptoms, while 78/100 individuals had
symptoms of variable degrees (Table 2). About one-third of individuals experienced the combination of severe headache and nausea. These symptoms were managed conservatively. Whether the
high frequency of headache and nausea was caused by the underAJNR Am J Neuroradiol 40:1257– 64
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FIG 2. Entry of gadobutrol into the CSF within the intracranial compartment at consecutive MR imaging of a patient with a pineal gland
cyst (A) and iNPH (B). Intrathecal administration of 0.5 mL (1.0 mmol/mL) of gadobutrol at the lower lumbar level was preceded by
unenhanced, T1-weighted MR imaging (time point zero). After the correct needle position had been veriﬁed at ﬂuoroscopy by injection
of 3 mL of iohexanol (270 mg I/mL), the patient was transported in the supine position to the MR imaging suite next door, and acquisition
of identical, consecutive T1 scans was initiated immediately and performed continuously within the ﬁrst hour. Typically, the contrast
agent had reached the cisterna magna at the ﬁrst postcontrast scan obtained after approximately 10 minutes (A, thick arrow). In some
patients, however, enhancement occurred much later, as in B, where slight enhancement was ﬁrst depicted at 1 hour (thin arrow). At
6-hour scans, gadobutrol is distributed widely in the CSF of both patients, but less prominently in B, where ventricular reﬂux can also be
noted.

lying disease, the gadobutrol or iohexanol per se, or the spinal
puncture could not be determined with certainty.
After 4 weeks, 88 individuals reported no symptoms, while 12
had various symptoms (Table 2). One individual with iNPH reported an itch. In 5 patients with either pineal or arachnoid cysts,
3 had variable degrees of headache, 1 had nausea, and 1 reported
dizziness. Three patients reported discomfort at the injection site
or in the lumbar region and/or paresthesia, which most likely was
related to the lumbar puncture itself.
After 12 months, 1 patient with a pineal cyst had mild headache and dizziness, but these symptoms were the same as she
experienced before MR imaging (Table 2).
Table 3 presents nonserious adverse events recorded during
days 1–3 according to the diagnosis category. The data show
that symptoms like headache, nausea, and dizziness particularly depend on the diagnosis. For example, 15/22 (68%) patients with pineal cysts reported severe headache and nausea,
while severe headache and nausea were reported by 2/35 (6%)
and 10/35 (29%) patients with iNPH, respectively. Moreover,
while no symptoms were reported by 12/35 (34%) patients
with iNPH, they were reported by 0/22 (0%) patients with
pineal cysts. Notably, the high frequency of symptoms such as
headache, nausea, and dizziness reported by patients with pineal gland cysts closely resembles the frequency and character
of symptoms they had experienced previously and that represented the main reason for their referral to our hospital in the
first place.
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DISCUSSION
The main observation of this prospective study is that administration of 0.5 mL of gadobutrol (1.0 mmol/mL) is safe in patients
with no history of allergic reactions to contrast agents.
Nonserious adverse events were rather frequent; however, the
occurrence depended heavily on the diagnosis. Among individuals with a pineal cyst, 15/22 (68%) reported severe headache and
nausea during days 1–3. We previously reported a high frequency
of these symptoms in this patient group in general.17 Headache is
a predominant symptom in individuals with symptomatic arachnoid cysts.18 We cannot with certainty know whether nonserious
adverse events such as headache, nausea, and dizziness after 1–3
days or after 4 weeks were caused by any of the contrast agents or
related to the diagnosis itself. Inclusion of other patient categories, such as those with iNPH, most likely would provide other
frequencies of reported symptoms.
Because gadobutrol was given in conjunction with iohexanol,
to what extent these adverse effects can be attributed to gadobutrol alone remains unanswered.
The study reports prospective data from 100 patients to whom
intrathecal gadobutrol was given off-label after special permission
from the National Medicines Agency of Norway. Intrathecal
doses of MR imaging contrast agents in similar amounts have,
however, been used off-label on a clinical basis for years to visualize CSF leakage in individuals with spontaneous intracranial
hypotension, as previously reported by others.19,20 Intrathecal
MR imaging contrast agents were also found to benefit assessment

In terms of safety with intrathecal
gadolinium injections, the linear contrast agents have been more investigated
than the macrocyclic ones. Gadopentetic acid in a dose 0.5–1.0 mmol
was well-tolerated in animal studies20,21,24-27 and was found to have a low
risk when given in low doses (0.5–1.0
mmol) to patients.19,24-26,28,29 Headache has been the most dominating adverse effect, which also might be related
to the spinal puncture. Neurotoxic effects on animal brains were seen when
gadopentetic acid was given intraventricularly in a dose of 5.0 mol/g brain
but was not observed when the dose was
⬍3.3-mol/g brain.30 Previous studies
in patients showed that overdose of
gadopentetic acid (6 –20 times the normal dose) can be neurotoxic.31,32 Hence,
1 patient who, by accident, received 20
mL of gadopentetic acid (7.0 mol/g
brain) developed neurologic deficits
(speech problems, visual impairment,
fatigue, and psychotic symptoms) lasting 2 weeks, but symptoms had disappeared after 2 months.33 Moreover, following intrathecal administration of 2.0
FIG 3. gMRI shown as standardized T1 acquisitions before and 24 and 48 hours after intrathecal mL of gadobutrol, 1 individual reported
gadobutrol in a subject with iNPH, including midsagittal, midaxial, and midcoronal images. In iNPH, spastic pain of the lower extremities.34
gadobutrol clearance from the CSF is delayed compared with reference patients at 24 and 48
In an adult brain weighing 1400 g,
hours, respectively. Other typical features of iNPH are early ventricular reﬂux and subsequent
gadobutrol in a dose of 0.5 mmol
periventricular enhancement of contrast agent, typically most prominent at 24 hours.
corresponds to 500-mol/1400-g brain
(0.36-mol/g brain). Thus, the dose of gadobutrol in this study
was on the order of one-tenth of previously appreciated toxic
levels. Nevertheless, nonserious adverse events within 1–3 days
postcontrast were seen rather frequently, in particular headache
and nausea. Intrathecal gadopentetic acid was previously reported
to cause headache in 10/36 (27%) patients with iNPH22 and in
6/20 (30%) patients with arachnoid cysts.29
Iodixanol was given intrathecally to verify the correct needle
position, which is part of the spinal puncture routine. The safety
profile of iodixanol35 closely resembles that of gadobutrol in combination with iodixanol in this current study. Thus, intrathecal
iodixanol caused nonserious adverse events in a comparable proportion of patients as reported here.35
While MR imaging contrast agents are approved for intraveFIG 4. The time from intrathecal administration of gadobutrol until
nous administration only, gadolinium has recently been depicted
the ﬁrst enhancement of the contrast agent within subarachnoid
in CSF samples obtained from individuals even with normal renal
space of the foramen magnum (spinal transit time) for the 100 patients
function and an intact blood-brain barrier.14,15 Given that the
included in the study. The mean ⫾ SD spinal transit time was 20 ⫾ 23
minutes.
concentration of MR imaging contrast agent in CSF exceeded that
of blood 4.5 hours after intravenous administration,16 a typical
of arachnoid cysts21 and iNPH,22 and in diagnosing the cause of
23
intravenous dose (0.1 mmol/kg in a 80-kg patient ⫽ 8 mmol,
otorhinorrhea.
half-time in blood is approximately 2 hours) may cause signifiWe verified that gadobutrol reached the intracranial CSF comcant passage of contrast agent to the CSF. Except from our previpartment in all subjects (except the one with an anaphylactic
ous reports using gMRI,5-7,10 time-dependent quantification of
reaction). The mean spinal transit time was 20 ⫾ 23 minutes
(median, 13 minutes; range, 6 –150 minutes; Fig 4).
gadobutrol in human CSF after a typical intravenous dose, for
AJNR Am J Neuroradiol 40:1257– 64
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example using T1 maps, has been reported in a case study.36 Four
weeks after 1 single intrathecal administration, gadolinium is not
detectable by MR imaging in any brain region, including the basal
ganglia.5
The potential risk inherent in the use of any contrast agent
should always be weighed against its potential benefits. After intrathecal contrast-enhanced MR imaging of humans was first
proposed,3,4 gMRI has been demonstrated to be a promising clinical tool in the assessment of CSF circulation disorders.5-7 In particular, delayed glymphatic clearance of gadobutrol, which is anticipated to be cleared through the same pathways as amyloid-␤

and , has been proved in a dementia cohort.5 Contrast enhancement of the entire brain extravascular space is expected to have a
large potential for better characterization of disease within the
brain and spinal cord but remains yet unexplored.

Limitations

While the present study addressed the safety profile of intrathecal
gadobutrol, the major limitation is that we cannot determine with
certainty which adverse events solely relate to the MR imaging
contrast agent. The nonserious effects we observed might, as well,
be caused by the accompanied administration of iodixanol, the
spinal puncture, a heavy load of repeat
Table 2: Occurrence of adverse events following intrathecal MRI contrast agent
MR imaging, and repeat transport to
administrationa
and from the MR imaging lab.
Delayed
To what extent the nonserious adImmediate
(Days 1–3)
4 Weeks
Late
verse
events are related to the dose of
Serious adverse events
intrathecal
gadobutrol remains to be
Allergy reaction
1 (1%)
0
0
0
Pulmonary embolism
0
1 (1%)
0
0
determined. Another study23 using 0.5
Nonserious adverse events
mL of Gd-DTPA or Magnevist (Bayer
Headache
HealthCare Pharmaceuticals, Wayne,
Mild
3 (3%)
1 (1%)
1 (1%)
New Jersey), which corresponds to half
Moderate
13 (13%)
2 (2%)
0
the dose of gadobutrol used in the presSevere
28 (28%)
1 (1%)
0
Nausea
ent study, seemed to give a better profile
Mild
17 (17%)
0
0
concerning nonserious adverse events,
Moderate
5 (5%)
0
0
though having a high sensitivity in diagSevere
34 (34%)
1 (1%)
0
nosing the cause of otorhinorrhea.
Dizziness
Hence, a lower dose of gadobutrol than
Mild
10 (10%)
0
1 (1%)
Moderate
11 (11%)
1 (1%)
0
used in the present study might give
Severe
17 (17%)
0
0
fewer adverse effects. However, because
Itch
3 (3%)
1 (1%)
0
gadobutrol distributes to both the CSF
Warm feeling
7 (7%)
1 (1%)
0
and the entire extravascular compartParesthesia
12 (12%)
2 (2%)
0
ment, it remains to be determined
Vision problems
0
0
0
Cognitive difﬁculties
0
0
0
whether such low doses are sufficient to
Discomfort at injection site and/or
13 (13%)
2 (2%)
0
demonstrate contrast enhancement in
lumbar region
deep brain regions, where we have expeTremor
0
0
0
rienced it to be quite marginal.5 In fua
Data are No. of individuals (percentage in parentheses).

Table 3: Occurrence of nonserious adverse events within days 1–3, depending on diagnosisa
Nonserious Adverse Events
iNPH (n = 35)
SIH (n = 14)
AC (n = 18)
Headache
Mild
1 (3%)
2 (14%)
0
Moderate
2 (6%)
3 (21%)
2 (11%)
Severe
2 (6%)
2 (14%)
6 (33%)
Nausea
Mild
6 (17%)
2 (14%)
4 (22%)
Moderate
1 (3%)
1 (7%)
1 (6%)
Severe
10 (29%)
2 (14%)
5 (28%)
Dizziness
Mild
4 (11%)
2 (14%)
2 (11%)
Moderate
1 (3%)
1 (7%)
3 (17%)
Severe
0
0
5 (28%)
Itch
1 (3%)
0
1 (6%)
Warm feeling
3 (9%)
1 (7%)
1 (6%)
Paresthesia
1 (3%)
2 (14%)
3 (17%)
Vision problems
0
0
0
Cognitive difﬁculties
0
0
0
Discomfort at injection site and/or lumbar region
0
2 (14%)
2 (11%)
Tremor
0
0
0
No adverse events
12 (34%)
3 (21%)
4 (22%)

PC (n = 22)

IIH (n = 6)

cHC (n = 5)

0
4 (18%)
15 (68%)

0
0
1 (17%)

0
2 (40%)
2 (40%)

4 (18%)
1 (5%)
15 (68%)

0
1 (17%)
1 (17%)

2 (40%)
0
1 (20%)

2 (9%)
6 (27%)
9 (41%)
0
2 (9%)
6 (27%)
0
0
7 (32%)
0
0

0
0
2 (33%)
0
0
0
0
0
2 (33%)
0
2 (33%)

0
0
1 (20%)
1 (20%)
0
0
0
0
1 (20%)
0
1 (20%)

Note:—SIH indicates spontaneous intracranial hypotension; AC, arachnoid cyst; PC, pineal cyst; IIH, idiopathic intracranial hypertension; cHC, communicating hydrocephalus.
a
Data are presented as No. of individuals (percentage in parentheses).
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ture studies, the effects of lower doses of gadobutrol should be
explored. Additionally, other gadolinium-based contrast agents
might be examined.
Another limitation is that the study included a high proportion of individuals with symptoms similar those reported after
intrathecal gadobutrol. The patient selection most likely affected
the symptom profile we also registered at time points after intrathecal injections.

CONCLUSIONS
This study showed intrathecal administration of gadobutrol for
gMRI to be safe and feasible. We cannot, with certainty, conclude
whether nonserious adverse effects such as headache and nausea
were caused by gadobutrol, iohexanol, the lumbar puncture, or
the diagnosis.

14.

15.

16.

17.

18.
Disclosures: Svein Are Sirirud Vatnehol—UNRELATED: Payment for Lectures Including Service on Speakers Bureaus: Norwegian Medical Association, Comments: MRI
safety lecture for radiologists in training.
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ADULT BRAIN

Gadolinium Retention in the Brain: An MRI Relaxometry Study
of Linear and Macrocyclic Gadolinium-Based Contrast Agents
in Multiple Sclerosis
X Y. Forslin, X J. Martola, X Å. Bergendal, X S. Fredrikson, X M.K. Wiberg, and X T. Granberg

ABSTRACT
BACKGROUND AND PURPOSE: Brain gadolinium retention is consistently reported for linear gadolinium-based contrast agents, while
the results for macrocyclics are contradictory and potential clinical manifestations remain controversial. Furthermore, most previous
studies are based on conventional T1-weighted MR imaging. We therefore aimed to quantitatively investigate longitudinal and transversal
relaxation in the brain in relation to previous gadolinium-based contrast agent administration and explore associations with disability in
multiple sclerosis.
MATERIALS AND METHODS: Eighty-ﬁve patients with MS and 21 healthy controls underwent longitudinal and transverse relaxation rate
(R1 and R2) relaxometry. Patients were divided into linear, mixed, and macrocyclic groups based on previous gadolinium-based contrast
agent administration. Neuropsychological testing was performed in 53 patients. The dentate nucleus, globus pallidus, caudate nucleus, and
thalamus were manually segmented. Repeatability measures were also performed.
RESULTS: The relaxometry was robust (2.0% scan-rescan difference) and detected higher R1 (dentate nucleus, globus pallidus, caudate
nucleus, thalamus) and R2 (globus pallidus, caudate nucleus) in patients receiving linear gadolinium-based contrast agents compared with
controls. The number of linear gadolinium-based contrast agent administrations was associated with higher R1 and R2 in all regions (except
R2 in the thalamus). No similar differences and associations were found for the macrocyclic group. Higher relaxation was associated with
lower information-processing speed (dentate nucleus, thalamus) and verbal ﬂuency (caudate nucleus, thalamus). No associations were
found with physical disability or fatigue.
CONCLUSIONS: Previous linear, but not macrocyclic, gadolinium-based contrast agent administration is associated with higher relaxation
rates in a dose-dependent manner. Higher relaxation in some regions is associated with cognitive impairment but not physical disability or
fatigue in MS. The ﬁndings should be interpreted with care but encourage studies into gadolinium retention and cognition.
ABBREVIATIONS: CN ⫽ caudate nucleus; DN ⫽ dentate nucleus; EDSS ⫽ Expanded Disability Status Scale; GBCA ⫽ gadolinium-based contrast agent; GP ⫽ globus
pallidus; R1 ⫽ longitudinal relaxation rate; R2 ⫽ transverse relaxation rate; SDMT ⫽ Symbol Digit Modalities Test

B

rain gadolinium retention after administration of gadoliniumbased contrast agents (GBCAs) has been demonstrated,
mainly for linear GBCAs in the dentate nucleus (DN) and globus
pallidus (GP), by several studies since the initial report in 2014.1
Studies of macrocyclic GBCAs, however, remain contradictory,
with several studies showing no lasting T1 hyperintensities,2-4
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while a few retrospective studies had positive findings,5-7 though
there has been criticism regarding some of these results.8 Animal
studies have, however, found brain gadolinium retention after
multiple administrations of macrocyclic GBCAs, though to a
lesser extent than for linear GBCAs.2 This finding suggests that
detecting T1 alterations after macrocyclic GBCAs may require
more sensitive methods than conventional MR imaging. Furthermore, the semiquantitative approach of signal intensity ratios
based on T1-weighted imaging may also be flawed by the need for
scaling the arbitrary signal intensities with a reference region. Histopathologic studies have shown that gadolinium retention is
widespread and also occurs in brain regions that are often used as
Indicates article with supplemental on-line tables.
Indicates article with supplemental on-line photos.
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Table 1: Demographics of the study population and the number of GBCA administrations
Healthy
Controls
Linear MS Group
Mixed MS Group
Macrocyclic MS Group
Participants (No.)
21
11
59
15
Male/female ratio
10:11
3:8
18:41
4:11
Age (mean) (yr)
35.9 ⫾ 13.8
51.0 ⫾ 10.7
43.8 ⫾ 10.3
37.4 ⫾ 13.7
MS duration (mean) (yr)
NA
19.8 ⫾ 9.3
12.9 ⫾ 8.1
5.1 ⫾ 6.0
MS subtype, RR/SP/PP
NA
5/6/0
39/17/3
14/1/0
EDSS score (median) (range)
NA
2.5 (0–6); n ⫽ 11
2 (08.5); n ⫽ 54
2 (1–4); n ⫽ 13
SDMT score (median) (range)
NA
⫺0.19 (⫺1.47–0.84); n ⫽ 5
⫺1.1 (⫺3.9–1.4); n ⫽ 36
⫺1.3 (⫺4.3–0.51); n ⫽ 12
Verbal ﬂuency test score (median) (range)
NA
0.74 (⫺1.82–.36); n ⫽ 4
⫺0.24 (⫺2.47–2.17); n⫽ 17 ⫺1.32 (⫺2.94–.04); n ⫽ 6
MS lesion volume (median ⫾ interquartile
NA
5.1 ⫾ 10.1
3.1 ⫾ 9.2
2.4 ⫾ 4.2
range) (mL)
Brain parenchymal fraction (%)
88.0 ⫾ 2.4
79.6 ⫾ 4.9
82.7 ⫾ 5.9
84.6 ⫾ 5.0
Linear GBCA administrations (No.) (median)
0
3 (1–7)
4 (1–19)
0 (0)
(range)
Macrocyclic GBCA administrations (No.)
0
0
2 (1–4)
3 (1–6)
(median) (range)
Time since last GBCA administration
NA
52 (24–172)
12 (3–91)
7 (3–14)
(median) (range) (mo)
Note:—PP indicates primary-progressive; RR, relapsing-remitting; SP, secondary-progressive; NA, not applicable.
a
Numbers are given as means unless otherwise speciﬁed.

a reference, such as the thalami.9 Relaxometry provides the means
to study gadolinium retention quantitatively without the need for
a reference region, but so far, there are only a few T1-relaxometry
studies in the context of gadolinium retention,10,11 and no T2relaxometry studies. While chelated GBCAs lead to a shortening
of T1, they also cause a shortening of T2.12
The clinical significance of the retained gadolinium is debated,
but medical authorities have used the precaution of moderating
the use of mainly the linear GBCAs.13,14 A large retrospective
study of patients undergoing contrast-enhanced MR imaging
without a neurologic indication did not find any increased incidence of Parkinsonism in the exposed patients.15 Furthermore, a
preliminary report from an aging cohort did not show any cognitive decline or worsened motor performance in those who were
exposed to GBCAs during the study.16 However, in a small retrospective long-term follow-up study in multiple sclerosis, there
were associations between T1 signal intensity ratio increases and
impaired cognitive function, prompting further studies on the
subject.17
We aimed to apply a new robust method for simultaneous T1
and T2 relaxometry in a prospective cohort of patients with MS
and healthy controls to investigate associations between both
longitudinal and transverse relaxation rates in the DN, GP,
caudate nucleus (CN), and thalamus with exposure to linear
and macrocyclic GBCAs. We also aimed to study possible associations between longitudinal and transverse relaxation rate
(R1 and R2) values and cognitive and physical disability scores
in MS.

sion criteria were neurologic diseases (other than MS for patients), traumatic brain injury, or imaging artifacts. Additionally,
23 age- and sex-matched healthy controls without exposure to
GBCAs were recruited. In total, 88 patients with MS consented to
participate, but 2 were excluded due to previous brain trauma and
1 due to movement artifacts. Among the controls, 2 were excluded
due to widespread white matter hyperintensities and a cerebellar
cardiovascular lesion in 1 of the 2 excluded controls. In total, 85
patients with MS and 21 healthy controls were found eligible and
were enrolled in the study. The demographics of the study population is detailed in Table 1.
The 85 patients with MS were divided into 3 groups depending
on which type of GBCA they had received. The linear group consisted of 11 patients who had previously received only linear
GBCAs, nonionic gadodiamide (Omniscan; GE Healthcare, Piscataway, New Jersey), and/or linear ionic gadopentetate dimeglumine (Magnevist; Bayer HealthCare Pharmaceuticals, Wayne,
New Jersey). The mixed group consisted of 59 patients who had
received linear nonionic gadodiamide (Omniscan) and/or linear
ionic gadopentetate dimeglumine (Magnevist) as well as macrocyclic gadoterate meglumine (Dotarem; Guerbet, Aulnay-sousBois, France). The macrocyclic group consisted of 15 patients who
had received only gadoterate meglumine (Dotarem). None of the
21 healthy controls had received any GBCAs.
To evaluate the repeatability of the relaxometry MR imaging
scans, 14 patients with MS and 17 healthy controls also underwent
a second MR imaging acquisition with repositioning immediately
after the first scan. The demographics of the repeatability cohort is
presented in On-line Table 1.

MATERIALS AND METHODS
Study Population

Image Acquisition

This prospective cross-sectional cohort study was approved by the
local ethics review board, and written informed consent was obtained from all participants. We consecutively recruited patients
with MS referred for brain MR imaging between January and June
2015 at Karolinska University Hospital in Huddinge, Stockholm,
Sweden. The only inclusion criterion was an MS diagnosis according to the concurrent 2010 McDonald criteria for patients. Exclu-

All imaging was performed on the same 3T Magnetom Trio MR
imaging scanner (Siemens, Erlangen, Germany) with a 12-channel head coil. In addition to the national Swedish brain MR imaging protocol for MS,18 a quantitative MR imaging sequence for
simultaneous T1 and T2 relaxometry was applied without administration of any GBCA. The quantitative sequence consisted of a
saturation-recovery TSE sequence with 2 TEs and 4 TRs, for
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which the acquisition order was changed with each repetition,
resulting in 4 different TIs. Both the phase and magnitude data
were saved, providing a total of 16 images per voxel. A least
squares fit was applied to the data to obtain the R1 and R2 (R1 ⫽ 1/
T1 and R2 ⫽ 1 / T2, with a unit of second⫺1) in the SyMRI software 11.0 Beta 4 for Mac (Synthetic MR, Linköping, Sweden).19
The technique has been validated as having good accuracy for T1
and T2 quantifications.20 The quantitative maps were also used to
synthesize T1- and T2-weighted images on the basis of the default
settings in the same software. SyMRI was further used to measure
the brain parenchymal fraction (brain parenchymal volume normalized to the intracranial volume) as a measure of brain atrophy,
which has been shown to be a robust atrophy measure in MS.21,22
For the patients with MS, the lesion-probability algorithm in the
Lesion Segmentation Toolbox 2.0.12 (Technische Universität
München, Munich, Germany) for SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12)23,24 was used to automatically segment MS lesions on the basis of a 3D-FLAIR acquisition. The
lesion masks were manually corrected by a resident in radiology
(T.G.) to obtain the MS lesion volumes. The MR imaging parameters are detailed in On-line Table 2.

Radiologic Evaluation
On the basis of previous publications,3,9,25 the DN, GP, head of
the CN, and thalamus were a priori selected as ROIs. The segmentations were performed by a resident in radiology (Y.F.) in
ITK-SNAP, Version 3.4.0 (www.itksnap.org)26 on the synthetic
T1- and T2-weighted images. As exemplified in On-line Fig 1,
synthetic T2-weighted images were chosen to easily identify the
DN, and synthetic T1-weighted images, to identify the CN, GP,
and thalamus. The outer edges of the structures were not included
in the segmentations to mitigate partial volume effects. Furthermore, lesioned voxels were excluded from the ROI. On-line Fig 2
illustrates how lacunar infarcts within the caudate nucleus were
avoided. The segmentations were applied to the inherently
aligned R1 and R2 maps using FMRIB Software Library tools,
Version 6.0 (http://fsl.fmrib.ox.ac.uk/fsl) to extract the relaxation
values for each structure.27

Clinical Information
The radiologic and clinical charts of the patients with MS were
reviewed to obtain information on the number and type of previous GBCA administrations, MS disease duration, MS subtype,
and disease-modifying therapy. Charts were also used to extract
disability scores from the Expanded Disability Status Scale
(EDSS), Fatigue Severity Scale, Symbol Digit Modalities Test
(SDMT), and verbal fluency test. The cognitive test scores were
normalized to z scores by adjusting for age, educational level,
and sex on the basis of normative data. Only results within 6
months from the MR imaging examination were accepted for
the study.

normally distributed. The R1 and R2 values were normally distributed, except for the R2 values in the GP for the macrocyclic group
that were positively skewed. After exclusion of 1 extreme outlier
(⬎3 interquartile ranges of the data), normal distribution was
achieved for all relaxation values. The ordinal EDSS data were,
as expected, positively skewed, and normal distribution was
achieved after a logarithmic transformation. The scores of SDMT,
verbal fluency, and the Fatigue Severity Scale were all normally
distributed.
Group comparisons were performed with 1-way ANOVA, followed by the Hochberg post hoc test for pair-wise comparisons
among the groups. Multiple linear regression analyses were used
to investigate associations between the number of received GBCA
administrations (independent variable) and the R1 and R2 values
(dependent variable). The healthy controls were included as a
baseline reference in the regression analyses for each group. To
increase the generalizability of the results, we excluded 1 patient
with a high (0.45) leverage value (who had received 19 GBCA
administrations) from the linear regression analyses.
Associations between cognitive and physical disability scores
(dependent variable) and R1 and R2 values (independent variable)
were evaluated with multiple linear regression. To correct for the
MS disease severity, we additionally performed these regression
analyses with the disease duration, lesion volume, and brain parenchymal fraction added as covariates.
The scan-rescan repeatability was assessed by calculating the
relative change in relaxation values between the 2 measurements
by dividing the absolute difference by their mean: 兩Scan 1 ⫺ Scan
2兩 / Mean (Scan 1 ⫹ Scan 2).
An ␣ level of .05 was used to determine statistical significance,
which was adjusted to .023 for the regression and ANOVA analyses after correction for the false discovery rate.28

RESULTS
Repeatability
The median scan-rescan difference of the R1 and R2 measurements among all regions was 2.0%. The difference ranged between 0.8% and 2.1% for the DN, thalamus, and CN, while the GP
had a median difference of 4.1% and 4.2%, respectively, for the R1
and R2 measurements. On-line Table 3 details the repeatability for
R1 and R2 in all ROIs.

Group Differences
There were overall differences in R1 and R2 (P ⬍ .001–.031)
among the 4 groups (linear, mixed, macrocyclic, and controls) in
all ROIs in the 1-way ANOVA, except the R2 values in the DN
(P ⫽ .05) and thalamus (P ⫽ .66). The Hochberg post hoc test was
used to explore between-group differences, as further detailed in
Table 2. The R1 was higher in the DN, GP, and CN in both the
linear and mixed groups compared with the healthy controls. The
R1 was higher in the thalamus, and R2 was higher in both the GP
and CN in the mixed group compared with the healthy controls.

Statistics
SPSS, Version 24.0 (IBM, Armonk, New York) was used for the
statistical analyses. Measures of the relaxation values from
the paired right and left anatomic structures were averaged. The
Shapiro-Wilk test was used to determine whether the data were

Associations of GBCA Administrations with R1 Values
Table 3 details all regression analysis results between the number
of GBCA administrations and relaxation rates. In the linear
group, a higher number of GBCA administrations was associated
AJNR Am J Neuroradiol 40:1265–73
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Table 2: Group comparisons of the relaxation ratesa
Dentate Nucleus
Linear
Mix
Macrocyclic
Controls
Linear vs controls
Mix vs controls
Macrocyclic vs controls
Linear vs mix
Linear vs Macrocyclic
Mix vs macrocyclic

R1
1.28 ⫾ 0.05
1.29 ⫾ 0.05
1.26 ⫾ 0.04
1.23 ⫾ 0.05
.026
⬎.001b
.13
.99
.98
.64

Globus Pallidus

R2
R1
16.74 ⫾ 1.96 1.31 ⫾ 0.05
16.59 ⫾ 1.21 1.29 ⫾ 0.06
15.87 ⫾ 1.14
1.27 ⫾ 0.04
15.86 ⫾ 0.96 1.24 ⫾ 0.06
.32
.012b
.14
.004b
1.0
.55
.99
.89
.44
.42
.32
.77

R2
20.52 ⫾ 1.74
20.89 ⫾ 1.47
20.50 ⫾ 1.101
19.63 ⫾ 1.24
.52
.004b
.41
.97
1.0
.93

Caudate Nucleus
R1
0.96 ⫾ 0.03
0.95 ⫾ 0.04
0.93 ⫾ 0.02
0.91 ⫾ 0.03
.006b
⬍.001b
.69
1.0
.27
.18

R2
14.44 ⫾ 0.62
14.75 ⫾ 0.83
14.18 ⫾ 0.74
13.88 ⫾ 0.50
.28
⬍.001b
.82
.79
.95
.07

Thalamus
R1
1.14 ⫾ 0.05
1.15 ⫾ 0.05
1.15 ⫾ 0.03
1.12 ⫾ 0.04
.41
.020b
.25
1.0
1.0
1.0

R2
14.45 ⫾ 0.54
14.64 ⫾ 0.50
14.55 ⫾ 0.48
14.64 ⫾ 0.47
.87
1.0
1.0
.82
1.0
.99

a
The upper 4 rows report the R1 and R2 values in seconds⫺1 as the means. The lower 6 rows report the P values for the group comparisons performed with 1-way ANOVA and
the Hochberg post hoc test.
b
P ⬍ .023.

Table 3: Associations between the number of GBCA administrations and relaxation ratesa
Linear
Mixed
DN R1
DN R2
GP R1
GP R2
CN R1
CN R2
Thalamus R1
Thalamus R2

Uncorrected
0.52, P ⫽ .002d
0.14, P ⫽ .45
0.51, P ⫽ .004d
0.28, P ⫽ .14
0.41, P ⫽ .020d
0.21, P ⫽ .25
0.23, P ⫽ .21
⫺0.2, P ⫽ .26

Correctedb
0.50, P ⫽ .005d
0.04, P ⫽ .83
0.50, P ⫽ .009d
0.26, P ⫽ .19
0.33, P ⫽ .07
0.06, P ⫽ .72
0.24, P ⫽ .22
0.15, P ⫽ .44

Uncorrected
0.57, P ⬍ .001d
0.30, P ⫽ .006d
0.43, P ⬍ .001d
0.43, P ⬍ .001d
0.45, P ⬍ .001d
0.50, P ⬍ .001d
0.39, P⫽ .001d
0.11, P ⫽ .32

Correctedc
0.54, P ⬍ .001d
0.17, P ⫽ .14
0.37, P ⫽ .002d
0.42, P ⬍ .001d
0.39, P ⫽ .001d
0.36, P ⬍ .001d
0.41, P ⬍ .001d
0.16, P ⫽ .17

Macrocyclic
Uncorrected
0.23, P ⫽ .19
0.04, P ⫽ .82
0.16, P ⫽ .36
0.29, P ⫽ .10
0.24, P ⫽ .16
0.36, P ⫽ .032
0.28, P ⫽ .10
0.10, P ⫽ .59

Correctedb
0.24, P ⫽ .16
0.07, P ⫽ .64
0.17, P ⫽ .33
0.29, P ⫽ .10
0.27, P⫽ .11
0.40, P ⫽ .006d
0.27, P ⫽ .12
0.08, P ⫽ .65

All association results are given as ␤ coefﬁcients. The healthy controls (GBCA administrations: n ⫽ 0) are included in regression analyses for each group.
Corrected for age.
c
Corrected for age and number of macrocyclic GBCA administrations.
d
P ⬍ .023.
a

b

with a higher R1 in the DN, GP, and CN. The results for the DN
and GP remained significant after correcting for the patient’s age.
In the mixed group, the number of linear GBCA administrations
was associated with higher R1 in all ROIs, and the results remained
significant after correction for the patient’s age and the number of
macrocyclic GBCA administrations. In the macrocyclic group, no
significant associations were found between the number of macrocyclic GBCA administrations and R1. The associations of GBCA
administrations with relaxation values are shown in Fig 1.

Associations of GBCA Administrations with R2 Values
In the linear group, no associations were found between the number of GBCA administrations and R2. In the mixed group, a higher
number of linear GBCA administrations was associated with
higher R2 in the DN, GP, and CN. The results for the GP and CN
remained significant after correcting for the patient’s age and the
number of macrocyclic GBCA administrations. In the macrocyclic group, there was a trend toward higher R2 in the CN, which
became significant after correction for the patient’s age. For the
other ROIs, no significant associations were found.

Associations with Cognitive and Physical Disabilities
In terms of information-processing speed (SDMT), there were
few patients with data in the linear group, explaining why only the
mixed and macrocyclic groups were studied. A detailed presentation of all regression results with cognitive tests for the mixed
group can be found in Table 4. In the mixed group, there were
several significant results and trends between higher relaxation
rates and lower information-processing speed. Most notably,
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higher R1 and R2 in the thalamus were associated lower processing
speeds both before and after correction for the MS disease duration, lesion volume, and brain parenchymal fraction. Higher R2 in
the DN was also associated with lower SDMT scores before and
after these corrections. In the macrocyclic group, no associations
were found between R1 and R2 values and information-processing
speed (P ⫽ .14 –.94).
In terms of verbal fluency, there were few patients with data in
the linear (n ⫽ 4) and macrocyclic (n ⫽ 6) groups, explaining why
only the mixed group was studied. In the mixed group, higher R1
in the CN and thalamus was associated with lower verbal fluency
both before and after correction for MS disease duration, lesion
volume, and brain parenchymal fraction. A similar trend was
found for R2 in the CN and GP, which, after corrections, became
statistically significant. No association was found between verbal
fluency and relaxation values in the other brain structures. Figure
2 illustrates the associations of R1 and R2 with information-processing speed and verbal fluency in the mixed group.
No significant associations were found between fatigue or
EDSS scores and R1 and R2 values for any structure (data not
shown).

DISCUSSION
In this study, we applied multiparametric MR imaging in patients
with MS and healthy controls to quantitatively study changes in
relaxation values and their association with GBCA administration. We have shown that our method has good repeatability and
was able to detect relaxation abnormalities associated with GBCA

FIG 1. Associations of R1 and R2 with the number of GBCA administrations. In the linear group, the number of linear GBCA administrations was
associated with higher R1 (A), but not R2 (B). In the mixed group, the number of linear GBCA administrations was associated with both higher R1 (C) and
R2 (D). The healthy controls, who had not received any GBCA administrations, are represented in each group and included in the regression analyses. The
full regression analysis results are reported in Table 3. In the macrocyclic group, no signiﬁcant associations were found with the number of macrocyclic
GBCA administrations (E and F). The dentate nucleus is represented by green squares; the globus pallidus, by blue x’s; the caudate nucleus, by orange
circles; and the thalamus, by red triangles with corresponding linear regression lines. The y-axis presents the relaxation rates (R1 and R2) in seconds⫺1.
AJNR Am J Neuroradiol 40:1265–73

Aug 2019

www.ajnr.org

1269

Table 4: Associations between relaxation rates and cognitive tests for the mixed groupa
SDMT (n = 36)
Uncorrected
⫺0.34, P ⫽ .04
⫺0.41, P ⫽ .012c
⫺0.32, P ⫽ .07
⫺0.18, P ⫽ .32
⫺0.46, P ⫽ .005c
⫺0.39, P ⫽ .018c
⫺0.45, P ⫽ .005c
⫺0.42, P ⫽ .011c

DN R1
DN R2
GP R1
GP R2
CN R1
CN R2
Thalamus R1
Thalamus R2

Correctedb
⫺0.35, P ⫽ .028
⫺0.37, P ⫽ .014c
⫺0.29, P ⫽ .13
⫺0.12, P ⫽ .51
⫺0.34, P ⫽ .05
⫺0.21, P ⫽ .29
⫺0.38, P ⫽ .014c
⫺0.45, P⫽ .002c

Verbal Fluency Test (n = 17)

Uncorrected
⫺0.38, P ⫽ .18
⫺0.06, P ⫽ .82
⫺0.43, P ⫽ .16
⫺0.37, P ⫽ .23
⫺0.63, P ⫽ .009c
⫺0.52, P ⫽ .04
⫺0.59, P ⫽ .017c
⫺0.44, P ⫽ .09

Correctedb
⫺0.36, P ⫽ .13
⫺0.04, P ⫽ .87
⫺0.31, P ⫽ .26
⫺0.64, P ⫽ .003c
⫺0.68, P ⫽ .003c
⫺0.89, P ⫽ .006c
⫺0.50, P ⫽ .020c
⫺0.34, P ⫽ .10

All association results are given as ␤ coefﬁcients.
Corrected for disease duration, lesion volume, and brain parenchymal fraction.
c
P ⬍ .023.
a

b

FIG 2. Associations of R1 (A and B) and R2 (C and D) with information-processing speed and verbal ﬂuency in the mixed group. Please refer to
Table 4 for the regression analyses corresponding to this ﬁgure.
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administrations not only in R1 but also in R2. We have also provided tentative results regarding associations between relaxation
values and cognitive performance in MS.
We found that patients with MS receiving linear GBCAs had
higher R1 in the DN, GP, and CN (and in the mixed MS group,
also the thalamus) compared with healthy controls and that the
number of administrations of linear, but not macrocyclic, GBCAs
was associated with higher R1 in all studied brain regions, suggesting a dose-dependent association. With regard to the high R1 in at
least the DN, increased T1 signal in the DN has previously been
associated with MS progression29 and could thus be partly due to
iron deposits related to neurodegeneration.30
Furthermore, the R2 in the GP and CN was also higher in the
mixed group than in healthy controls, a finding indicating that T2
relaxation is also affected by gadolinium retention. It is also
known that chelates that bind to macromolecules cause higher
relaxivity.12 It is, however, unclear how much the transversal relaxation is affected by retained gadolinium that is bound to different macromolecules or retained in other species (rather than
chelated in GBCAs).12 This problem highlights the need to also
study T2 effects in the context of gadolinium retention.
The European Medicines Agency has recently decided to suspend the use of several linear types of GBCA, while the US Food
and Drug Administration instead merely recommended more
precautionary use, particularly of linear GBCAs.13,14 In line with
the results of most previous studies, we found no associations
between the number of administrations of the macrocyclic agent
gadoterate meglumine (Dotarem) and the relaxation rates. Macrocyclic agents have histopathologically been shown to be retained to a lower degree than linear GBCAs and have previously
shown weaker or no associations in imaging studies.2,3,11,31,32
However, the lack of significant associations within the macrocyclic group might also be caused by the small number of patients
(n ⫽ 15) and the relatively few administrations of macrocyclic
GBCAs (median, 3) in the current study. Meanwhile, significant
associations were found in the linear group, which was even
smaller (n ⫽ 11), illustrating that the methodology used in this
study is sensitive in picking up signal changes related to previous
GBCA administrations and that the lack of significant results in
the macrocyclic group may indeed reflect differences in the degree
of retention between linear and macrocyclic GBCAs.
A few industry-sponsored studies on rodents have shown that
retained gadolinium from gadodiamide has a time-dependent
partial clearance from the brain of healthy rats, which leads to a
decrease in T1 intensity, especially during the first month after the
GBCA administration.2,33 One of these animal studies also
showed, by using histopathologic measurements in the DN, a
higher degree of gadolinium clearance for gadoterate meglumine
compared with gadodiamide.2 However, the current finding of
remaining gadolinium retention after the initial washout period is
in line with a previous study in which high T1 hyperintensities on
conventional MR imaging remained even 9 years after the last
administrations of linear GBCA.17 If there is a continued clearance of gadolinium with time, it would have been unfavorable to
the macrocyclic GBCAs in our study because there was a shorter
time since the last GBCA administration in the macrocyclic group

(median, 8 months) in comparison with the mixed (median, 12
months) and linear groups (median, 52 months).
In line with a previous study in which a separate cohort of
patients with MS was studied retrospectively with semiquantitative T1-weighted intensity ratios,17 significant associations were
found in the current study between detected MR imaging changes
and lower verbal fluency performance. Furthermore, in this
study, we also found associations between lower informationprocessing speed and higher relaxation rates in the DN and thalamus, with similar tendencies also in the GP and CN. Nevertheless, the associations between relaxation rates and cognitive
functioning must be interpreted with caution because the MS
pathology may confound the results, and although we corrected
for the MS disease progression, brain parenchymal fraction, and
lesion volume it might not have been sufficient to counteract such
confounds. For example, MS is a disease with varying lesion topography (including cortical lesions), numerous treatment regimens, and differences in cognitive reserves among patients, which
might also need to be taken into account.34,35
Information-processing speed is also one of the most affected
cognitive domains in MS, making it even harder to conclude any
causality to GBCA exposure.34 Designing prospective studies exploring such associations should, therefore, focus on other patient
groups exposed to multiple GBCA administrations, with fewer
confounders related to the clinical outcome variables, such as in a
previous study performed in patients with Crohn disease.36 In line
with a recent study,37 we did not find any association between
gadolinium exposure and physical disability in MS. This suggests
that future studies should continue to focus on cognitive aspects.
Limitations of the study are mainly related to the results of the
MS cohort possibly being confounded by MS itself. The investigative possibilities of the study are also limited by its cross-sectional and noninterventional design, in which the stratification of
the groups (based on the type of administered GBCA) is not
randomized. There were also relatively few patients who had undergone neuropsychological testing. There are, however, also
strengths to the study. By applying a quantitative approach with
the same MR imaging scanner, we avoided methodologic limitations of many previous studies with reliance on conventional MR
imaging and semiquantitative signal intensity ratios, which may
have been due to several risks for confounders such as the diversity of MR imaging parameters and equipment as well as the need
for a reference region, which may, in itself, be affected by gadolinium retention.9

CONCLUSIONS
T1 and T2 relaxometry can be used to robustly and quantitively
study MR imaging changes related to administration of GBCAs,
removing the need for a reference region that may, in itself, be
confounded by retained gadolinium. The number of linear, but
not macrocyclic, GBCA administrations was associated with high
R1 in all investigated brain structures and R2 in the GP and CN in
MS. Higher relaxivity in patients with MS receiving linear GBCAs
was associated with a lower information-processing speed and
verbal fluency in some brain regions, but not with motor function
or fatigue. These findings must, however, be interpreted with care
because they may be confounded by cognitive decline caused by
AJNR Am J Neuroradiol 40:1265–73
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MS. The findings do, however, encourage future studies to further
explore possible negative clinical effects of retained gadolinium,
especially in regard to cognitive domains and exposure to linear
GBCAs.
Disclosures: Yngve Forslin—RELATED: Grant: Karolinska Institutet and Stockholm
County Council ALF grant.* Juha Martola—UNRELATED: Payment for Lecture:
Santen. Sten Fredrikson—UNRELATED: Payment for Lectures Including Service on
Speakers Bureaus: Merck, Novartis, Roche, Sanoﬁ. Tobias Granberg—RELATED:
Grant: ALF grant from Stockholm City Council and postdoctoral research fellowship
from Swedish Society for Medical Research*; UNRELATED: Employment: Karolinska
University Hospital. *Money paid to institution.

REFERENCES
1. Kanda T, Ishii K, Kawaguchi H, et al. High signal intensity in the
dentate nucleus and globus pallidus on unenhanced T1-weighted
MR images: relationship with increasing cumulative dose of a gadolinium-based contrast material. Radiology 2014;270:834 – 41 CrossRef
Medline
2. Robert P, Fingerhut S, Factor C, et al. One-year retention of gadolinium in the brain: comparison of gadodiamide and gadoterate
meglumine in a rodent model. Radiology 2018;288:424 –33 CrossRef
Medline
3. Radbruch A, Weberling LD, Kieslich PJ, et al. Gadolinium retention
in the dentate nucleus and globus pallidus is dependent on the class
of contrast agent. Radiology 2015;275:783–91 CrossRef Medline
4. Jaulent P, Hannoun S, Kocevar G, et al. Weekly enhanced T1weighted MRI with gadobutrol injections in patients with MS: is
there a signal intensity increase in the dentate nucleus and the globus pallidus? Eur J Radiol 2018;105:204 – 08 CrossRef Medline
5. Bjørnerud A, Vatnehol SA, Larsson C, et al. Signal enhancement of
the dentate nucleus at unenhanced MR imaging after very high cumulative doses of the macrocyclic gadolinium-based contrast agent
gadobutrol: an observational study. Radiology 2017;285:434 – 44
CrossRef Medline
6. Rossi Espagnet MC, Bernardi B, Pasquini L, et al. Signal intensity at
unenhanced T1-weighted magnetic resonance in the globus pallidus and dentate nucleus after serial administrations of a macrocyclic gadolinium-based contrast agent in children. Pediatr Radiol
2017;47:1345–52 CrossRef Medline
7. Splendiani A, Perri M, Marsecano C, et al. Effects of serial macrocyclic-based contrast materials gadoterate meglumine and gadobutrol administrations on gadolinium-related dentate nuclei signal increases in unenhanced T1-weighted brain: a retrospective
study in 158 multiple sclerosis (MS) patients. Radiol Med 2018;123:
125–34 CrossRef Medline
8. Radbruch A, Quattrocchi CC. Interpreting signal-intensity ratios
without visible T1 hyperintensities in clinical gadolinium retention
studies. Pediatr Radiol 2017;47:1688 – 89 CrossRef Medline
9. McDonald RJ, McDonald JS, Kallmes DF, et al. Intracranial gadolinium deposition after contrast-enhanced MR imaging. Radiology
2015;275:772– 82 CrossRef Medline
10. Tedeschi E, Palma G, Canna A, et al. In vivo dentate nucleus MRI
relaxometry correlates with previous administration of gadolinium-based contrast agents. Eur Radiol 2016;26:4577– 84 CrossRef
Medline
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ORIGINAL RESEARCH

ADULT BRAIN

Signal Hyperintensity on Unenhanced T1-Weighted Brain and
Cervical Spinal Cord MR Images after Multiple Doses of Linear
Gadolinium-Based Contrast Agent
X G. Barisano, X B. Bigjahan, X S. Metting, X S. Cen, X L. Amezcua, X A. Lerner, X A.W. Toga, and X M. Law

ABSTRACT
BACKGROUND AND PURPOSE: The clinical implications of gadolinium deposition in the CNS are not fully understood, and it is still not
known whether gadolinium tends to be retained more in the brain compared with the spinal cord. In this study, we assessed the effects of
linear gadolinium-based contrast agents on the T1 signal intensity of 3 cerebral areas (dentate nucleus, globus pallidus, and the less studied
substantia nigra) and the cervical spinal cord in a population of patients with MS.
MATERIALS AND METHODS: A single-center population of 100 patients with MS was analyzed. Patients underwent 2–16 contrastenhanced MRIs. Fifty patients received ⱕ5 linear gadolinium injections, and 50 patients had ⱖ6 injections: Fifty-two patients had both
Gd-DTPA and gadobenate dimeglumine injections, and 48 patients received only gadobenate dimeglumine. A quantitative analysis of
signal intensity changes was independently performed by 2 readers on the ﬁrst and last MR imaging scan. The globus pallidus-to-thalamus,
substantia nigra-to-midbrain, dentate nucleus-to-middle cerebellar peduncle, and the cervical spinal cord-to-pons signal intensity ratios
were calculated.
RESULTS: An increase of globus pallidus-to-thalamus (mean, ⫹0.0251 ⫾ 0.0432; P ⬍ .001), dentate nucleus-to-middle cerebellar peduncle
(mean, ⫹0.0266 ⫾ 0.0841; P ⫽ .002), and substantia nigra-to-midbrain (mean, ⫹0.0262 ⫾ 0.0673; P ⬍ .001) signal intensity ratios after
multiple administrations of linear gadolinium-based contrast agents was observed. These changes were signiﬁcantly higher in patients who
received ⱖ6 injections (P ⬍ .001) and positively correlated with the number of injections and the accumulated dose of contrast. No
signiﬁcant changes were detected in the spinal cord (mean, ⫹0.0008 ⫾ 0.0089; P ⫽ .400).
CONCLUSIONS: Patients with MS receiving ⱖ6 linear gadolinium-based contrast agent injections showed a signiﬁcant increase in the signal
intensity of the globus pallidus, dentate nucleus, and substantia nigra; no detectable changes were observed in the cervical spinal cord.
ABBREVIATIONS: CP ⫽ middle cerebellar peduncle; CS ⫽ cervical spinal cord; DN ⫽ dentate nucleus; EDSS ⫽ Expanded Disability Status Scale; GBCA ⫽
gadolinium-based contrast agent; Gd-BOPTA ⫽ gadobenate dimeglumine; GP ⫽ globus pallidus; L-GBCA ⫽ linear gadolinium-based contrast agent; SI ⫽ signal intensity;
SN ⫽ substantia nigra

I

n the past 4 years, a number of publications have demonstrated
a dose-dependent relationship between the administration of
gadolinium-based contrast agents (GBCAs) and high signal intensity (SI) on unenhanced T1-weighted images in the dentate
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nucleus (DN) and globus pallidus (GP).1-4 Initially, 2 research
groups proposed that these hyperintensities were a consequence
of cerebral irradiation5 or the development of the secondary-progressive subtype of MS,6 but GBCA administration was not considered in either investigation.5,6 Further postmortem studies
verified the presence of retained gadolinium not only in the
DN and GP but also in other regions such as CSF, bone, and
skin.7-10 However, the clinical implications of gadolinium retention and the possibility of gadolinium deposition in other
human body areas remain unclear. Additionally, the mechanisms responsible for the gadolinium deposition in the CNS
are not fully understood, and it is still not known whether
gadolinium tends to be retained more in the brain compared
with the spinal cord.11
In this retrospective study including a large cohort of patients
with MS with normal renal function who underwent multiple

FIG 1. Flow diagram of patients screened and included in the study. N indicates number of
patients.

contrast-enhanced MRIs with linear gadolinium-based contrast
agent (L-GBCA), we analyzed SI changes not only in the DN and
GP, which have been extensively studied in previous investigations, but also in the substantia nigra (SN) and cervical spinal cord
(CS), 2 CNS structures in which potential gadolinium deposits in
patients with MS have not been investigated. Clinical factors have
been integrated in the analysis as well.

MATERIALS AND METHODS
Study Population
This retrospective Health Insurance Portability and Accountability Act– compliant study was approved by our institutional review
board with a waiver of informed consent.
The clinical charts of patients with MS treated between October 2005 and April 2018 were reviewed; collected information
included age, sex, race, symptoms of MS, Expanded Disability
Status Scale (EDSS) assessed by a qualified MS neurologist, comorbidities, medications and disease-modifying therapy, the interval between each contrast-enhanced MR imaging, L-GBCA
type, and the number of injections and the dose (milliliters) administered between the first and last scan. Because the ROIs were
placed on precontrast T1-weighted images, the injections performed during the last MR imaging session were not counted for
the analysis.
Inclusion criteria were the following: 1) a relapsing-remitting
MS diagnosis according to the McDonald criteria; 2) first and last
contrast-enhanced MR imaging scans of the brain and the cervical
spine performed at our institution; and 3) injections of exclusively
L-GBCA.
Exclusion criteria included a history of the following: 1) brain
irradiation/chemotherapy; 2) brain hemorrhage/stroke; 3) intracranial infection, edema, tumor, or other diseases affecting cerebellum, pons, midbrain, basal ganglia, thalamus, or CS; 4) abnormal renal function (ie, an estimated glomerular filtration rate of
⬍60 mL/min/1.73 m2); 5) abnormal hepatic function (ie, a total
bilirubin level of ⬎2 mg/dL); 6) conditions associated with iron
deposition in the brain and/or T1-weighted hyperintensity in the
deep gray nuclei; and 7) the presence of lesions in the C1–C5 level
of the CS on the sagittal midline plane.

After the analysis of 949 medical
charts, clinical and radiologic data of
100 patients with relapsing-remitting
MS (67 women and 33 men; mean age,
41.6 ⫾ 11.8 years) conforming to eligibility criteria were collected. The population was divided in 2 groups (Fig 1):
The population of group A had ⱕ5 LGBCA injections; group B had ⱖ6. In
each group, we defined 2 subgroups:
subgroups A1 and B1 included patients who had both Gd-DTPA and
gadobenate dimeglumine (Gd-BOPTA)
injections; patients in subgroups A2
and B2 received only Gd-BOPTA. Demographic and clinical data for each
group and subgroup are reported in
Table 1

MR Imaging Protocol
MR images were obtained on the same 3T scanner (Signa HD; GE
Healthcare, Milwaukee, Wisconsin). Unenhanced T1-weighted
turbo spin-echo sequences of the brain and cervical spine were
performed (TR ⫽ 500 – 650 ms; TE ⫽ 9 –11 ms; section thickness ⫽ 3 mm; matrix size ⫽ 192 ⫻ 256). Standard dosing of 0.1
mmol/kg of body weight was targeted for GBCA intravenous
administration.

Imaging Data Analysis
The first and last brain and cervical spine MR imaging scans were
analyzed on ImageJ software (National Institutes of Health,
Bethesda, Maryland). ROIs were manually drawn to measure the
SI on unenhanced T1-weighted images. After coregistration of the
first and last MR imaging scans, the ROI size and coordinates of
the first scan were correspondingly transposed on the last one, to
minimize the possibility of detecting SI changes related to the
placement of ROIs in different areas. Additionally, all the measurements were independently performed by 2 readers, twice,
with a 4-month interval between the 2 analyses: therefore, each
ROI was measured 4 times, and the concordance between each
measure was computed. Readers were blinded to the clinical
data.
The ROIs in the brain included the GP and thalami (same
axial slice), SN and midbrain (same axial slice), DN and middle
cerebellar peduncles (CP) (same axial slice). When the detection of the GP, SN, and DN was inconclusive, the equivalent
slice on T2WI was used for the correct ROI placement. The
average SI of the bilateral structures (GP, thalamus, SN, DN,
and CP) was computed; the obtained values were used in the
successive calculations of GP-to-thalamus, SN-to-midbrain,
and DN-to-CP SI ratios.
Regarding the spinal cord, rectangular ROIs covering the
whole midline section of the spinal cord were placed at the C1, C2,
C3, C4, and C5 levels on the unenhanced T1-weighted sagittal
midline plane. The C6 and C7 levels were excluded from the analysis due to frequent artifacts in the lower CS. On the same slice,
another ROI was placed on the pons. The CS-to-pons SI ratio was
AJNR Am J Neuroradiol 40:1274 – 81
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Table 1: Demographic and clinical data in the study population
Group A (≤5 CE-MRI)
Subg. A1
(Gd-DTPA+Gd-BOPTA)

Parameters
No. of patients

Group B (≥6 CE-MRI)

Subg. A2
(Gd-BOPTA)

Subg. B1
(Gd-DTPA+Gd-BOPTA)

30

32

50

50

20
Age (mean) (yr)
41.6 ⫾ 9.34
Sex (M/F)

42.8 ⫾ 11.35

43.7 ⫾ 12.6

40.5 ⫾ 12.2

17/33
9/21

9/23

1.8/1
1.6/1
1.6/1

1.9/1.5

43
12.6 ⫾ 7.64

Accumulated dose of L-GBCA (mean) (mL)

2.7/2.3
42

15

No. injections of L-GBCA (mean) (median) (range)

1.6/1
2.2/1.5

2.3/1.5

Mean interval between GBCA administrations (mo)

7/11

1.5/1

1.9/1

DMT

39.9 ⫾ 12.3

1.6/1

2.2/0.5
EDSS last MRI (mean/median)

18
40.3 ⫾ 12.12
16/34

8/12
EDSS ﬁrst MRI (mean/median)

Subg. B2
(Gd-BOPTA)

28
11.8 ⫾ 6.28

11.2 ⫾ 5.25
3.6 ⫾ 1.43, 4, 1–5
3.4 ⫾ 1.50, 4, 1–5
3.7 ⫾ 1.39, 4, 1–5
52.5 ⫾ 21.63
52.0 ⫾ 22.76
52.8 ⫾ 21.22

26
9.0 ⫾ 2.17

16
9.2 ⫾ 2.22

9.6 ⫾ 2.33
8.2 ⫾ 2.25, 7, 6–15
8.9 ⫾ 2.41, 9, 6–15
7 ⫾ 1.24, 7, 6–10
121.4 ⫾ 38.69
132.0 ⫾ 41.16
102.5 ⫾ 25.16

Note:—CE indicates contrast-enhanced; Subg., subgroup; DMT, disease-modifying therapy.

Analyses were conducted using the Statistical Package for the Social Sciences, Version 24.0 (IBM, Armonk, New York). Statistical
significance was defined as P ⱕ .05, after adjustments according to
the Benjamini-Hochberg procedure.
The Lin concordance was used to test the interobserver agreement between the 2 readers’ measurements.12
A 1-sample t test was performed to assess whether the differences of EDSS, GP-to-thalamus, SN-to-midbrain, DN-to-CP,
and CS-to-pons SI ratios between the first and last scan as well as
the differences of all SI ratios between the first and second quantitative analyses were significantly different from zero.
Independent-samples t tests were used to evaluate whether
differences of EDSS, GP-to-thalamus, SN-to-midbrain, DN-toCP, and CS-to-pons SI ratios between the groups and subgroups
were statistically significant. SI ratios of the first and second quantitative analyses were tested as well.
The following clinical factors were tested with multiple linear
regression analyses using the changes of SI ratios between the first
and last MR imaging scans as the predictive variable: age, sex, race,
EDSS, disease-modifying therapy, mean interval between each
contrast-enhanced MR imaging, type of L-GBCA, and the number of injections. Finally, correlation analyses were performed to
test which variables had a significant influence on the SI
differences.

Gd-BOPTA and Gd-DTPA (P ⫽ .983). The interval between the
first and last contrast-enhanced MR imaging, the number of injections, the accumulated dose of L-GBCA, and the increase in SI
in the DN showed a significant positive correlation with EDSS
worsening (Spearman  ⫽ 0.276, P ⫽ .005; Spearman  ⫽ 0.258,
P ⫽ .010; Spearman  ⫽ 0.299, P ⫽ .003; and Spearman  ⫽ 0.196,
P ⫽ .050, respectively). The type of L-GBCA was not significantly
associated with the increased EDSS score (Spearman  ⫽ 0.062,
P ⫽ .540). At the time of the first MR imaging, 85 patients were
being treated with disease-modifying therapy. In most cases, glatiramer acetate and natalizumab were prescribed (27 and 25 cases,
respectively); other disease-modifying therapies in our cohort included teriflunomide, alemtuzumab, fingolimod, interferon
␤-1a, interferon ␤-1b, and dimethyl fumarate. In 48 patients, the
disease-modifying therapy was not switched during the interval
between the first and last MR imaging scans.
Patients underwent 2–16 contrast-enhanced MRIs (mean, 6.9;
median, 6.5). The mean and median follow-ups between the first
and last MR imaging examinations were at 58 and 56 months,
respectively. The mean and median intervals between each contrast-enhanced MR imaging scan were 10.5 and 9.5 months,
respectively.
The total number of injections was 588 (Gd-BOPTA in 488
cases, Gd-DTPA in 100 cases). The average number of injections
per patient was 6 (median, 5.5; range, 1–15), with means of 72.29
mL of Gd-BOPTA and 14.64 mL of Gd-DTPA injected from the
first to the last scan.

RESULTS

Radiologic Analysis: Brain

calculated by dividing the average signal of the 5 ROIs located in
the CS by the signal of the pons.

Statistical Analysis

Clinical Analysis
The mean and median EDSS scores were 1.7 and 1.0 at the first
MR imaging examination, and 2.0 and 1.0 at the last (mean age,
46.4 ⫾ 11.8 years), respectively. Thirteen patients had worsening
of EDSS scores at the last contrast-enhanced MR imaging compared with the first one, while EDSS scores remained stable in 87
patients. The difference of EDSS scores between the first and last
MR imaging was not significant in patients receiving only GdBOPTA compared with patients who had been injected with both
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Interobserver agreement was substantial for all structures evaluated (Lin concordance correlation coefficient, 0.974; 95% CI,
0.972– 0.976).
The GP-to-thalamus, SN-to-midbrain, and DN-to-CP SI
ratio differences between the first and last MR imaging scans
in our population were significantly higher than 0 (P ⬍ .001,
P ⬍ .001, and P ⫽ .002, respectively), with mean values of
⫹0.0251 ⫾ 0.0432 (95% CI, 0.0165– 0.0336), ⫹0.0262 ⫾
0.0673 (95% CI, 0.0128 – 0.0395), and ⫹0.0266 ⫾ 0.0841

FIG 2. Unenhanced axial T1-weighted images at the ﬁrst (A) and seventh (B) contrast-enhanced MR imaging of a 26-year-old man with relapsingremitting multiple sclerosis treated with glatiramer acetate. Absolute numbers of signal intensity measurements are reported for each ROI
(black circles indicate the substantia nigra ROIs; white circles, the midbrain ROIs). Increased signal intensity in the substantia nigra at the last MR
imaging scan is shown (white arrows). TR ⫽ 500 ms; TE ⫽ 9 ms; section thickness ⫽ 3 mm; matrix ⫽192 ⫻ 256.

(95% CI, 0.0099 – 0.0432), respectively (Fig 2 and On-line Figs
1–3).
In patients who had ⱖ6 L-GBCA injections, the difference in
SI ratios between the first and last MR imaging scans was statistically significant for the GP (P ⬍ .001), SN (P ⬍ .001), and DN
(P ⫽ .001), but it was not significant in patients with ⱕ5 injections
(P ⫽ .059, P ⫽ .572, and P ⫽ .821, respectively) (Fig 3). These
differences were also significantly higher in patients who had ⱖ6
injections compared with patients with ⱕ5 injections (P ⬍ .001,
P ⬍ .001, and P ⬍ .001, respectively).
Patients who were injected with only Gd-BOPTA (subgroups
A2 ⫹ B2, n ⫽ 48) from the first to the last scan had a significantly
lower increase of the SN-to-midbrain SI ratio (mean increase,
⫹0.0103 ⫾ 0.0512; P ⫽ .023), compared with patients who had
both Gd-DTPA and Gd-BOPTA injections (subgroups A1 ⫹ B1,
n ⫽ 52; mean increase, ⫹0.0408 ⫾ 0.0769). However, in a separate analysis of groups A and B, the differences in GP-to-thalamus, SN-to-midbrain, and DN-to-CP SI ratios between the 2 subgroups were not significant (A1 compared with A2, P ⫽ .62, P ⫽
.58, and P ⫽ .65, respectively; B1 compared with B2, P ⫽ .33, P ⫽
.17, and P ⫽ .47, respectively).
Three different multiple linear regression analyses were performed to test the relationship between clinical data and changes
in the GP-to-thalamus, SN-to-midbrain, and DN-to-CP SI ratios.
The results are summarized in Table 2.
The number of injections showed the highest significance level
to predict GP-to-thalamus changes (P ⫽ .001), SN-to-midbrain
changes (P ⫽ .002), and DN-to-CP changes (P ⫽ .049).
In separate correlation analyses, there was a significant positive correlation with the changes of GP-to-thalamus, SN-to-midbrain, and DN-to-CP SI for the total number of injections (Spear-

man  ⫽ 0.423, P ⬍ .001; Spearman  ⫽ 0.453, P ⬍ .001; and
Spearman  ⫽ 0.310, P ⫽ .002, respectively; Fig 4) and the accumulated dose of L-GBCA (Spearman  ⫽ 0.359, P ⬍ .001; Spearman  ⫽ 0.455, P ⬍ .001; and Spearman  ⫽ 0.273, P ⫽ .006,
respectively), while the mean interval between contrast-enhanced
MR imaging showed a significant negative correlation with the
SN-to-midbrain and DN-to-CP SI changes (Spearman  ⫽
⫺0.259, P ⫽ .009; Spearman  ⫽ ⫺0.241, P ⫽ .016, respectively).

Radiologic Analysis: Cervical Spinal Cord
Sixteen cases (8 in each group) were discarded from the analysis
due to artifacts involving ⱖ1 ROI and therefore potentially affecting the SI analysis.
The CS-to-pons SI changes were found to be not significantly
different from 0 (P ⫽ .400), with a mean value of ⫹0.0008 ⫾
0.0089 (95% CI, ⫺0.0011– 0.0027) (Fig 5). The difference in the
CS-to-pons SI between the first and last scan was not statistically
significant in patients who had ⱖ6 injections compared with patients who had ⱕ5 injections (P ⫽ .565) (Fig 3). Furthermore, in
both groups, the CS-to-pons SI changes were not significantly
different between patients who received only Gd-BOPTA from
the first to last scan compared with patients who had both GdBOPTA and Gd-DTPA injections (group A, P ⫽ .738; Group B,
P ⫽ .906).

DISCUSSION
Our results showed an increase in the T1-weighted SI of the GP,
SN, and DN after multiple administrations of L-GBCAs in patients with relapsing-remitting MS, whereas no changes were detected in the CS. Several studies have established a high T1AJNR Am J Neuroradiol 40:1274 – 81
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FIG 3. Boxplots representing the distribution of globus pallidus-to-thalamus (A), substantia nigra-to-midbrain (B), dentate nucleus–to-middle
cerebellar peduncle (C), and cervical spinal cord-to-pons (D) SI ratios at the ﬁrst and last MR imaging examinations, stratiﬁed by patients who
received ⱕ5 (gray boxes on the left side of each plot) and ⱖ6 linear GBCA injections (white boxes on the right side of each plot). One hundred
pairs of scans (ﬁrst and last brain MR imaging scans) were analyzed in A, B, and C (50 per each group); 84 pairs of scans (ﬁrst and last cervical spine
MR imaging scans) were analyzed in D (42 per each group). The asterisk indicates P value ⱕ .05; double asterisks, P value ⬍ .001.
Table 2: Results of multiple linear regression analysis
Parameter
Globus pallidus-to-thalamus SI ratio changes
Age
Sex
Race
EDSS
DMT
Interval between CE-MRIs
GBCA type
No. of injections
Substantia nigra-to-midbrain SI ratio changes
Age
Sex
Race
EDSS
DMT
Interval between CE-MRIs
GBCA type
No. of injections
Dentate nucleus-to-middle cerebellar peduncle SI ratio changes
Age
Sex
Race
EDSS
DMT
Interval between CE-MRIs
GBCA type
No. of injections
Note:—CE indicates contrast-enhanced; DMT, disease-modifying therapy.
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Regression
Coefﬁcient

95% CI

Standardized Regression
Coefﬁcient

P Value

⫺0.0001
0.003
⫺0.007
⫺0.002
0.002
⬍0.001
0.001
0.005

(⫺0.001–0.001)
(⫺0.015–0.021)
(⫺0.019–0.005)
(⫺0.006–0.002)
(⫺0.002–0.005)
(⫺0.002–0.002)
(⫺0.016–0.018)
(0.002–0.008)

⫺0.019
0.033
⫺0.115
⫺0.120
0.104
0.002
0.012
0.373

.853
.734
.257
.235
.298
.986
.907
.001

0.001
0.030
0.006
⫺0.003
⫺0.004
⫺0.001
0.022
0.007

(0.000–0.002)
(0.004–0.056)
(⫺0.012–0.023)
(⫺0.009–0.003)
(⫺0.009–0.001)
(⫺0.004–0.001)
(⫺0.003–0.047)
(0.003–0.011)

0.144
0.211
0.064
⫺0.088
⫺0.157
⫺0.106
0.166
0.315

.136
.023
.500
.352
.096
.271
.079
.002

0.0001
⫺0.015
⫺0.011
⫺0.004
⫺0.004
⫺0.003
⫺0.002
0.006

(⫺0.001–0.002)
(⫺0.050–0.020)
(⫺0.035–0.012)
(⫺0.012–0.004)
(⫺0.011–0.002)
(⫺0.006–0.001)
(⫺0.036–0.032)
(0.000–0.012)

0.023
⫺0.085
⫺0.096
⫺0.113
⫺0.129
⫺0.156
⫺0.012
0.216

.828
.394
.351
.272
.205
.139
.909
.049

FIG 4. Scatterplots representing the SI ratio changes of the globus pallidus-to-thalamus (A), substantia nigra-to-midbrain (B), dentate nucleusto-middle cerebellar peduncle (C), and cervical spinal cord-to-pons (D) according to the total number of linear GBCA injections. The Spearman
rank correlation coefﬁcient () and associated P value (P) are reported.

weighted SI as an indirect sign of gadolinium deposition in the
setting of numerous administrations of GBCA.1-4,8-10,13-15
SI changes after ⬎35 injections of L-GBCA in the SN were
previously investigated in a small cohort of patients with brain
tumors16: All patients had increased SI in the SN. The authors
hypothesized that the SN might also be accumulating GBCAs, but
in smaller amounts that could be detected only after a large number of injections.16 According to our analysis, we found significant SI changes in the SN after ⱖ6 L-GBCA injections. The SN
was not specifically studied in previous studies investigating gadolinium deposition on histologic analysis.8-10 Gadolinium ions
could bind to citrates chelated to the endogenous neuromelanin
pigment in the SN.17 Neuromelanin chelates iron as well; this
feature might explain an increase in the SI on unenhanced
T1WI.18 However, our results show significant SI changes only in
patients who had ⱖ6 injections, suggesting that these changes are
related to the use of gadolinium.
Gadolinium deposits have also been demonstrated in organs
other than the brain,10 yet there are no studies investigating the
accumulation of gadolinium in the spinal cord. We found no
evidence of SI changes in the C1–C5 level of the spinal cord, suggesting no or very little gadolinium retention. Recently, the glym-

phatic system has been proposed to be important in both CSF and
CNS gadolinium biodistributions.7,19,20 According to Nehra
et al,7 the intravenous administration of a macrocyclic GBCA resulted in gadolinium accumulation within the CSF, even in the
setting of normal renal function and no blood-brain dysfunction.
The aquaporin-4 water channel in astrocytes enables the passive
transport of low-molecular-weight materials from the CSF into
the brain parenchyma and spinal cord. Our findings might be
supported by the different expression of glymphatic aquaporin-4
water channels in the spinal cord compared with the brain21 and
their selective loss found in inflammatory demyelinating diseases
(including MS), which have a different pattern in the brain and
spinal cord.22,23
In the first study investigating gadolinium deposition, specifically in patients with MS, potential confounding factors (eg, age,
sex, immunotherapy and disability status) were not addressed.6
More recently, a retrospective analysis investigated the relationship of multiple L-GBCAs injections to the SI Index in the DN and
GP and any associations with cognitive function in patients with
MS.24 In our study, we included multiple clinical factors and focused on physical disability (EDSS), but extensive neuropsychological testing was not collected. Although we found a positive
AJNR Am J Neuroradiol 40:1274 – 81
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more, in our study, most of the variation occurred among different patients, while the parameters did not remarkably change between the first and the last scan in each patient.
It was not possible to compare Gd-DTPA with Gd-BOPTA.
The statistical power of the results concerning the subgroup analysis is lower than that of the group analysis, due to the lower
number of patients included in each subgroup. Although the
number of Gd-DTPA injections was only 17% of the total, the
inclusion of both Gd-DTPA and Gd-BOPTA represents a potential bias because Gd-BOPTA has been shown to be potentially
more stable than other GBCAs.11
Concerning the CS, it was not possible to include the whole
spinal cord in the ROI analysis; however, the unenhanced T1weighted sequences were assessed entirely visually as well; no visible SI increase was detected.
Despite these limitations, this is the first study to systematically investigate SI changes of the SN and CS after multiple LGBCAs injections. To the best of our knowledge, this study represents the largest MS series on the topic. Additionally, multiple
clinical factors were included in the analyses to strengthen our
results and limit other confounders.

CONCLUSIONS

FIG 5. Unenhanced sagittal T1-weighted images at the ﬁrst (A) and the
ninth (B) contrast-enhanced MR imaging of a 57-year-old woman with
relapsing-remitting multiple sclerosis treated with natalizumab. Rectangles are the ROIs placed from the C1 to C5 level. Circles are the ROIs
in the pons. Absolute numbers of signal intensity measurements are
reported for each ROI. The changes of the cervical spinal cord-topons signal intensity ratio between the ﬁrst and the last MR imaging
scans are not statistically different. TR ⫽ 650 ms; TE ⫽ 10 ms; section
thickness ⫽ 3 mm; matrix ⫽ 192 ⫻ 256.

correlation between L-GBCA injections and EDSS worsening, the
causal relationship cannot be established on the basis of our results. We believe this is more likely the effect of the pathophysiologic progression of MS associated with chronic neurodegeneration and a gradual increase in disability.
Limitations of our study include its retrospective nature and
the absence of pathologic correlation with neuroimaging findings. Moreover, as with most published articles investigating gadolinium deposition, any GBCA injections in addition to the ones
reported in clinical records could not be excluded in the study
population. However, patients conforming to eligibility criteria
were asked about GBCA injections not performed in our institution to limit this potential confounder.
The lack of a control group does not exclude the possibility of
SI changes due to MS.
The slight variation of imaging-acquisition parameters
(⫾13% for TR and ⫾1% for TE) could potentially affect the SI
measurements. Nevertheless, we decided to accept a limited variation because previous studies have shown that SI analysis should
not be crucially affected when the variation of TR and TE is
small.3,13 This allowed us to include a large number of patients in
the study, increasing the statistical power of the results. Further1280
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In this study, we demonstrated that patients with MS receiving ⱖ6
L-GBCA injections showed a significant increase of the SI in the
GP, DN, and SN, while no detectable signal changes were observed in the CS. This finding is relevant for future studies investigating the clinical implications of gadolinium retention and the
mechanisms that contribute to it.
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ORIGINAL RESEARCH

ADULT BRAIN

Convolutional Neural Network for Automated FLAIR Lesion
Segmentation on Clinical Brain MR Imaging
X M.T. Duong, X J.D. Rudie, X J. Wang, X L. Xie, X S. Mohan, X J.C. Gee, and X A.M. Rauschecker

ABSTRACT
BACKGROUND AND PURPOSE: Most brain lesions are characterized by hyperintense signal on FLAIR. We sought to develop an automated deep learning– based method for segmentation of abnormalities on FLAIR and volumetric quantiﬁcation on clinical brain MRIs
across many pathologic entities and scanning parameters. We evaluated the performance of the algorithm compared with manual
segmentation and existing automated methods.
MATERIALS AND METHODS: We adapted a U-Net convolutional neural network architecture for brain MRIs using 3D volumes. This
network was retrospectively trained on 295 brain MRIs to perform automated FLAIR lesion segmentation. Performance was evaluated on
92 validation cases using Dice scores and voxelwise sensitivity and speciﬁcity, compared with radiologists’ manual segmentations. The
algorithm was also evaluated on measuring total lesion volume.
RESULTS: Our model demonstrated accurate FLAIR lesion segmentation performance (median Dice score, 0.79) on the validation dataset
across a large range of lesion characteristics. Across 19 neurologic diseases, performance was signiﬁcantly higher than existing methods
(Dice, 0.56 and 0.41) and approached human performance (Dice, 0.81). There was a strong correlation between the predictions of lesion
volume of the algorithm compared with true lesion volume ( ⫽ 0.99). Lesion segmentations were accurate across a large range of
image-acquisition parameters on ⬎30 different MR imaging scanners.
CONCLUSIONS: A 3D convolutional neural network adapted from a U-Net architecture can achieve high automated FLAIR segmentation
performance on clinical brain MR imaging across a variety of underlying pathologies and image acquisition parameters. The method
provides accurate volumetric lesion data that can be incorporated into assessments of disease burden or into radiologic reports.
ABBREVIATIONS: BIANCA ⫽ Brain Intensity Abnormality Classiﬁcation Algorithm; CNN ⫽ convolutional neural network; FDR ⫽ false discovery rate; LST ⫽ lesion
segmentation tool; RMdSPE ⫽ root median squared percentage error; RMSPE ⫽ root mean squared percentage error; SVID ⫽ small-vessel ischemic disease

A

pproximately 36 million MR imaging studies are performed
annually in the United States, and this number is rising.1
Approximately 65% of these MRIs are used to assess the central
nervous system. The FLAIR sequence is universally used to identify and characterize imaging abnormalities in terms of location,
size, and extent, due to its broad utility across many pathologies
and lesion appearances. Specific applications of FLAIR include,
among numerous others, primary and metastatic brain tumors;

demyelinating, autoimmune, infectious, and inflammatory conditions; and ischemia.2-4 Because of its general utility, FLAIR is
acquired on nearly every clinical brain MRI. There is a growing
need to develop fully automated, rapid, precise, quantitative assessments of FLAIR abnormalities to standardize quantitative descriptions of pathology.
A quantitative lesion-burden assessment has the potential to reduce errors from interobserver variability, 2D measurements, “satisfaction of search,” and confirmation bias, promising to improve
workflow efficiency and diagnostic accuracy, eventually translating
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FIG 1. Performance of the CNN compared with human manual segmentation and other automated FLAIR segmentation methods. A, Median
Dice scores across all validation cases. The asterisks denotes P ⬍ .05 for paired 2-tailed t tests compared with the CNN. The hashtag denotes
P ⬍ .05 for human performance compared with the CNN. B, Median Dice scores across validation cases separated by underlying diagnosis. The
asterisk denotes P ⬍ .05 (FDR-corrected for multiple comparisons) for the CNN compared with 1 method, and double asterisks denote P ⬍ .05
(FDR-corrected for multiple comparisons) for CNN compared with both methods using paired 2-tailed t tests. The hashtag separately denotes
P ⬍ .05 (FDR-corrected for multiple comparisons) for human performance compared with the CNN. Error bars represent 1 standard error of the
mean) across cases. ADEM indicates acute disseminated encephalomyelitis; PRES, posterior reversible encephalopathy syndrome; PML, progressive multifocal leukoencephalopathy; NMO, neuromyelitis optica.

to better patient outcomes.5,6 To this aim, machine learning
methods have been used for identifying FLAIR lesions in specific
diseases, such as gliomas,7,8 multiple sclerosis,9-11 acute infarcts,12,13
traumatic brain injury,14 and white matter hyperintensities related to
small-vessel ischemic disease and Alzheimer disease.15-17 These
methods represent specialized tools for distinct research purposes.18
No methods currently exist to identify FLAIR lesions independent of the underlying etiology in a clinical environment. Many brain
MRIs are obtained before a known diagnosis. Furthermore, existing
algorithms often assume specific requirements for image acquisition,
further decreasing clinical utility. In the clinical setting, brain MRIs
and their FLAIR sequences may be acquired with differing imageacquisition parameters and resolutions, which are often suboptimal
for automated algorithms. To be clinically applicable across most
brain MRIs, a lesion segmentation method must operate well, despite
this high degree of image and lesion heterogeneity.
Deep learning– based approaches have recently demonstrated
success with a variety of other image-segmentation tasks, including intracranial hemorrhage segmentation on CT,19 structural
neuroanatomy classification on brain MR imaging,20 cartilage
segmentation on knee MR imaging,21 and left ventricular volume
on cardiac MR imaging.22 The winner of the 20th International
Conference on Medical Image Computing and Computer Assisted Intervention (MICCAI) 2017 challenge for white matter
hyperintensity segmentation23 was based on a U-Net.24 Therefore, we adopted a deep learning approach, adapting a U-Net
convolutional neural network (CNN) architecture for 3D imaging for the task of disease-invariant FLAIR lesion segmentation.
Our study was designed to test this automated FLAIR lesion-segmentation algorithm on 19 different brain pathologies producing
a wide range of lesion appearances and to compare CNN-based
automated segmentations with those of manual lesion segmentations and existing automated tools.

MATERIALS AND METHODS
Subjects and Data
This retrospective study was approved by the institutional review
board of the University of Pennsylvania, with a waiver for consent. A total of 387 study subjects (218 females and 169 males; age
range, 14 –95 years; median age, 53 years) were included, with 1
MRI (2 sequences: T1-weighted and FLAIR) per subject. Subjects
were identified by searching the radiology archives of our tertiary
care university hospital (Hospital of the University of Pennsylvania) for 19 prespecified diagnoses, confirmed using the electronic
medical record and procedures detailed in the On-line Appendix.

Diseases and Training/Validation Assignment
The 19 diseases included in the validation sample are listed in the
On-line Appendix (see also Fig 1). These diseases encompass a
large range that cause FLAIR abnormalities on brain MR imaging.
They were also specifically chosen to represent a very heterogeneous sample, including wide ranges of individual lesion and total
lesion volumes and heterogeneity in lesion shape and internal
signal characteristics.
In assigning cases to training and validation samples, we randomly selected 5 cases of each of the 19 unique diseases to be part of
the validation sample. When diagnoses were rare enough that ⬍5
exemplars of the disease existed in the PACS of our institution (which
was only the case with Susac syndrome), then all cases of that disease
were included in the validation set (none in the training set). The
remainder of the cases were assigned to the training set. The training
set was also supplemented with 20 age-matched healthy brains (without abnormality on FLAIR) to further boost specificity; more healthy
cases were unnecessary given that the remainder of the training cases
already included many individual regions without abnormality on
FLAIR.
Assignments resulted in 295 training cases and 92 validation
cases. Because no hyperparameter optimization was performed (see
AJNR Am J Neuroradiol 40:1282–90
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Table 1: Heterogeneous scanning parameters used for FLAIR
sequences in training and validation samples, showing the
number of study subjects in each categorya
Training
Validation
Summary
(n = 295)
(n = 92)
Field strength
1.5T
230 (78.0%)
57 (62.0%)
3T
65 (22.0%)
35 (38.0%)
Dimension
2D
287 (97.3%)
81 (88.0%)
3D
8 (2.7%)
11 (12.0%)
Manufacturer/model
GE Healthcareb
Discovery MR750w
4 (1.4%)
3 (3.3%)
Genesis Signa
20 (6.8%)
6 (6.5%)
Optima MR450w
15 (5.1%)
1 (1.1%)
Signa Excite
20 (6.8%)
7 (7.6%)
Signa HDxt
14 (4.7%)
7 (7.6%)
Phillipsc
Intera
2 (0.7%)
1 (1.1%)
Siemensd
Magnetom Aera
15 (5.1%)
2 (2.2%)
Avanto
39 (13.2%)
8 (8.7%)
Magnetom Espree
83 (28.1%)
19 (20.1%)
Magnetom Essenza
9 (3.1%)
1 (1.1%)
Magnetom Skyra
8 (2.7%)
8 (8.7%)
Magnetom Symphony
4 (1.4%)
3 (3.3%)
Magnetom Symphony Tim
5 (1.7%)
1 (1.1%)
Tim Trio
37 (12.5%)
11 (20.0%)
Magnetom Verio
16 (5.4%)
13 (14.1%)
Toshibae
Titan
4 (1.4%)
1 (1.1%)
TE (ms)
Minimum
86
82
Median
136
136
Maximum
396
398
TR (ms)
Minimum
5000
5000
Median
9000
9000
Maximum
12,000
12,000
a

The percentage of the total training or validation sample is in parentheses.
Milwaukee, Wisconsin.
c
Best, the Netherlands.
d
Erlangen, Germany.
e
Toshiba Medical Systems, Tokyo, Japan.
b

MR Imaging Parameters and Ground Truth
Segmentations
Imaging data stemmed from a wide range of imaging parameters
(Table 1), typical of clinical imaging studies. Moreover, imaging
was performed on ⬎30 different MR imaging scanners and 16
different scanner models across all study subjects. Image-acquisition parameters for the training sample were similar to those on
the validation sample (randomly assigned).
Criterion standard lesion segmentations were based on manual
segmentations by a radiologist using ITK-SNAP (www.itksnap.
org),25 further described in the On-line Appendix.

Image Preprocessing
Skull stripping of T1-weighted images was performed with Advanced Normalization Tools (ANTs; http://neuro.debian.net/
pkgs/ants.html), which were then registered and applied to FLAIR
images.26 Images were normalized by the mean and SD signal
intensity to zero mean and unit SDs. Images were resampled to
1-mm3 isotropic resolution via linear interpolation. Despite most
MR imaging acquisitions being 2D (Table 1), all 2D and 3D acquisitions were treated with the same preprocessing steps to produce common resolution 1-mm3 volumes suitable for use in a
3D-CNN architecture. Elastic transformations27 were applied to
the images for data augmentation, which included small random
rotations, translations, scaling, and free-form deformations. We
split the full-resolution augmented imaging volume into 96-mm3
cubes (3D patches) as the network input to fit within graphic
memory constraints. Note that these 3D regions encompass a
large portion of the full-resolution imaging volume (Fig 2) and
are created only to address memory constraints. The large
patches, in comparison with the size of any lesion, ensure that the
lesion transition zones are included within the patches. During
training, the cubes were randomly sampled across the full-brain
volumes. To prevent sample imbalance, we sampled the same
number of patches that included lesion voxels as those that excluded lesions during training. A total of 80 patches were extracted from each training case, with 3 random augmentations per
case, resulting in 240 patches per case or
a total of 70,800 training patches. During testing, the brain volume was
densely sampled with the cubes using a
step size of 32 mm in each direction, resulting in a 64-mm overlap between
cubes. The overlapped segmentation
predictions were averaged.

CNN Model Architecture (U-Net)
We used a fine-tuned 3D U-Net28,29 to
predict lesion segmentations on the
FLAIR images because of the ability of
the U-Net to provide pixelwise/voxelFIG 2. Schematic of the CNN U-net architecture. The architecture uses a 3D region-based ap- wise predictions, ideal for voxelwise segproach for training and validation. The sample MR FLAIR images are from a patient with progresmentation problems. The network consive multifocal leukoencephalopathy. Max indicates maximum.
sists of 4 consecutive down-sampled
“CNN Model Architecture [U-Net]” below), this study did not reblocks followed by 4 consecutive up-sampled blocks. We used the
quire separate test and validation sets. The model was trained with
rectified linear unit for nonlinearity. For down-sampling, we used
a stride-2 convolution; for up-sampling, we used a stride-2 deonly the training dataset and was separately tested on the validation
convolution. We used the kernel size 3 ⫻ 3 ⫻ 3 across the netdataset.
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FIG 3. Representative slices from validation samples of FLAIR MR brain images (A) with CNN-based (B) and manual lesion segmentations (C), with
predicted or ground truth lesion segmentations overlaid in red. The CNN performs well on a variety of different neurologic disorders, here
shown in cases of multiple sclerosis, SVID, low grade-glioma, primary CNS lymphoma, adrenoleukodystrophy, and toxic leukoencephalopathy.

work. We applied a dilation factor of 2 in all convolutional layers.
Other than the standard cross-link between corresponding upsampling and down-sampling blocks, we also added a residual
connection between subsequent layers, with a number of features
matched by a plain 1 ⫻ 1 ⫻ 1 convolution. After the final upsampling block, 3 additional convolutional, rectified linear unit,
batched-normalized layers were added before the final normalized exponential (softmax) head function (Fig 2). A batch consisted of six 3D patches.
We used standard cross-entropy loss29 and an Adam optimizer with a learning rate of 10⫺5. The network was trained for
50 epochs. The network was implemented using TensorFlow
(https://www.tensorflow.org/),30 a deep learning module within
the Python programming language. Implementation was on a
Titan Xp GPU (NVIDIA, Santa Clara, California).

Comparison Algorithms
We compared CNN performance against that of previously published automated algorithms designed for FLAIR lesion identification: lesion segmentation tool (LST; https://www.applied-statistics.de/
lst.html)31 and Brain Intensity Abnormality Classification Algorithm
(BIANCA; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BIANCA).32 We also
compared the performance with a second independent radiologist’s
manual segmentations, which we refer to as “human performance.”
These methods were all applied to the same validation dataset. Refer
to the On-line Appendix for additional information on comparison
methods.

Statistical Analysis
The performance of our U-Net architecture neural network was
validated against the manual-segmentation criterion standard on
92 cases (ie, FLAIR volumes) representing 19 different diseases,
after being trained on 295 FLAIR volumes. Although acquisition
parameters included 2D and 3D methods (Table 1), we refer to all
cases as FLAIR volumes, given that we resampled all images to a
1-mm3 resolution (ie, a 3D volume) for CNN training and validation, before resampling back into native space for comparison
with native space manual segmentations. All analyses were performed in subject native space. Segmentation performance of all
methods was compared using Dice coefficients,33 the most commonly used similarity measure for evaluating segmentation performance, with manual lesion segmentations as the ground truth.
Voxelwise performance measures compared with manual segmentation were also calculated. Comparisons of performance
across methods was accomplished using paired 2-tailed t tests.
Additional statistical comparisons are discussed in the On-line
Appendix.

RESULTS
CNN-Based FLAIR Lesion Segmentation Accuracy
The CNN segments brain MR lesions qualitatively with a high
degree of accuracy. Representative comparisons of CNN-based
automatic segmentations and criterion standard manual segmentations are shown in Fig 3 (see also On-line Fig 2 and the On-line
Appendix).
We quantified CNN segmentation performance across all valAJNR Am J Neuroradiol 40:1282–90
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Table 2: Summary measures of accuracy (Dice, voxelwise
sensitivity, speciﬁcity, FDR, PPV/NPV) and comparisons of true
and predicted lesion volumes by forecasting RMdSPE and
Spearman correlation r of methodsa
Human
CNN
LST
BIANCA
Dice
Median
0.805
0.789
0.562
0.410
SEM
0.017
0.022
0.026
0.027
Sensitivity (1-FNR)
Median
0.800
0.767
0.599
0.556
SEM
0.017
0.025
0.026
0.020
Speciﬁcity (1-FPR)
Median
0.999
0.999
0.999
0.997
SEM
0.000
0.000
0.000
0.000
PPV
Median
0.824
0.769
0.690
0.335
SEM
0.018
0.018
0.030
0.034
NPV
Median
0.999
0.999
0.999
0.999
SEM
0.000
0.000
0.001
0.001
RMdSPE
0.97%
1.38%
3.80%
6.56%
Spearman r
0.991
0.985
0.862
0.655
Note:—PPV indicates positive predictive value; NPV, negative predictive value; FNR,
false negative rate; FPR, false positive rate; SEM, standard error of the mean.
a
Methods: Human, CNN, LST, and BIANCA.

idation cases using Dice scores, and we compared its performance
with existing state-of-the-art automated FLAIR segmentation
methods, LST and BIANCA31,32 and with a second independent
radiologist. Across the validation sample, the CNN demonstrated
a median Dice score of 0.789 (mean, 0.699 ⫾ 0.022), which approached human performance (Fig 1A). This performance was
significantly higher than the Dice scores of LST (median, 0.562;
mean, 0.533 ⫾ 0.026) and BIANCA (median, 0.410; mean,
0.395 ⫾ 0.027) (ANOVA and paired 2-tailed t tests compared
with CNN; P ⬍ .001). Similarly, among the algorithms tested,
other voxelwise measures of performance were highest for the
CNN (Table 2). Human performance (median Dice, 0.805; mean,
0.759 ⫾ 0.017) was very slightly-but-consistently better than
CNN performance (P ⬍ .01, paired 2-tailed t test).

Effect of Disease Pathology
Next, we examined how segmentation performance varies as a
function of underlying disease pathology. The CNN had significantly higher mean Dice scores than at least 1 of the other methods in 16/19 diagnoses and significantly higher than those in both
other methods in 5/19 diagnoses (paired 2-tailed t tests, P ⬍ .05;
false discovery rate [FDR]-corrected for multiple comparisons).
Segmentation performance was not statistically different from the
performance of the independent radiologist’s manual segmentations in 15/19 diagnoses. Note that low sample sizes within each
diagnosis group limit statistical power, but the median Dice was
numerically higher for the CNN than the other methods in all
diseases except Susac syndrome (Fig 1B). Even for those diseases
for which LST and BIANCA were specifically designed (multiple
sclerosis and small-vessel ischemic disease [SVID], respectively),
the CNN produced segmentations that were better than those for
SVID (P ⬍ .05, paired t test comparing CNN and BIANCA) or not
significantly different from those for MS (P ⬎ .05, paired t test
comparing CNN and LST), the comparison algorithms. Performance was consistently low for Susac syndrome across all methods, likely due to a combination of factors, including the follow1286
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ing: a large amount of noise and imaging artifacts, only 2 cases
total available (none in the training data), and very small and
limited extent of lesions in these 2 cases. Note the low performance of the independent radiologist for these cases as well. Heterogeneity of FLAIR signal within a lesion did not prove a barrier
to accurate segmentation; performance on 16 validation cases
with heterogeneous FLAIR lesions was excellent, with a median
Dice score of 0.87 (range, 0.80 – 0.92; On-line Fig 2).

Lesion Volume Quantiﬁcation
We found that the CNN performs well in estimating total lesion
volume, with a Spearman correlation  ⫽ 0.985 and a best fit line
slope ␤ ⫽ 0.958 when comparing predicted with true total lesion
volume across all cases, indicating a very high degree of fidelity
between the predicted and true total lesion volumes on an individual subject basis (Fig 4A). The comparison methods, meanwhile, had lower Spearman correlations (LST  ⫽ 0.862, BIANCA
 ⫽ 0.655) and lower best fit line slopes (LST ␤ ⫽ 0.490, BIANCA
␤ ⫽ 0.277), with both methods tending to overestimate smaller
lesion volumes and underestimate larger lesion volumes. We also
analyzed the degree of error in the predicted lesion volume on a
subject-specific basis using the root median squared percentage
error (RMdSPE) and the root mean squared percentage error
(RMSPE), which measure the average percentage error from true
lesion volume. The CNN generated lesion volumes with lower
errors (RMdSPE ⫽ 1.4%, RMSPE ⫽ 4.8%) compared with LST
(RMdSPE ⫽ 3.8%, RMSPE ⫽ 72.3%) and BIANCA (RMdSPE ⫽
6.6%, RMSPE ⫽ 433.8%) (Table 2).

Effect of Lesion Volume
We investigated how each method performed as a function of
lesion volume (Fig 4B). As expected, all methods performed better with larger total lesion volumes, which is partially inherent in
the Dice similarity index33,34 and was also true of the independent
radiologist’s performance. However, the CNN performed the best
of the 3 automated methods at all lesion volumes (ANOVA and
paired 2-sample t tests compared with CNN P ⬍ .01), and performance did not degrade even at the highest lesion volumes (⬎100
cm3), whereas performance did degrade slightly at the highest
lesion volumes for the other methods (Fig 4B). Even at very low
total lesion volumes, the CNN produced reasonable estimates,
with Dice scores of ⬃0.55 and accurate estimates of lesion volume
(Fig 3, inactive case of MS, as an example), whereas the other
methods performed poorly in these cases. Similarly, false-positive
voxels were most common for all methods in cases with low lesion
volumes, but this effect was much less pronounced with the CNN
and with a second radiologist (Fig 4C).
When we categorized diseases by median CNN Dice and true
lesion volume, no apparent clusters arose on the basis of etiology
(Fig 4D), noting that the lowest Dice scores were for diseases in
which the total lesion volume and individual lesion sizes tend to
be small (migraine, multiple sclerosis, neuromyelitis optica, and
Susac syndrome). Indeed, Dice scores for all methods including
human segmentation depend on individual lesion sizes, with
poorer performance in cases with small lesions (Fig 4E) due to a
higher number of false-positive and false-negative voxels in these
cases (On-line Fig 1). In summary, Dice scores within each disease

FIG 4. Performance of segmentation methods according to lesion characteristics. A, Scatterplot of predicted-versus-true total lesion volume
with CNN (green circle) (Spearman correlation  ⫽ 0.985, best ﬁt line slope ␤ ⫽ 0.958), LST (gray square)  ⫽ 0.862, ␤ ⫽ 0.490), and BIANCA
(white triangle) ( ⫽ 0.655, ␤ ⫽ 0.277) with the y ⫽ x line. Note clustering of CNN points along the y ⫽ x line, representing low deviation of
CNN-based volume estimates from manual lesion volumes. B, Median Dice scores of cases stratiﬁed by total lesion volume. C, False discovery
rate stratiﬁed by total lesion volume. D, Scatterplot of median CNN Dice score versus median true total lesion volume per diagnostic group. E,
Median Dice scores of cases grouped by mean individual lesion volume. F, Histogram of lesion volumes in training and validation datasets. Error
bars in all panels represent ⫾1 standard error of the mean across cases. The asterisk denotes P ⬍ .01 for the CNN compared with 1 method, and
double asterisks denote P ⬍ .01 for CNN compared with both methods using 1-way group ANOVA and paired 2-tailed t tests. The hashtag
separately denotes P ⬍ .05 for human performance compared with the CNN. ADEM indicates acute disseminated encephalomyelitis; ALD,
adrenoleukodystrophy; TLE, toxic leukoencephalopathy; aMS, active MS: tMS, tumefactive MS; PRES, posterior reversible encephalopathy
syndrome; iMS, inactive MS; NMO, neuromyelitis optica; Vasc, Vascular disease (ischemia); CNSL, CNS lymphoma; Susac S, Susac syndrome; lg,
low-grade; hg, high-grade; PML, progressive multifocal leukoencephalopathy.

are driven mainly by lesion size/volume but are otherwise independent of pathology, demonstrating the broad utility of the
CNN for a range of diseases.

(P ⬍ .05), but with no significant difference after accounting for
mean lesion size (P ⫽ .85), which was overall larger in cases from
outside hospitals.

Effect of Technical Factors

Inference Time

We investigated whether CNN performance depends on technical
acquisition factors such as MR imaging scanner models or acquisition parameters (Fig 5). We found no significant differences in
CNN performance with respect to different scanner models (1way ANOVA of Dice across 16 scanner types, F ⫽ 0.65, P ⫽ .84) or
manufacturers (1-way ANOVA across 4 manufacturers, F ⫽ 0.61,
P ⫽ .61). We also found no correlation between the number of
training cases and validation performance across scanner types
(r2 ⫽ 0.015, P ⫽ .65, Fig 5B). Thus, the CNN generalizes well
across scanner types. Similarly, there was no effect of field strength
on performance (2-sample t test, P ⫽ 0.22). There was a trend
toward better performance with 2D acquisition sequences (P ⫽
.06), noting an inherent bias in that patients with small lesions (in
particular those with MS) more commonly undergo 3D acquisitions at our institution. Finally, we tested whether performance
decreased when the CNN is applied to imaging from outside hospitals. In contrast, we found slightly better Dice scores on those
scans obtained at outside hospitals than at our home institution

One advantage of automated methods over manual lesion segmentation is processing speed. The mean inference time of the
CNN on a single FLAIR volume is 28.2 ⫾ 1.48 seconds, which
includes all preprocessing steps (brain extraction, interpolation,
patches, and so forth), model loading, and model application. The
average inference of BIANCA for a single subject was fastest at
4.6 ⫾ 1.35 seconds, also including relevant preprocessing steps.
LST was the slowest, with a mean inference time of 1.8 minutes ⫾
34.0 seconds. All of these times compare favorably with those of
manual lesion segmentations, which take, on average, approximately 15–20 minutes for a single FLAIR volume by an experienced individual.

DISCUSSION
This study is the first demonstration of a quantitative, automated
FLAIR lesion evaluation algorithm that applies to a multitude of
clinically distinct and radiologically unique pathologies. The
CNN, specifically a U-Net,28 functions on clinical-grade images from
AJNR Am J Neuroradiol 40:1282–90
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As a result, the CNN estimates true
total lesion volumes with very high fidelity across a range of 19 diseases tested
here, thereby making the algorithm
clinically applicable to quantitatively
measuring lesion volume. The CNN
outperforms current state-of-the-art
algorithms in brain FLAIR lesion segmentation, as measured by Dice overlap
coefficients, false-positives, false-negatives, and predictions of lesion volume.
On clinical imaging, it outperforms or is
equivalent to these algorithms both on
those diseases for which those algorithms are designed (MS for LST and
SVID for BIANCA), as well as for diseases (eg, adrenoleukodystrophy) for
which no algorithms currently exist. For
high-grade glioma whole-tumor segmentation, it functions at a level comparable with the winning algorithms from
the Brain Tumor Image Segmentation
(BraTS 2017) challenge.35-37 Overall, it
functions nearly at the level of a human
expert.
Another strength of the current
FIG 5. Performance of the CNN segmentation method according to technical characteristics. A,
method is that it generates accurate leMedian Dice scores on validation cases across different scanner models, grouped by MR imaging
manufacturer. The dashed line indicates overall mean Dice score. There was no signiﬁcant differ- sion segmentations despite a very heterence in Dice scores according to scanner model or manufacturer (P ⬎ .05 by 1-way ANOVA, see ogeneous array of imaging-acquisition
Results). B, Median Dice scores according to the number of training cases from that scanner
model, with the best ﬁt line. There is no signiﬁcant correlation between the number of training parameters. This particular feature alcases and Dice scores (P ⬎ .05). C, Median Dice scores on validation cases grouped by ﬁeld lows the methodology to be easily intestrength (left panel), acquisition dimension (middle panel), and hospital system where images
were acquired (right panel). Error bars in all panels represent ⫾ 1 standard error of the mean grated into the clinical workflow beacross cases. The asterisk denotes P ⬍ .05 for the 2-tailed t test among groups. See Table 1 for cause it has no specific requirements for
manufacturers’ information. Ess indicates Essenza.
FLAIR image acquisition. In addition to
supporting the clinical workflow, the
a PACS. We demonstrate that this CNN performs high-quality lesion
method has strong potential to be applied retrospectively in exsegmentations despite a number of heterogeneous scanners, image
tracting quantitative lesion data from the massive amount of clinacquisition parameters, lesion sizes, and underlying diagnoses, even
ical data available in PACS storage across radiology departments.
with modest training data (ⱕ5 cases per diagnosis).
When used in combination with natural language processing on
The CNN performs well at FLAIR lesion segmentation across
radiology reports or other diagnostic data from electronic medical
these variables because of the basic commonality that all these
records, these measures may support the association of quantitadisease pathologies share: hyperintense FLAIR signal. Our 3D-Utive lesion characteristics with various neurologic diseases on a
Net method is specifically designed for and trained on noisy reallarge scale.
world clinical images to identify hyperintense FLAIR signal while
avoiding artifacts. The utility of an algorithm that is broadly
There is room for further improvement in the methodology.
trained on hyperintense FLAIR signal, as opposed to specific disFrom a technical standpoint, we found that the most difficult
eases, is that it can be used in clinical situations even when the
cases for the CNN, as with any method, are cases with a small
diagnosis is unknown. Thus, the CNN can provide accurate leextent of lesions and small lesion sizes. Further developments in
sion-volume estimates on any disease with hyperintense FLAIR
the neural network model architecture and training, including
signal without being extensively trained with any particular pahyperparameter optimization, additional training cases, and/or
thology, noting that specific training with 1 disease may boost
the use of specialized techniques such as a second object localizaperformance for that disease at the detriment of others. In contion network,19 may continue to boost performance in such situtrast to using disease-specific methods, we also intentionally
ations. Specific training methods have been developed for avoidavoided inclusion of other MR images beyond FLAIR, such as
24
ing false-positives, such as fine-tuning the network with more
T1, in the training model because those sequences do not conrepresentative baseline lesion distributions or using the Dice score
sistently show abnormalities across the wide range of pathologies
included in the study or in neuroimaging generally.
as the loss function.28
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Furthermore, while the current results are promising, there
are limitations to the conclusions we can draw from this crosssectional retrospective study. Prospective use of the technology
may encounter a different typical range of lesion appearances
than in our study. However, we expect the CNN to iteratively
improve in such situations, further learning from the cases at an
institution. The algorithm already appears to generalize well
across multiple MR imaging scanners, even from outside institutions. Finally, a critically important test of the system for future
clinical implementation will be to test the longitudinal precision
of the methodology, to evaluate changes in lesion volume with
time. Current studies are underway to address these important
questions.

3.

4.
5.

6.

7.

8.

CONCLUSIONS
Our findings indicate that a fully-automated deep learning algorithm can achieve high performance on brain MR imaging
(FLAIR) lesion segmentation across an array of different diseases
and image acquisitions. It outperforms current state-of-the-art
FLAIR lesion segmentation algorithms in detecting lesions and
quantifying their volume, and it approaches near-human performance. We anticipate that such a system may be useful for descriptions of brain lesions in the clinical setting, replacing subjective, qualitative assessments with objective quantitative metrics,
an essential component of a modern and efficient neuroradiologic
workflow.
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ORIGINAL RESEARCH

ADULT BRAIN

White Matter Lesion Penumbra Shows Abnormalities on
Structural and Physiologic MRIs in the Coronary Artery Risk
Development in Young Adults Cohort
X I.M. Nasrallah, X M.-K. Hsieh, X G. Erus, X H. Battapady, X S. Dolui, X J.A. Detre, X L.J. Launer, X D.R. Jacobs, X C. Davatzikos, and
X R.N. Bryan

ABSTRACT
BACKGROUND AND PURPOSE: White matter lesions are 1 age-related manifestation of cerebrovascular disease, but subthreshold
abnormalities have been identiﬁed in nonlesional WM. We hypothesized that structural and physiologic MR imaging ﬁndings of early
cerebrovascular disease can be measured in middle-aged subjects in tissue adjacent to WM lesions, termed “penumbra.”
MATERIALS AND METHODS: WM lesions were deﬁned using automated segmentation in 463 subjects, 43–56 years of age, from the
Coronary Artery Risk Development in Young Adults (CARDIA) longitudinal observational cohort study. We described 0- to 2-mm and 2- to
4-mm-thick spatially deﬁned penumbral WM tissue ROIs as rings surrounding WM lesions. The remaining WM was deﬁned as distant
normal-appearing WM. Mean signal intensities were measured for FLAIR, T1-, and T2-weighted images, and from fractional anisotropy,
mean diffusivity, CBF, and vascular reactivity maps. Group comparisons were made using Kruskal-Wallis and pair-wise t tests.
RESULTS: Lesion volumes averaged 0.738 ⫾ 0.842 cm3 (range, 0.005–7.27 cm3). Mean signal intensity for FLAIR, T2, and mean diffusivity was
increased, while T1, fractional anisotropy, and CBF were decreased in white matter lesions versus distant normal-appearing WM, with penumbral
tissues showing graded intermediate values (corrected P ⬍ .001 for all group/parameter comparisons). Vascular reactivity was signiﬁcantly
elevated in white matter lesions and penumbral tissue compared with distant normal-appearing white matter (corrected P ⱕ .001).
CONCLUSIONS: Even in relatively healthy 43- to 56-year-old subjects with small white matter lesion burden, structural and functional MR
imaging in penumbral tissue reveals signiﬁcant signal abnormalities versus white matter lesions and other normal WM. Findings suggest that
the onset of WM injury starts by middle age and involves substantially more tissue than evident from focal white matter lesions visualized
on structural imaging.
ABBREVIATIONS: BMI ⫽ body mass index; BOLD ⫽ blood oxygen level– dependent; dNAWM ⫽ distant normal-appearing white matter; FA ⫽ fractional anisotropy; MD ⫽ mean diffusivity; NAWM ⫽ normal-appearing white matter; RFscore ⫽ risk factor score; VR ⫽ vascular reactivity; WML ⫽ white matter lesion

C

erebral white matter lesions (WMLs), or leukoaraiosis, are
common age-related MR imaging findings but may be pres-

Received February 7, 2019; accepted after revision June 6.
From the Department of Radiology (I.M.N., R.N.B.), Center for Biomedical Image
Computing and Analytics (I.M.N., M.-K.H., G.E., H.B., C.D.), and Department of Neurology (S.D., J.A.D.), University of Pennsylvania, Philadelphia, Pennsylvania; National
Institute on Aging (L.J.L.), National Institutes of Health, Bethesda, Maryland; and
Division of Epidemiology (D.R.J.), School of Public Health, University of Minnesota,
Minneapolis, Minnesota.
The Coronary Artery Risk Development in Young Adults Study (CARDIA) is conducted and supported by the National Heart, Lung, and Blood Institute in collaboration with the University of Alabama at Birmingham (HHSN268201800005I,
HHSN268201800007I), Northwestern University (HHSN268201800003I), University
of Minnesota (HHSN268201800006I), and the Kaiser Foundation Research Institute
(HHSN268201800004I). CARDIA is also partially supported by the Intramural Research Program of the National Institute on Aging and an intra-agency agreement
between National Institute on Aging and National Heart, Lung, and Blood Institute
(AG0005). This article has been reviewed by CARDIA for scientiﬁc content. Data
processing and analysis was supported by NIH grants S10OD023495, P41 EB015893,
P30 AG010124, and R01 NS111115.

ent in younger individuals.1 WMLs are associated with cognitive
decline,2-4 future infarction, depression,5 and poor clinical prognosis.6 WMLs commonly affect terminal vascular territories and
their burden progresses7 by expansion of existing lesions and development of new lesions.
Pathologically, WMLs demonstrate capillary loss, arterial tortuosity, gliosis,8 demyelination, and ischemia.9 Imaging has
shown physiologic abnormalities in WMLs, including decreased
cerebral blood flow10,11 and vascular reactivity (VR),12 and inPaper previously presented, in part, at: American Society of Neuroradiology Annual Meeting and the Foundation of the ASNR Symposium, May 21–26, 2016; Washington DC.
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Table 1: Demographic and risk factor data of the subjects from CARDIA with MRI included
in this study
Total
KPDR
UMN
P Value
No.
463
213
250
NA
Mean age (yr)
50.5 ⫾ 3.4
50.5 ⫾ 3.4
50.5 ⫾ 3.3 .98
Race
Black
36%
38%
34%
.48
White
64%
62%
66%
Sex
Male
47%
47%
46%
.98
Female
53%
53%
54%
Mean BMI
28.3 ⫾ 5.3
27.6 ⫾ 5.4
28.9 ⫾ 5.2 .009
Mean systolic/diastolic
118 ⫾ 15/74 ⫾ 12 118 ⫾ 14/74 ⫾ 11 119 ⫾ 16/73 ⫾ 12 .58/.66
blood pressure (mm Hg)
Diabetic (%)
7.6%
6.9%
8.2%
.61
Smoking history
.005
Never
60%
67%
53%
Former
25%
22%
28%
Current
15%
11%
19%
Sedentary behavior
19%
18%
20%
.55
(⬎75th percentile)
Hypercholesterolemia
69%
71%
68%
.38
Mean risk factor score
2.1 ⫾ 1.3
1.9 ⫾ 1.2
2.2 ⫾ 1.3 .06
(range, 0–6)

suggest that antihypertensive therapy
and other therapies to control vascular
risk factors may benefit brain health
starting in middle age. We investigated
tissue immediately surrounding WMLs,
termed WML penumbra, which was
likely exposed to similar vascular stressors, predicting that the imaging correlates of injury would be intermediate between WMLs and distant NAWM. We
simultaneously characterized structural
abnormalities, measures of white matter
integrity, and vascular physiologic parameters to determine the characteristics of WML penumbral tissue using MR
imaging.

MATERIALS AND METHODS
Study Sample

The CARDIA study is a prospective, longitudinal cohort study evaluating the deNote:—KPDR indicates Kaiser-Permanente Division of Research; UMN, University of Minnesota; NA, not applicable.
velopment of vascular risk factors in
healthy young adults who provided increased blood-brain barrier permeability13; other studies have esformed consent to participate. The original cohort consisted of
tablished that age, hypertension, and smoking are important risk
5115 healthy black and white participants, 18 –30 years of age.22 In
14
factors for WMLs. These observations lead to the hypothesis
the 25th year of follow-up, at a mean of 50 years of age, brain MR
that cardiovascular risk factors result in chronic vascular impairimaging was performed between August 19, 2010, and August 31,
ment that causes tissue damage visualized as WMLs, though there
2011, in 719 randomly selected subjects in the CARDIA study who
is also evidence for progression through acute injury.15 Together,
had no contraindications to MR imaging. Structural (T1, T2,
these injuries likely interfere with axonal function and connectivFLAIR), diffusion (MD, FA), and physiologic data (arterial spinity, contributing to clinical deficits, including cognitive decline.
labeling perfusion, breath-hold fMRI) were acquired, and comMany methods exist to automatically segment WMLs from
plete, analyzable datasets were obtained in 463 subjects (On-line
MR imaging, usually relying on structural MR imaging signal inFig 1) from 2 sites: the University of Minnesota (n ⫽ 250) and
tensity characteristics. Because WMLs are usually progressive,
Kaiser-Permanente Division of Research (n ⫽ 213), both using 3T
MR imaging techniques sensitive to early pathologic changes
Tim Trio scanners (Siemens, Erlangen, Germany). Demographic
may identify at-risk tissue in normal-appearing white matter
composition of this subgroup is shown in the Table 1; these sub(NAWM). Indeed, MR imaging studies, mostly in elderly popujects are similar to the overall CARDIA 25th year of follow-up MR
lations,7,16,17 have demonstrated abnormalities in several meaimaging cohort,1 and there was no significant difference on the
surements of NAWM on conventional MR imaging. NAWM near
basis of site except for body mass index (BMI) and smoking
WMLs is most likely to show abnormality.17 One large study evalhistory.
uating signal abnormalities in NAWM found increased FLAIR
signal, increased mean diffusivity (MD), and decreased fractional
MR Imaging and Analysis
This study was a retrospective analysis of prospectively acquired
anisotropy (FA) in tissue that ultimately developed into WMLs,7
data, approved by the institutional review board of the University
while a smaller study showed similar findings for low CBF.18
of Pennsylvania. The CARDIA brain MR imaging protocol has
White matter integrity metrics from diffusion tensor imaging, like
been published previously1; briefly, it included T1 (TR ⫽ 1900
FA and MD, are also abnormal in NAWM in individuals with
19-21
ms, TE ⫽ 2.89 ms, FOV ⫽ 250 mm, thickness ⫽ 1 mm, slices ⫽
WMLs.
However, many previous studies are limited by small
176, native resolution ⫽ 1 mm isotropic), T2 (TR ⫽ 3200 ms,
sample sizes and ROI image-analysis techniques that do not
TE ⫽ 409 ms, FOV ⫽ 250 mm, thickness ⫽ 1 mm, slices ⫽ 176,
broadly evaluate WMLs and NAWM. Furthermore, structural,
native resolution ⫽ 1 mm isotropic), FLAIR (TR ⫽ 6000 ms,
diffusion, and physiologic parameters have not been simultaneTE ⫽ 285 ms, FOV ⫽ 258 mm, thickness ⫽ 1 mm, slices ⫽ 160,
ously evaluated in WMLs versus NAWM to allow evaluation of
native resolution ⫽ 1 mm isotropic), 30-direction diffusion tencorrelations among MR imaging parameters, which might be resor imaging (TR ⫽ 7400 ms, TE ⫽ 82 ms, FOV ⫽ 246 mm,
dundant due to measurement of similar physiology or for technithickness ⫽ 2.2 mm, slices ⫽ 64, native resolution ⫽ 2.2 mm
cal reasons.
isotropic), pseudocontinuous arterial spin-labeling perfusion
We hypothesized that even in the relatively healthy Coronary
(TR ⫽ 4000 ms, TE ⫽ 11 ms, FOV ⫽ 220 mm, thickness ⫽ 5 mm,
Artery Risk Development in Young Adults (CARDIA) cohort,
43–56 years of age, visible WMLs under-represent total white
slices ⫽ 20, native resolution ⫽ 3.4 ⫻ 3.4 ⫻ 6 mm), and breathmatter abnormality. Evidence of more widespread injury may
hold blood oxygen level– dependent (BOLD) fMRI (TR ⫽ 2000
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tion-corrected the resulting images and
smoothed them, and a whole-brain
generalized linear model analysis was performed using a 9-second delay to account
for hemodynamic lag. We excluded subjects without activation of the superior
sagittal sinus, a marker of breath-hold
compliance, measured as a z score within
the superior sagittal sinus of ⬍2.3. VR z
score maps were thresholded at z ⬎ 2.3,
and percentage activation was calculated
relative to the median z score in the supeFIG 1. Sample FLAIR image showing WML (A); WML segmentation in red (B); and WML (red), 0 –2 rior sagittal sinus. Only voxels with activamm (orange) and 2– 4 mm (light orange) penumbra, and dNAWM (yellow) (C). dNAWM is eroded tion above this threshold were included
from GM to eliminate partial volume effects among these tissue types.
for analysis. Maps for FA, MD, CBF, and
VR were registered to T1 space and interms, TE ⫽ 25 ms, FOV ⫽ 224 mm, thickness ⫽ 3.5 mm, slices ⫽
polated to 1-mm isotropic resolution.
35, native resolution ⫽ 3.5 mm isotropic). Scanner performance
3D volumes and imaging maps were aligned using FSL. In each
was monitored with quarterly Alzheimer’s Disease Neuroimaging
of the 4 ROIs—WML, 0- to 2-mm penumbra, 2- to 4-mm penInitiative and fBIRN phantom acquisitions (EZfMRI, Chicago,
umbra, and dNAWM (Fig 1)—mean intensity was extracted from
Illinois), with the scanners showing stability of phantom meaeach of the acquired sequences, resulting in mean intensity values
surements throughout the study.
for each of the 4 regions for FLAIR, T1, T2, FA, MD, CBF, and VR.
Processing of structural MR imaging sequences first involved hisFor VR, to evaluate the possible contributions of noise from subtogram normalization and bias field correction of raw image data,
jects with few activated voxels, we repeated the analyses after exwhich improve comparability of the uncalibrated, ordinal data,
clusion of subjects with the lowest quartile of activated voxels for
followed by template registration23 and semiautomated tissue segeach ROI as a secondary analysis.
mentation.24 WML segmentation was performed using a previously
validated supervised learning-based multimodal segmentation
Statistics
method.24,25 This support vector machine classifier was originally
Statistical analysis was performed using Python 2.7 (https://
trained on multimodal MR imaging data from a separate training set
www.python.org/download/releases/2.7/). Mean values for each
with expert human manual segmentation of WMLs. It provides segparameter were compared between groups using Kruskal-Wallis
mentation based on structural MR imaging (T1, T2, FLAIR) that
and Wilcoxon signed rank pair-wise t tests. Regression analysis of
strongly correlates with a definition of WMLs in the training set of a
median intensity across regions was performed by applying a genhuman observer. The model was applied on subjects in the CARDIA
eralized estimating equation to z score–normalized intensity
study to calculate binary WML masks and has been used in prior
measures. Correlation matrices using Pearson product-moment
analyses of CARDIA imaging data. WML masks were morphologicorrelation coefficients were computed for intensities of each pacally dilated to define 2-mm rims of adjacent penumbral tissue (0 –2
rameter. The Holm-Bonferroni correction was used to adjust for
and 2– 4 mm) within tissue classified as NAWM. These 2-mm ROIs
multiple comparisons in pair-wise t tests and correlation matriwere selected on the basis of a compromise between the intrinsic
ces. Recursive feature elimination with stratified 10-fold crossspatial resolution of the acquired data and the relatively narrow exvalidation was performed to determine the optimal set of parampected transition from WMLs to normal tissue. Voxels within these
eters that best predicted assignment to WML, 0- to 2-mm
penumbral ROIs are more likely to have been exposed to similar
penumbra, 2- to 4-mm penumbra, and NAWM ROIs for each
vascular injury compared with those in WMLs and therefore are
voxel. This method initially used all parameters to train the estimore likely to be abnormal; however, there is no a priori standard for
mator; then, features with the lowest weights were recursively
subclassifying these voxels. Distant normal-appearing white matter
eliminated until further feature removal reduced classification ac(dNAWM) was defined by eroding the white matter segmentation
curacy. We investigated the associations of imaging parameters in
mask from the GM and WML/penumbra ROIs by 2 mm to avoid
WMLs and penumbras with clinical risk factors of systolic blood
partial volume effects.
pressure, BMI, smoking status, and sedentary behavior, as previFrom DTI, we calculated FA and MD scalar maps. CBF maps
ously defined,1 controlling for imaging site and demographic facwere calculated from pseudocontinuous arterial spin-labeling.26
tors of age, sex, and race using ordinary least-squares linear reMaps of VR as measured by the percentage signal change in BOLD
gression modeling with z score–transformed data, adjusting for
fMRI between breath-hold and rest states were generated using a
age, sex, race, and site. Similarly, we evaluated overall cardiovasmethod similar to that of Murphy et al.27 To summarize, breathcular risk using a derived risk factor score (RFscore range, 0 – 6)
holding was used to elevate blood CO2 and thereby induce cerebral
that was generated for each participant as a count of which of the
vasodilation to effect changes in BOLD signal. During acquisition of
following 6 risk factors were present: hypertension (systolic blood
BOLD fMRI, subjects were cued to follow four 16-second breathpressure ⬎ 140 mm Hg or on antihypertensive medication), hyholds using E-Prime (Psychology Software Tools, Sharpsburg,
Pennsylvania). Using FSL (http://www.fmrib.ox.ac.uk/fsl), we mopercholesterolemia (total serum cholesterol level ⬎100 mg/dL or
AJNR Am J Neuroradiol 40:1291–98
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Table 2: Regional volumes and mean intensity values for MRI parametersa
Penumbra
Penumbra
WML
(0–2 mm)
(2–4 mm)
Mean volume (cm3)
0.738 (0.842)
2.78 (2.26)
5.81 (4.21)
关0.661–0.815兴
关2.57–2.99兴
关5.43–6.19兴
FLAIR intensity
136 (10.1)
98.9 (3.50)
79.4 (3.71)
关135–137兴
关98.6–99.2兴
关79.1–79.7兴
T1 intensity
116 (6.43)
132 (5.80)
142 (4.50)
关115–117兴
关132–133兴
关142–142兴
T2 intensity
115 (8.62)
88.3 (6.82)
74.1 (4.75)
关114–115兴
关87.7–88.9兴
关73.7–74.5兴
FA
0.279 (0.0554)
0.328 (0.0411)
0.374 (0.0380)
关0.273–0.284兴
关0.324–0.331兴
关0.371–0.377兴
3.68 (0.662)
3.23 (0.445)
2.97 (0.344)
MD (10⫺3)
关3.62–3.73兴
关3.19–3.27兴
关2.93–3.00兴
CBF (mL/100 g/min)
25.2 (10.3)
26.9 (9.37)
28.8 (9.06)
关24.3–26.1兴
关26.1–27.7兴
关28.0–29.6兴
VR
0.776 (0.493)
0.779 (0.379)
0.790 (0.328)
(Mean % change)
关0.731–0.821兴
关0.745–0.813兴
关0.760–0.820兴

dNAWM
219 (3.68)
关186–253兴
70.8 (2.58)
关70.6–71.0兴
156 (1.31)
关156–156兴
60.6 (1.02)
关60.5–60.7兴
0.384 (0.0254)
关0.382–0.386兴
2.33 (0.112)
关2.32–2.34兴
34.4 (8.56)
关33.6–35.2兴
0.681 (0.377)
关0.647–0.715兴

Regression
Coefﬁcient
NA
⫺0.854
0.824
⫺0.734
0.630
⫺0.578
0.306
0.192

Note:—NA indicates not applicable.
a
SD is in parentheses, and 95% conﬁdence intervals for intensity parameters are in brackets. Kruskal-Wallis tests were signiﬁcant for all parameters, and pair-wise comparisons
had P ⬍ .001 except that the WML and penumbral ROIs did not show signiﬁcant differences in VR. The slope of linear regression across the 4 regions for intensity variables using
a median value is shown in the last column; regression analyses were all statistically signiﬁcant with P ⬍ .001.

FIG 2. Boxplots of mean intensity values for each region. CBF is measured in cubic millimeters/100 g/min, and VR shows the mean percentage
signal change. For vascular reactivity, outliers are excluded (comprising ⬃10% of the sample) to better demonstrate differences among means.
A graph with outliers is available (On-line Fig 2). For each parameter, mean values are signiﬁcantly different among all pair-wise comparisons
between ROIs with corrected P ⬍ .001, except for VR in which comparison of WML and dNAWM shows corrected P ⫽ .001, and there is no
signiﬁcant difference among WMLs and the 2 penumbra regions (P ⬎ .4).

on cholesterol-lowering medication), sedentary behavior (⬎75th
percentile, equivalent to ⬎8.5 hours of sedentary behavior per
day), diabetes (if present), BMI (if ⱖ30), or history of smoking
(current and former smokers).

RESULTS
WML volumes averaged 0.738 ⫾ 0.842 cm3 (range, 0.005–7.27
cm3) in the 463 subjects from the CARDIA 25th year of follow-up cohort included in this study. Derived volumes of 0- to
2-mm penumbra, 2- to 4-mm penumbra, and dNAWM measured at 2.78 ⫾ 2.26, 5.81 ⫾ 4.21, and 219 ⫾ 36.8 cm3,
respectively.
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We found significant differences for most parameters across
ROIs (Table 2 and Fig 2). Mean FLAIR intensity, T2, and MD were
higher in WMLs than in dNAWM, while mean T1 intensity, FA,
and CBF were lower (all P ⬍ .001). For all these parameters, penumbral tissue showed intermediate values that were significantly
different from each other and from both WMLs and dNAWM
(P ⬍ .001 for all pair-wise t tests). Regression analysis by group
demonstrated a strong effect of tissue type on signal intensities for
FLAIR, T1, T2, MD, and FA, all statistically significant (P ⬍ .001),
with the strongest effects seen for structural parameters (Table 2);
these correlations were not materially affected by adjusting for

FIG 3. Correlations among the 7 MR imaging variables (Pearson r). Correlation is shown for all voxels in all regions combined and separately for
each region. Positive correlations are shaded red, and negative correlations are shaded blue. The asterisk indicates Bonferroni-Holm corrected
P ⬍ .05.

site. There was no association between intensity values and subject age for any ROI (data not shown).
VR calculated from breath-hold fMRI showed a lower mean
number of activated voxels in WM versus GM (67.0% ⫾ 27.9%
versus 78.3% ⫾ 29.5% showed activation, respectively, P ⬍ .001).
Activated voxels in the WM also showed a lower percentage signal
change compared with GM (0.865% ⫾ 0.40% versus 1.43% ⫾
0.57%, P ⬍ .001). Compared with prior studies with 5% CO2
inhalation, which achieves more reproducible blood CO2 levels,
our VR results showed similar values of WM percentage activation28 and ratios between GM and WM activation.29 However,
the VR data are less reliable than other measures because values
are not available for all voxels, especially in WMLs (On-line Table
1), and are more variable.
Compared with dNAWM, mean VR was significantly higher
in WMLs (P ⫽ .001) and penumbral regions (P ⬍ .001; Table 2,
Fig 2, and On-line Fig 2). Because only a subset of voxels within a
region show measurable activation to contribute to VR signal,
variability in mean VR measures was high in subjects with small
lesion volumes, probably due to noise. Repeating the comparison
but excluding 117 subjects in the lowest quartile of lesion volumes
showed a decrease in mean WML VR from 0.78 ⫾ 0.49 to 0.75 ⫾
0.38, with reduction in variability, but the relationships to the
other regions remained similar.
We investigated the correlations among the 6 parameters to
evaluate whether some of these variables provided redundant information (Fig 3). There were few consistent relationships among
variables, and most correlations were low. MD showed the most
stable correlations to other parameters across regions, but these
correlations were moderate at best. Strong correlations were seen
only with the positive correlation of T2 and FLAIR in dNAWM
and across all regions combined and with a negative correlation
between T1 and T2 in WMLs and penumbras; however, both of
these relationships were weak or reversed in the other regions.
CBF and VR were weakly correlated with other variables. Overall
correlations were dominated by dNAWM, which had the largest
volumes. The variability of magnitude and direction of the correlations among parameters suggests that these parameters provide

unique information that may be useful for characterizing abnormal white matter tissue. To investigate which features are most
useful for classification of voxels into the WML, penumbral, and
NAWM ROIs, we used recursive feature elimination.30 This process determined that T1, FLAIR, and T2 provided optimal classification of voxels to these ROIs. MD was the next most relevant
but was not selected, followed by FA, CBF, and VR. On-line Fig 3
shows the cross-validation accuracy versus the number of features
selected.
Finally, we evaluated the relationships between vascular risk
factors and signal intensities for FLAIR and FA, as representative
structural and DTI measures, as well as CBF and VR in WMLs and
penumbral ROIs. As expected, we found significant associations
of higher WML volume with higher systolic blood pressure (P ⬍
.001), even without correcting for antihypertensive therapy, and
with the RFscore (P ⬍ .001). In multivariate modeling of regional
intensities adjusting for age, race, sex, and site, the RFscore showed
significant association only with mean CBF in the WML and both
penumbral ROIs (On-line Table 2), with a higher RFscore associated with lower mean CBF. Next, we looked at a model with the
same demographic factors but including hypertension, hypercholesterolemia, smoking history, diabetes, sedentary behavior, and
BMI as independent variables, instead of the risk score (On-line
Table 3). Sedentary behavior was associated with significant differences in mean T1 and T2 within WMLs and with VR in the 2- to
4-mm penumbra. Smoking history was associated with significant differences in CBF and VR within lesions and with T1 and
MD in both penumbras. BMI was inversely associated with CBF
across all 3 regions. Other risk factors did not show significant
associations in these models.

DISCUSSION
While WMLs usually appear as discrete lesions, prior studies in
elderly populations have found associations with abnormality in
other, visually normal WM tissue. Although strongly associated
with age and hypertension, WMLs are seen in young, normotensive individuals. We examined MR imaging characteristics in
WMLs and penumbra in adults 43–56 years of age in the CARDIA
AJNR Am J Neuroradiol 40:1291–98
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study. The CARDIA Brain MRI cohort has a much lower mean
age and WML volume compared with most other studies that
have evaluated WMLs and penumbra; for comparison, the study
of de Groot et al7 had a mean age of 67 years with a median WML
volume of 3.4 cm3. The Women’s Health Initiative Memory
Study, which used the same WML classifier method as in the
current study, had a mean age of 78.5 years and mean WML volume of 4.3 cm3,31 and the study of Promjunyakul et al16 had a
mean age of 85 years, with a mean WML volume of 11.2 cm3.
Most CARDIA MRI participants were normotensive (57%), with
11% prehypertensive and 32% hypertensive.1
Despite the low lesion burden, we found statistically significant abnormalities in all measured structural, diffusion, and
physiologic MR imaging parameters in penumbral tissue, encompassing, on average, more than 10-fold larger volume than WMLs
(Fig 2 and Table 2). Signal abnormalities in WML and penumbral
regions were worsened when vascular risk factors were present,
specifically with relationships between systolic blood pressure and
FLAIR intensity and between systolic blood pressure and BMI and
CBF. These findings indicate that as in the elderly, WM damage is
more extensive in middle age than represented by the typical low
WML volume, suggesting that early intervention for reversible
cardiovascular risk factors may yield benefit in slowing progression of this damage. Recent results from the Systolic Blood Pressure Intervention Trial (SPRINT) have shown that aggressive
blood pressure control may slow progression of WML volume,32
and it is possible that such an intervention would also affect
penumbral tissue. Most interesting, we did not find an association between regional signal intensities and age, which has
been shown to be the strongest risk factor for WMLs in prior
studies. It is possible that at the younger age of this cohort,
lesions are primarily the consequence of hypertension; therefore, growth could potentially be prevented with adequate antihypertensive therapy. Overall, we found limited associations
between cardiovascular risk factors and regional intensity values; however, effects were shown in multivariate analyses between a cumulative risk factor score and, individually, with
sedentary behavior, smoking history, and BMI. These associations require further investigation, particularly as the exposure
lengthens with aging.
The physiologic MR imaging variables, CBF and VR, have
been less extensively studied in WMLs and penumbra. Our study
confirms prior reports showing decreased CBF in WMLs10,11 and
penumbra compared with NAWM.16 Unlike the other imaging
parameters, which probably measure sequelae from injury, CBF
and VR may more directly measure etiologic abnormalities for
WMLs; most interesting, CBF was the only variable significantly
associated with the number of cardiovascular risk factors. Regional differences were less pronounced in the physiologic CBF
and VR data, partially related to lower signal to noise and resolution and greater biologic variability. Compared with VR, CBF is
more technologically mature with greater potential for widespread implementation.
The few studies that have evaluated VR in WMLs mostly evaluated global VR, which is dominated by GM, and more often used
transcranial Doppler sonography rather than MR imaging. Hypertension and vascular risk factors have been associated with
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decreased VR; some but not all studies showed adverse associations of global cerebral VR with WMLs.33-35 Studies in elderly
subjects measuring BOLD VR with a more reproducible CO2 inhalation method showed a 50%– 60% decreased VR in WML versus NAWM.12,28 In our study, the mean VR was unexpectedly
higher in WMLs and penumbra than in dNAWM; if validated,
this finding might suggest a difference in physiology in WMLs and
at-risk tissue in younger or subjects with low-WML volume compared with elderly or subjects with high-WML volume. Increased
VR may indicate a compensatory, possibly protective, vasoreactivity versus an indication of intrinsic, possibly harmful, abnormality of the vessels.
The mechanisms behind WML propagation are unknown.
Vascular compromise may spread from extant WMLs, or independent events may accumulate in vulnerable territory. We found
that adjacent tissue, including that 2– 4 mm removed from
WMLs, showed detectable abnormalities on structural imaging,
measures of white matter integrity, and physiologic parameters.
For all parameters except VR, penumbra showed intermediate
values transitioning between WMLs and dNAWM, suggesting
lesser injury. Longitudinal evaluation comparing regions that develop into lesions versus those that do not will likely identify heterogeneity within penumbral tissue and show whether these parameters can predict lesion growth. Unfortunately, prospective
prediction of lesion development has not yet been successful.
Scoring each voxel based on a combination of MR imaging parameters may provide a means to identify at-risk regions. We
found that a combination of FLAIR, T1, and T2 provided optimal,
nonredundant classification of voxels into the WML, penumbral,
and dNAWM ROIs; however, it remains to be seen whether longitudinal change in WMLs is better predicted by baseline structural or physiologic measures or a combination.
There are several limitations of this study. Due to lower resolution of diffusion and functional sequences compared with
structural imaging, partial volume effects likely affect calculation
of mean intensities. However, significant differences were seen
between WMLs and the 2- to 4-mm penumbra, which would be
less affected by partial volume effects from WMLs. The WML
segmentation classifier used to identify WMLs is conservative,
and as a result, some tiny WMLs may be included in other regions,
which should decrease statistical differences by increasing variability. Using two, 2-mm concentric penumbral rings was a compromise between the need to evaluate a relatively narrow band of
tissue around WMLs and the need to reduce partial volume effects. Others have shown similar gradated changes extending even
further around WMLs.16 The morphologic dilation used to generate the penumbral ROI overlooks the expected heterogeneity of
penumbral tissue; however, mixing tissues with varying levels of
injury in concentric ROIs is expected to decrease the power of this
study.
T1, T2, and FLAIR intensities vary depending on scanner and
imaging parameters. Our data were acquired on the same scanner
model with the same imaging parameters, and normalization
techniques were implemented to harmonize the data; however,
these features affect generalizability to other sites. We made no
correction for the mild, normal regional variations of signal intensity in the brain, which has been previously performed.7 Nor-

mal signal variations may accentuate some regional differences;
for example, FLAIR is normally slightly increased in periventricular regions most commonly affected by WMLs relative to NAWM.
FA, however, shows significant decreases in regions that normally
have higher FA, suggesting that applying regional intensity corrections might result in even greater differences.

5.

6.

CONCLUSIONS
Even in relatively healthy, middle-aged adults with low total
WML burden, WMLs have a substantial penumbra of tissue with
abnormalities quantifiable by structural and physiologic MR imaging parameters, in some individuals involving volumes ⬎10
times larger than WMLs visible on FLAIR. Furthermore, the gradation of signal abnormalities in penumbral tissue suggests early/
milder injury, compatible with the hypothesis that injury expands
from established lesions; this penumbral tissue may be a target for
therapeutic intervention to prevent worsening of WMLs. Multimodal MR imaging may better define injured white matter than
methods that use only structural data. Further investigation is
needed to determine the optimal combination of parameters to
prospectively identify the full extent of abnormal white matter
and the effects of these abnormalities on neural circuits and cognition. An epidemiologic priority is to examine whether the volume and characteristics of these expanded injury regions predict
future lesions and risk of brain-related disease.
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ORIGINAL RESEARCH

ADULT BRAIN

The Interpeduncular Angle: A Practical and Objective Marker
for the Detection and Diagnosis of Intracranial Hypotension on
Brain MRI
X D.J. Wang, X S.K. Pandey, X D.H. Lee, and X M. Sharma

ABSTRACT
BACKGROUND AND PURPOSE: Classic ﬁndings of intracranial hypotension on MR imaging, such as brain stem slumping, can be variably
present and, at times, subjective, potentially making the diagnosis difﬁcult. We hypothesize that the angle between the cerebral peduncles
correlates with the volume of interpeduncular cistern ﬂuid and is decreased in cases of intracranial hypotension. We aimed to investigate
its use as an objective assessment for intracranial hypotension.
MATERIALS AND METHODS: Brain MRIs of 30 patients with intracranial hypotension and 30 age-matched controls were evaluated by 2
fellowship-trained neuroradiologists for classic ﬁndings of intracranial hypotension and the interpeduncular angle. Group analysis was
performed with a Student t test, and receiver operating characteristic analysis was used to identify an ideal angle threshold to maximize
sensitivity and speciﬁcity. Interobserver reliability was assessed for classic ﬁndings of intracranial hypotension using the Cohen  value, and
the interpeduncular angle, using the intraclass correlation.
RESULTS: The interpeduncular angle had excellent interobserver reliability (intraclass correlation coefﬁcient value ⫽ 0.833) and was
signiﬁcantly lower in the intracranial hypotension group compared with the control group (25.3° versus 56.3°; P ⬍ .001). There was
signiﬁcant correlation between the interpeduncular angle and the presence of brain stem slumping (P ⬍ .001) and in cases with ⱖ3
classic features of intracranial hypotension (P ⫽ .01). With a threshold of 40.5°, sensitivity and speciﬁcity were 80% and 96.7%,
respectively.
CONCLUSIONS: The interpeduncular angle is a sensitive and speciﬁc measure of intracranial hypotension and is a reliably reproducible
parameter on routine clinical MR imaging.

I

ntracranial hypotension is a neurologic syndrome with various
etiologies that share a common final pathway of decreased CSF
volume and pressure. The classic clinical presentation is orthostatic headache with associated nonspecific symptoms such as
nausea and vertigo.1 In severe cases, the disease can progress to
cranial nerve palsies and even coma.2-4 The nonspecific nature of
the clinical presentation can result in considerable delays in workup, mimicking entities with drastically different treatments such
as migraine, meningitis, or psychogenic disorders.5 The diagnosis
is made clinically, based on the International Classification of
Headache Disorders, 3rd edition, which requires a headache that
develops in temporal relation with one of either low CSF pressure
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(⬍ 60 mm of CSF) or imaging features demonstrating or suggestive of CSF leak.6 Currently, no criterion standard diagnostic test
exists; the site of CSF leak in the spine is not always identified on
imaging and a wide range of CSF opening pressures has been
observed. For various clinical and practical considerations, contrast-enhanced MR imaging of the head is frequently the first-line
investigation to confirm the diagnosis and rule out other mimics.
However, even classically described imaging features are not always present and, at times, can be challenging to objectively report.7-12 For example, the most sensitive MR imaging finding for
intracranial hypotension is pachymeningeal enhancement, but
this can also be seen routinely in postoperative or post-lumbar
puncture cases.7,8 Brain stem slumping has shown reasonable
specificity for the syndrome, but the finding is only present in
approximately 51% of cases and can be subjective.8-12 These issues have led to attempts to develop more objective criteria in
determining low CSF volume.11-13 We propose a quantitative
marker, the interpeduncular angle, to support the diagnosis of
intracranial hypotension on MR imaging as a quick and reproAJNR Am J Neuroradiol 40:1299 –1303
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FIG 1. Classic MR imaging features of intracranial hypotension (arrows), including diffuse pachymeningeal enhancement (A), bilateral subdural
collections (B), the venous distension sign (C), deﬁned as a convex inferior margin of the dominant transverse sinus, and brain stem slumping (D),
characterized by effacement of the interpeduncular cistern (asterisk), ﬂattening of the anterior surface of the pons (short arrow), and tonsillar
herniation (long arrow).

tension sign,” as described previously.13
Brain stem slumping was evaluated subjectively but was based on prior described
findings such as a downward shift of the
mamillary bodies with or without associated deformity of the tuber cinereum, a
downward shift of the splenium of the corpus callosum, flattening of the anterior
surface of the pons, and tonsillar herniation. In cases of discrepancy, a third fellowship-trained neuroradiologist with
⬎30 years of experience reviewed the images and made a final decision.
The radiologists also evaluated the
FIG 2. Full FOV (left) and magniﬁed (right) axial T2WI depicting the interpeduncular angle (red
MR
images in both groups for the interlines) measured at the level of the mamillary bodies (asterisks) in a control patient.
peduncular angle, defined as the angle
ducible measure. We aimed to investigate the relationship
formed by the posterior half of the cerebral peduncles obtained on
between this angle and the diagnosis of intracranial hypotenan axial T2-weighted image at the level of the mammillary bodies
sion as well as its correlation to classically described imaging
or the slice immediately below it, whichever yields a lesser value
findings.
(Fig 2). The angle was measured by both radiologists, and an
average was taken as the true value.

MATERIALS AND METHODS

Approval from the Western University institutional ethics committee review board was obtained. A retrospective search of the PACS
between January 2008 and December 2017 with the keywords “intracranial hypotension” was performed. Inclusion criteria were patients
older than 17 years of age with a clinical diagnosis of intracranial
hypotension and a brain MR imaging examination. Exclusion criteria included patients with tumor, hydrocephalus, leptomeningeal
disease, subdural empyema, congenital Chiari malformation, and
intracranial hypertension. Age-matched controls were selected from
the same time period. Most of the controls were evaluated for headache, with a minority assessed for nonspecific symptoms, and none
had a final clinical diagnosis of intracranial hypotension.
Two fellowship-trained neuroradiologists with combined 10
years of practice experience reviewed the MR imaging studies in a
binary fashion for the following qualitative parameters of intracranial
hypotension: pachymeningeal enhancement (or thickening in cases
with no gadolinium), subdural collections, venous engorgement,
and brain stem slumping (Fig 1). Venous engorgement was defined
as a convex inferior border of the middle third of the dominant transverse sinus on a T1-weighted sagittal image, termed the “venous dis1300
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Statistical Analysis
All statistical analysis was performed with SPSS statistical software, Version 25 (IBM, Armonk, New York). Intergroup analysis
for continuous variables was performed with the Student t test. All
data were analyzed using 2-tailed tests, with a P value ⬍ .05 considered significant. Receiver operating characteristic (ROC)
curves were used to estimate a threshold angle for optimal sensitivity and specificity. Interobserver correlation was assessed using
a weighted Cohen  coefficient for categoric items and the intraclass correlation coefficient for continuous items. The strength of
agreement based on coefficient values was defined as follows: 0,
poor agreement; 0.01– 0.20, slight agreement; 0.21– 0.40, fair
agreement; 0.41– 0.60, moderate agreement; 0.61– 0.80, good
agreement; and 0.81–1.0, excellent agreement.

RESULTS
Thirty patients with intracranial hypotension and 30 controls
were evaluated (Table). The average age of the intracranial hypotension group was 50.3 years (range, 24 – 81 years), while that of

Population demographics
Intracranial
Hypotension
Control Signiﬁcance
(n = 30)
(n = 30)
(P < .05)
Age (range) (mean)
24–81, 50.3
17–78, 49.6
.88
(yr)
Sex (female)
13 (43%)
22 (73%)
.02a
(No.) (%)
Headache
87%
73%
.49
Treatment (EBP)
19/30 (14 responded)

(50.0%) had a positive venous distension sign with moderate interobserver reliability. The only feature with a significant correlation with the interpeduncular angle was brain stem slumping
(P ⬍ .001). There was also a significant correlation between the
interpeduncular angle and patients with ⱖ3 features of intracranial hypotension (P ⫽ .01).
With ROC curves, an optimal threshold of 40.5° yielded a sensitivity of 80.0% and specificity of 96.7%. The area under the
curve was 0.920 (Fig 5).

Note:—EBP indicates epidural blood patch.
a
Statistical signiﬁcance reached.

DISCUSSION

FIG 3. Boxplots showing a signiﬁcant difference in the interpeduncular angle in patients with intracranial hypotension (mean, 25.3° ⫾ 19.1°)
and controls (mean, 56.3° ⫾ 13.1°).

the control group was 49.6 years (range, 17–78 years). Thirteen
patients in the intracranial hypotension group were women, significantly less than in the control group, of whom 22 were female
(P ⫽ .02). Headache was the most frequent indication for imaging, comprising 87% of the study group and 73% of the control
group. Nineteen of the 30 patients with intracranial hypotension
received treatment with an epidural blood patch, 14 of whom
experienced improvement in symptoms.
The average interpeduncular angle of the intracranial hypotension group was 25.3° ⫾ 19.1° (95% CI, 18.2°–32.5°), while that
of the control group was 56.3° ⫾ 13.1° (95% CI, 51.4 °– 61.2°) (Fig
3). This difference was statistically significantly (P ⬍ .001). Comparison of representative images of the interpeduncular angle between a control patient and patients with intracranial hypotension can be found in Fig 4. Subgroup analysis in the controls
revealed an average interpeduncular angle of 53.4° ⫾ 12.6° in
females and 64.4° ⫾ 11.3° in males, a significant difference (P ⫽
.04). The interpeduncular angle demonstrated excellent interobserver reliability (intraclass correlation coefficient ⫽ 0.833).
With respect to classic features in the intracranial hypotension
group, 1 patient had no qualitative findings and an interpeduncular angle of 39.3°, three patients had 1 finding with an average
angle of 26.8°, seven patients had 2 findings with an average angle
of 37.5°, twelve had 3 findings with an average angle of 25.1°, and
7 patients had all 4 analyzed features with an average angle of
10.8°. Twenty-six of 30 patients (86.7%) had pachymeningeal
thickening or enhancement, with excellent interobserver reliability ( ⫽ 0.839). Twenty (66.7%) had subdural collections with
good interobserver reliability. Twenty (66.7%) had brain stem
slumping with excellent interobserver reliability. Fifteen patients

Intracranial hypotension, whether spontaneous or from a secondary cause, can lead to high morbidity with serious delays in
diagnosis because both clinical and imaging features can be nonspecific. Classic findings on brain MR imaging, often the first-line
investigation, have been previously reported to be variable and
subjective.7-12 We found the interpeduncular angle to be an objective, reproducible diagnostic measure with high sensitivity and
specificity for intracranial hypotension. Various other measurements have been previously investigated, including the mammillopontine distance, pontomesencephalic angle, distance from the
diaphragmatic sella to the optic chiasm, and the height of the
interpeduncular cistern at the plane of the cecum.11,12 A possible
unifying mechanism explaining the changes in these measures is
related to decreased basal cisternal volumes in intracranial hypotension, resulting in loss of buoyancy forces and subsequent central incisural herniation. These changes manifest as the classic
brain stem slumping finding, with contributing pressure effects
from supratentorial extra-axial collections. Supporting this theory, a smaller interpeduncular angle was found to be significantly
correlated with the presence of brain stem slumping. Thus, a decrease in the interpeduncular angle likely represents an early manifestation of mass effect or even an objective proxy measurement
for brain stem slumping, explaining both its increased sensitivity
and specificity.
Although several alternative imaging measures also note good
sensitivity and specificity, the greatest advantage of the interpeduncular angle is its practicality. While most reported measures
rely on the sagittal plane, including traditional detection of brain
stem slumping, the evaluation of the interpeduncular angle on a
standard T2-weighted axial image means that it is easily incorporated into a routine search pattern. Once a mental data base of the
normal range of the angle has been formed, the angle may not
have to be explicitly measured. This would be highly valuable in
cases in which intracranial hypotension may not be clinically suspected. Furthermore, unlike many of the proposed measures in
the literature, the anatomic landmarks to make the measurement
are well-known and the measurement does not require additional
reference lines. Its simplicity likely contributes to its high reproducibility. In practice, we suggest measuring the interpeduncular
angle with the posterior half of the cerebral peduncle because the
anterior half often “flares out.” Additionally, some interpeduncular cisterns have a U-shaped apex, and we suggest measuring the
linear portion of the cerebral peduncle. This may require an angle
tool that can make 2 independent lines rather than a measurement that takes an apical point. In practice, the U-shaped cistern
AJNR Am J Neuroradiol 40:1299 –1303
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FIG 4. Axial T2-weighted MR images showing the difference in interpeduncular angles between a control subject (A) and 2 patients with
intracranial hypotension (B and C). The angle in the control subject measures 52°. The ﬁrst patient with intracranial hypotension (B) has mild
narrowing in the angle (38°), while the second patient (C) has severe narrowing, with a completely closed angle (0°).

FIG 5. ROC curve for the interpeduncular angle. The optimal threshold was found to be 40.5°, yielding a sensitivity of 80% and speciﬁcity
of 96.7%. The area under the curve was 0.92.

rarely affects the analysis because we have found that it is almost
exclusively found in control subjects.
The other classic findings in intracranial hypotension are understood through the Monroe-Kellie doctrine, which describes a
compensatory shift in volume of one intracranial compartment,
most often the venous system, given its relatively increased compliance, in response to a change in the volume of another. We
found pachymeningeal thickening/enhancement, essentially diffuse dilation of tiny dural-based venules, to be the most sensitive
classic sign in intracranial hypotension, concordant with that reported in the literature (up to 80%).7,8 Unfortunately, the finding
is not specific and is often present in patients postoperatively or
after lumbar puncture. A more direct sign of venous engorgement
1302
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in intracranial hypotension is prominence of the epidural venous
plexus at the craniocervical junction and pituitary gland. Farb et
al13 reported the venous distention sign, described as a convex,
inferior margin in the midportion of the dominant transverse
sinus seen on a T1-weighted sagittal image, to be highly sensitive
and specific, measuring 93% for both. We used this as the defining
feature for venous engorgement but found this sign to be positive in
only 50% of patients with intracranial hypotension and with only
moderate interobserver agreement. This may be because a T1weighted image was not readily available in many cases due to different protocolling depending on the clinical indication. Shifts in the
extra-axial compartment in intracranial hypotension may also manifest as subdural hygromas or hematomas. We found these to be
present in two-thirds of patients with intracranial hypotension,
slightly higher than previously described (31%–50%).12,14 We did
not find the interpeduncular angle to correlate significantly with any
of these classic findings, likely because they represent different
mechanisms in intracranial hypotension (ie, narrowing of the
interpeduncular angle represents sequelae of mass effect,
while these findings represent compensatory expansion following CSF loss). In our series, further narrowing of the
interpeduncular angle was significantly correlated with patients with ⱖ3 classic features of intracranial hypotension,
supporting the specificity of this marker. The number of features in patients with 0, 1, or 2 findings not significantly correlating with the interpeduncular angle is of doubtful clinical
significance because there is no current evidence to suggest the
correlation between disease severity and the number of MR
imaging findings.
This study is limited by its retrospective nature. The lack of a
criterion standard diagnostic tool for intracranial hypotension
makes the entity challenging to study; it is difficult to draw definitive conclusions regarding MR imaging features of intracranial
hypotension between study and control groups, given that MR
imaging itself is an integral component of the diagnostic algorithm. Additionally, we found wide variation between the number

of classic findings and the perceived clinical severity of intracranial hypotension and the response to the epidural blood patch.
Although the interpeduncular angle was narrowed in the most
severe clinical cases of intracranial hypotension, its clinical utility
in these cases is arguably less because the diagnosis has generally
been elucidated. Development of a validated clinical grading scale
could drastically improve the usefulness of objective imaging
markers in populations in which the diagnosis is uncertain. A
specific point to address in this study is the significantly higher
number of females in the control group. This is likely due to the
selection process and is consistent with the rate of use of MR
imaging for neuroimaging in women in the literature.15 Reassuringly, we found that the average angle for female controls was
significantly lower than that of male controls, which would have
only decreased the average control angle overall. We also excluded
pediatric patients, who may experience changes in anatomy during development. Establishing a normal reference range of the
interpeduncular angle stratified by sex and age would be important for future research.

CONCLUSIONS
The interpeduncular angle is an objective, highly reproducible
measure on brain MR imaging that is sensitive and specific for
intracranial hypotension in adults. It is easily measured on axial
T2-weighted sequences and can be practically incorporated into
routine search patterns. This sign could serve as a useful adjunct
marker in addition to classic findings and previously described
measures in making the diagnosis.
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CLINICAL REPORT

ADULT BRAIN

Cytotoxic Lesions of the Corpus Callosum Caused by
Thermogenic Dietary Supplements
X J.A. Galnares-Olalde, X A.J. Vázquez-Mézquita, X G. Gómez-Garza, X D. Reyes-Vázquez, X V. Higuera-Ortiz, X M.A. Alegría-Loyola,
and X A. Mendez-Dominguez

ABSTRACT
SUMMARY: Consumption of over-the-counter dietary supplements to reduce body weight is common among the population. Thermogenics are herbal combinations that claim to produce a fat-burning process through an increase in the cellular metabolic rate and greater
cellular energy consumption, having a high risk for patients developing toxic leukoencephalopathy. We present a series of 6 patients with
acute neurologic symptoms and MR imaging showing restricted diffusion and decreased apparent diffusion coefﬁcient values (mean value,
400 mm2/s ⫻ 10⫺6) in the entire corpus callosum compatible with a cytotoxic lesion of the corpus callosum. Although patients responded
favorably to the product discontinuation with rapid recovery of neurologic symptoms, there was a more prolonged resolution on imaging
alterations. Because of the widespread availability and unregulated nature of thermogenic dietary supplements, physicians must be aware
of the clinical and radiologic characteristics of these potential complications of their use.
ABBREVIATION: CLOCC ⫽ cytotoxic lesion of the corpus callosum

C

onsumption of over-the-counter dietary supplements to reduce body weight is common among the population.1 Thermogenics are natural herbal combinations that aim to augment
fat-burning by producing an increase in the cellular metabolic
rate and greater cellular energy consumption. These supplements
are available in most countries and can be purchased over the
Internet without a prescription. Although local drug-regulation
agencies have warned against the indiscriminate use of these
products, they are still widely available under various brand
names.2,3
Recently, there have been reports of severe-yet-reversible toxic
leukoencephalopathy related to the intake of thermogenic supplements.3 Characteristic MR imaging findings reveal intramyelinic
edema that has a predilection for the corpus callosum. These MR
imaging changes have been recently termed “cytotoxic lesions of
the corpus callosum” (CLOCCs).4 Previously, similar findings
were described as mild encephalitis or encephalopathy with reversible splenial lesions and reversible splenial lesion syndrome
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among others. However, not all cases are mild, reversible, or limited to the splenium.3,4
It is believed that these lesions are a result of an inflammatory
cascade of changes manifested as cytotoxic edema secondary to an
increased influx of water molecules in astrocytes and neurons
caused by the release of the inflammatory cytokines interleukin-1
and interleukin-6. These interactions create feedback loops that
increase extracellular glutamate levels. The increased quantity of
extracellular glutamate has an excitatory effect at membrane receptors such as the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors, as well as aquaporins and Na⫹/K⫹ pumps. The most
affected region of the corpus callosum is the splenium due to its
higher density of glutamate and cytokine receptors.4 The purpose
of this research was to contribute to the understanding of toxic
causes of CLOCCs, to describe the clinical and MR imaging findings of CLOCCs caused by thermogenic dietary supplements, and
thus to expand the body of literature on the diagnosis of this
condition.

Case Series
This case series report was performed under institutional review
board approval. An observational, descriptive, retrospective study
was conducted of both inpatient and outpatient subjects during a
3-year period. We searched the registry of the hospital for cases
with clinical and brain MR imaging findings compatible with
toxic leukoencephalopathy that reported previous use of thermogenic dietary supplements. As inclusion criteria, we considered

alteration was less evident on the FLAIR
sequence as a subtle hyperintensity in
only 3 patients.
After suspending the dietary supplement intake, all neurologic symptoms
resolved within a mean time of 2.8 days
(range, 1–5 days). A total of 4 patients
underwent control MR imaging studies.
While 1 patient had complete resolution
in the imaging findings at 6 weeks, 1 patient did not show improvement on imaging at 2 months. Only partial resolution of the MR imaging alterations
showed in a 10-month control study for
1 patient, and 1 had complete resolution
22 months after the initial MR imaging.
Demographic and MR imaging findings
are listed in the Table.

Patient Presentation
Case 1. A 41-year-old woman with no
relevant medical history presented with
a progressive generalized headache,
blurred vision, disorientation, gait disturbance, and difficulty concentrating.
The physical examination revealed only
diminished attention and anxiety with
normal language fluency. The MR imaging showed diffuse DWI hyperintensity of the entire corpus callosum with extension to the fornices with low ADC values (461–
550 mm2/s ⫻ 10⫺6) in the structures mentioned above (Fig 1A,
-B). The patient had been consuming a thermogenic dietary supplement for 1 month. The supplement was suspended, and the
patient was administered glucocorticoid therapy. Neurologic
symptoms improved 5 days later. Meanwhile, the MR imaging
alterations completely resolved on a control MR imaging after 6
weeks.

FIG 1. CLOCCs caused by thermogenic dietary supplements. Axial DWI (A) and corresponding
ADC map (B) of case 1 show restricted diffusion representing cytotoxic edema at the corpus
callosum. C, Sagittal DWI shows a hyperintense corpus callosum, cerebral commissures, and
fornix in case 2. D and E, Axial DWI and corresponding ADC map from case 4 show more extensive
cytotoxic edema that affects the entire corpus callosum and cerebral white matter. F, Sagittal
DWI of case 5 reveals an enlarged and edematous corpus callosum, fornix, and cerebral commissures with involvement of the peripheral cerebral white matter, cerebral peduncles, and brain
stem, along with the optic nerves.

those 18 years of age and older who had a history of thermogenic
supplement intake during the previous 6 months, acute neurologic symptoms at presentation, and white matter brain alterations on MR imaging, characterized as diffusion-weighted imaging (b⫽1000) restriction with decreased apparent diffusion
coefficient values. Six patients fulfilled the criteria and were included in this series; all of them were women. The mean age was
33 years (range, 23– 43 years); all of the patients had normal body
mass index values (mean, 21.01; range, 19.2–23.7) at the time of
the examination. None were obese or significantly overweight before starting use of the dietary supplement.
Of the patients, one had a history of social alcohol consumption, 2 were active smokers, one was receiving an antiepileptic
drug (phenytoin) and an anticoagulant (acenocumarol) for a previous ischemic stroke, and another was on antidepressant medication (amitriptyline). Regarding the dietary supplement intake,
the median time of consumption for the 6 patients was 5.3
months (range, 1–18 months); all of them took the recommended
dosage of the product.
At the time of the medical evaluation, headache was present in
5 patients; generalized weakness, in 4; distal paresthesia, in 3;
blurred vision, in 3; photophobia, in 2; and phonophobia in 1.
The clinical spectrum was nonspecific, ranging from normal examination findings to gait disturbances.
On MR imaging, restricted diffusion with low ADC values
(mean, 400 mm2/s ⫻ 10⫺6; range, 194 –550 mm2/s ⫻ 10⫺6) was
present in the corpus callosum and cerebral commissures of all 6
patients (Fig 1), while the hemispheric cerebral white matter,
brain stem, and dentate nucleus of the cerebellum were affected in
3 (Fig 2). The optic nerve was affected in 3 patients. The signal

Case 2. A 30-year-old woman with no relevant medical history
was admitted with 2-day distal ascending paresthesia associated
with a generalized headache. The physical examination findings
were normal. MR imaging showed a hyperintense DWI signal
from the rostrum to the splenium of the corpus callosum with
bilateral involvement of the cerebral commissures and the fornix
columns (Fig 1C), with decreased ADC values (351– 475 mm2/s ⫻
10⫺6). The patient revealed a 1-month history of thermogenic
intake. The supplement was suspended, and glucocorticoid
was administered. All neurologic symptoms improved 3 days
later. The patient was then discharged; she missed follow-up
appointments.
Case 3. A 37-year-old woman with no relevant medical history
presented with 7-month distal ascending paresthesia. The physical examination did not reveal any motor involvement, only mild
hyporeflexia. A lumbar puncture was performed, which revealed
high protein levels (125 mg/dL) with no leukocyte count. Intravenous immunoglobulin was administered on the basis of suspected Guillain-Barré syndrome; however, the patient’s symptoms persisted after 2 months of treatment. The MR imaging
AJNR Am J Neuroradiol 40:1304 – 08
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commissures, peripheral cerebral white
matter (Fig 2A), brain stem (Fig 2B), and
dentate nucleus of the cerebellum (Fig
2C), with enlargement and hyperintensity of the optic nerves on DWI, with low
ADC values (284 –370 mm2/s ⫻ 10⫺6).
Loss of gyral cerebral morphology was
also present with diminished convexity
of the subarachnoid space. The patient
had a 3-month history of thermogenic
supplement intake. Intravenous glucocorticoid was administered, and notably, the neurologic symptoms improved
the day after. The patient was discharged
and had no follow-up imaging.

FIG 2. CLOCCs caused by thermogenic dietary supplements. Set of images from case 4 that
show cytotoxic edema extending to the peripheral cerebral white matter (row A), brain stem (row
B), and dentate nucleus of the cerebellum (row C). Left column, DWI trace images. Middle
column, ADC map. Right column, T2WI.
Radiologic and demographic data for each patient
Duration of
ADC Values
Thermogenic
(Range)
Age (yr)
BMI
Use (mo)
Affected Brain Regions (mm2/s × 10−6)
Case 1
41
20.1
1
CC, FR
461–550
Case 2
30
23.7
1
CC, FR, CO
351–475
Case 3
37
23.3
7
CC, FR, CO, WM
485–524
Case 4
23
19.2
3
CC, CO, BS, DN, ON
284–370
Case 5
43
19.5
18
CC, WM, DN, ON, CH, OT
405–440
Case 6
25
19.7
2
CC, WM, BS, DN, CH
194–275
Mean ⫽ 33 Mean ⫽ 21.01 Mean ⫽ 5.3
Mean ⫽ 400
Note:—BMI indicates body mass index; CC, corpus callosum; FR, fornices; CO, cerebral commissures; BS, cerebral brain
stem; DN, dentate nucleus of the cerebellum; ON, optic nerves; CH, chiasm; OT, optic tracts.

showed a hyperintense DWI signal of the corpus callosum, cerebral commissures, and fornices, with extension to the periventricular cerebral white matter, associated with discrete, low ADC
values (485–524 mm2/s ⫻ 10⫺6). The patient then revealed a
7-month history of thermogenic supplement intake. Neurologic
symptoms improved 3 days after supplement discontinuation. A
control MR imaging performed after 2 months showed significant
reduction of the DWI brain abnormalities, with only a mild bilateral symmetric edema on the hippocampi.
Case 4. A 23-year-old woman with no relevant medical history
presented with a 7-day progressive generalized headache associated with blurred vision and left-arm weakness. The physical examination revealed left-arm paresis only. MR imaging showed
extensive cytotoxic edema of the corpus callosum and cerebral
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Case 5. A 43-year-old woman with a
medical history of ischemic stroke 8
years before the onset of new symptoms
presented with a 4-month history of
blurred vision, intermittent frontal
headache, and frequent falling. The
physical examination revealed gait
ataxia, bilateral dysmetria, and diminished pupillary light reflex. MR imaging
showed increased volume and a hyperintense DWI signal of the corpus callosum with decreased ADC values (405–
440 mm2/s ⫻ 10⫺6). Additionally, the
hemispheric white matter showed increased signal in T2 and FLAIR sequences, with extension to the brain
stem and dentate nucleus and compromised optic nerves, chiasm, and optic
tracts. The patient received glucocorticoid therapy and then revealed continuous thermogenic supplement intake for
18 months. The neurologic symptoms
improved 5 days after supplement discontinuation. Despite that, the MR imaging alterations were only partially resolved up to 10 months later in serial
control studies (Fig 3A, -B).

Case 6. A 25-year-old woman with no relevant medical history
presented with a 2-month progressive, generalized, oppressive
headache associated with photophobia and phonophobia that did
not improve with oral painkillers. The physical examination revealed papilledema and gait disturbances. The MR imaging
showed a DWI hyperintense signal with decreased ADC values
(194 –275 mm2/s ⫻ 10⫺6) of the callosal commissure, brain stem,
dentate nucleus of the cerebellum, optic chiasm, and bilateral
frontal, parietal, and occipital white matter. The patient revealed a
2-month history of thermogenic supplement intake. She received
supportive treatment with osmotic therapy, and neurologic
symptoms improved 2 days after supplement discontinuation,
whereas the MR imaging findings completely resolved after 22
months (Fig 3C, -D).

this series, the corpus callosum was
more extensively affected in all patients. Bitter melon has also been associated with significant adverse effects,
which include anxiety, insomnia, and
cardiovascular disorders, caused by
stimulation of the central nervous
system.9
The term “leukoencephalopathy”
encompasses a spectrum of diseases that
predominantly involve the white matter
structure as a result of exposure to a variety of exogenous agents; known causes
are chemo- and immunotherapy, antibiotics, and environmental and infectious agents.10 In some cases, the cause is
unknown.11,12 Although the central nervous system is naturally protected by the
blood-brain barrier, some of these
agents are known to interfere with or
damage this barrier, allowing access of
potentially threatening substances to
neural tissue. Other agents are fat-soluble; this feature facilitates their distribution into the central nervous system.13
Acute toxic leukoencephalopathy may
have a severe extension and may be reFIG 3. CLOCCs caused by thermogenic dietary supplements. A, Sagittal DWI shows an enlarged
edematous corpus callosum with involvement of the optic chiasm in case 5. B, Sagittal DWI from versible both clinically and radiologian MR imaging control study of the same patient obtained 8 weeks after the discontinuation of cally.14 Clinical presentation is nonspethe thermogenic dietary supplement shows a decrease in volume and signal hyperintensity of the cific, depending on the distribution of
corpus callosum and visual pathway, representing partial recovery. C, The initial MR imaging
shows extensive cytotoxic edema of the corpus callosum and cerebral white matter in case 6. D, edema, often including neurologic deThe MR imaging of the same patient obtained 22 months later shows complete recovery with cline, distal paresthesia, personality
normal brain ﬁndings on DWI.
changes, memory alterations, headache,
and other focal neurologic signs.15
DISCUSSION
Damage usually involves white matter tracts from the perivenToxic leukoencephalopathy can be caused by different exotricular-to-subcortical areas, though other metabolically active
genous agents, and although the clinical and imaging preareas may be susceptible to neurotoxicity, including the deep gray
sentation may be severe, it can be reversible. Some of these
matter and the brain stem. Therefore, these structures may show
5
substances have a predilection for the corpus callosum. Therchanges in acute toxic leukoencephalopathy imaging. Regarding
mogenics are readily available on the World Wide Web as overits pathophysiology, theories posit that cytotoxic edema is caused
the-counter dietary supplements. Herbal preparations conby the increased water molecule influx in neurons and astrocytes.
sumed by this series of patients shared a combination of
The splenium is the most affected area of the corpus callosum
botanical and biochemical ingredients like bitter melon (Mobecause of its high density of glutamate, and cytokine and drug
mordica charantia), green tea, horsetail herb (Equisetum),
receptors.4,5,14,16,17
bearberry (Arctostaphylos uva-ursi), olive, juniper, ginger, yeDrug agencies around the world have issued health warnings
rba mate, grape, cempasuchil flower (Tagetes erecta) pigment,
against some of the thermogenic dietary supplements consumed
L-carnitine tartrate, and microcrystalline cellulose among unby our series of patients, including the Comisión Federal para la
specified others. Some substances found in these compounds,
Protección contra Riesgos Sanitarios (COFEPRIS) in Mexico and
especially the combination of high doses of caffeine and ephedAgencia Española de Medicamentos y Productos Sanitarios
rine analogs, have an action mechanism that increases the rate
(AEMPS) in Spain and this motivated a recall by the FDA in the
of fat oxidation and lipolysis with reduced glycogen metaboUnited States.18,19 Nonetheless, these products can still be easily
lism.6,7 Some of these plant molecules have other in vitro metpurchased on-line without a prescription under various brand
abolic activities. For example, bitter melon is reported to be a
names.3,18,19
bioactive insulin-like structure, which has exhibited a moderAll the patients in our series had normal body weight with
ate effect on the reduction of blood glucose levels in clinical
normal body mass index values at the time of examination. They
studies. Most interesting, CLOCCs in adult patients with acute
did not indicate that previous obesity or being significantly overhypoglycemia have a common predilection for the posterior
corpus callosum and tracts of deep white matter.8,9 Thus, in
weight had motivated them to consume the dietary supplements,
AJNR Am J Neuroradiol 40:1304 – 08
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which could be a risk factor for developing CLOCCs. However,
due to the limited number of cases, we cannot make assumptions
on this issue.
Two of our patients were on antiepileptic or antidepressant medication, both of which have been reported to cause drug-related
CLOCCs.4 The fact that the other 4 patients lack this risk factor
makes this association of a comorbid condition less plausible. Even
so, there is a need for further analysis on a larger number of patients
to determine whether there is any relationship. One patient had a
history of social alcohol consumption but no chronic alcoholism that
would raise the suspicion of Marchiafava-Bignami disease as an additional metabolic cause for developing CLOCCs.4,5,20
As observed in our series, the clinical symptoms of CLOCCs
caused by thermogenic dietary supplements are frequently subtle
and may not always prompt subjects to seek medical attention,
making it possible that a significant number of cases occur
undetected.
Although the clinical neurologic signs and symptoms improved rapidly after the withdrawal of the supplement, the white
matter lesions on MR imaging reduced gradually and progressively resolved in a highly variable fashion (6 weeks to 22 months),
seemingly dependent on the extension of leukoencephalopathy.
There may be signs of peripheral nerve involvement as in case 3,
but there is not enough evidence to confirm this possibility. Additionally, we do not know if there is any potential long-term
neurologic damage resulting from thermogenic consumption as
in other toxic leukoencephalopathies.4
Given the lack of regulation in the manufacturing process of these
herbal dietary supplements, it is difficult to know if the brain toxicity
was caused by a single defective batch, though its widespread presentation for a long period suggests otherwise. Also, the information
provided on the label of these products is often incomplete. For example, the labels do not state the specific parts of the plants used.
Because the concentration of each active compound could be highly
variable, this feature can result in possible toxic combinations not yet
identified.20 It is conceivable that incorrect handling of these ingredients or contamination due to inadequate supervision during fabrication could lead to potentially harmful products.

CONCLUSIONS
Thermogenics are widely available but potentially harmful dietary
supplements that have prompted warnings and recalls by international drug regulation agencies; nonetheless, they can still be easily purchased on-line. These herbal preparations being labeled as
natural does not mean that they are entirely safe. When used
without medical supervision, they can produce toxic neurologic
side effects such as CLOCCs. It is not known whether a normal
body mass index before consumption could play a role in developing toxicity or if there could be any interactions between the
dietary supplements and other substances, such as prescription
drugs or over-the-counter medications. With this publication, we
add 6 new cases to the 2 previously reported cases of toxic leukoencephalopathy caused by thermogenic dietary supplements and
to the toxic etiologies of CLOCCs, making the medical community aware of the clinical and radiologic characteristics of this
potential complication.
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Manganese-Enhanced MRI of the Brain in Healthy Volunteers
X D.M. Sudarshana, X G. Nair, X J.T. Dwyer, X B. Dewey, X S.U. Steele, X D.J. Suto, X T. Wu, X B.A. Berkowitz, X A.P. Koretsky,
X I.C.M. Cortese, and X D.S. Reich

ABSTRACT
BACKGROUND AND PURPOSE: The manganese ion is used as an intracellular MR imaging contrast agent to study neuronal function in
animal models, but it remains unclear whether manganese-enhanced MR imaging can be similarly useful in humans. Using mangafodipir
(Teslascan, a chelated manganese-based contrast agent that is FDA-approved), we evaluated the dynamics of manganese enhancement of
the brain and glandular structures in the rostral head and neck in healthy volunteers.
MATERIALS AND METHODS: We administered mangafodipir intravenously at a rate of 1 mL/minute for a total dose of 5 mol/kg body
weight. Nine healthy adult volunteers (6 men/3 women; median age, 43 years) completed baseline history and physical examination, 3T MR
imaging, and blood work. MR imaging also followed mangafodipir administration at various time points from immediate to 7 days, with
delayed scans at 1–3 months.
RESULTS: The choroid plexus and anterior pituitary gland enhanced within 10 minutes of infusion, with enhancement persisting up to 7 and
30 days, respectively. Exocrine (parotid, submandibular, sublingual, and lacrimal) glands also enhanced avidly as early as 1 hour postadministration, generally resolving by 1 month; 3 volunteers had residual exocrine gland enhancement, which resolved by 2 months in 1 and by 3
months in the other 2. Mangafodipir did not affect clinical parameters, laboratory values, or T1-weighted signal in the basal ganglia.
CONCLUSIONS: Manganese ions released from mangafodipir successfully enable noninvasive visualization of intra- and extracranial
structures that lie outside the blood-brain barrier without adverse clinical effects, setting the stage for future neuroradiologic investigation in disease.
ABBREVIATIONS: FA ⫽ ﬂip angle; GRE ⫽ gradient recalled-echo; MEMRI ⫽ manganese-enhanced MRI

P

aramagnetic contrast agents play a key role in MR imaging by
influencing local magnetic fields and widening tissue-specific
differences to enhance intrinsic structural information. Functional contrast agents, an emerging field, provide an additional
layer of molecular and cellular information through their ability
to probe intracellular processes. In preclinical studies, the manganese ion (Mn2⫹), a functional contrast agent, has garnered increasing attention due to its ability to accumulate within cells via
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L-type calcium channels and induce a strong reduction in intracellular T1 relaxation time, as well as travel along neural circuits.1
The application of manganese-enhanced MR imaging (MEMRI)
has thus facilitated a greater understanding of brain laminar
structure, neural activity, and neural connectivity.2-7
The application of MEMRI in humans has been impeded by the
cardiotoxicity and potential neurotoxicity of high doses of free Mn2⫹
ions.8,9 Mangafodipir trisodium is a chelated manganese-based contrast agent that is FDA-approved for liver and pancreas imaging.10
After intravenous administration, mangafodipir undergoes simultaneous dephosphorylation and transmetallation, resulting in a slow
release of manganese ions; this is thought to curtail the hazardous
effects seen with bolus doses of manganese chloride (MnCl2).11,12
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Healthy volunteer study protocol
Screening

Baseline

Hours 0–2 Hour 4 Hour 6 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
HV1
B
B
B
HV2
B
B
HV3
B
B
B
B
B
HV4
B
B
B
B
B
HV5 HP, BW, B B ⫹ mangafodipir
B
B
B
HV6
B
HV7
B
HV8
B
HV9
B
B

Day 7
B
B

B
B
B
B

BW

Month 1
B
B
B
B
B BW
B
B
B
B

Total
Month 2 Month 3 Scans
5
4
6
6
B, BW
B, BW
7
2
B, BW
B, BW
5
B, BW
4
4

Note:—HV indicates healthy volunteer; HP, history and physical; BW, blood work; B, brain MRI.

Participants were enrolled in the National Institutes of Health
institutional review board–approved study, “Manganese-Enhanced Magnetic Resonance Imaging in Healthy Volunteers and
People with Multiple Sclerosis” (NCT01326715). Each participant provided written informed consent. Healthy volunteers were
recruited between October 2013 and June 2017. Key inclusion
criteria were the following: 18 –70 years of age, normal complete
blood count, normal findings of kidney function and liver function tests, and normal brain MR imaging findings within 1 year
before enrollment. Key exclusion criteria were the following: hypertension (⬎160/100 mm Hg), previous or current alcohol or
substance abuse, occupational exposure to manganese, family
history of Parkinson disease, pregnancy/lactation, or treatment
with calcium channel blockers.

FOV ⫽ 256 mm, 1-mm in-plane resolution, 54 slices of 3-mm
thickness), multiple T1-weighted (gradient-recalled-echo [GRE]:
TR ⫽ 7.8 ms, TE ⫽ 3 ms, FOV ⫽ 256 mm, 1-mm isotropic resolution, 192 slices, flip angles [FAs] of 3°, 6°, 9°, 12°, 15°, and 18°),
T1-weighted MPRAGE (turbo flash: TR ⫽ 1900 ms, TE ⫽ 2.5 ms,
TI ⫽ 900 ms, FOV ⫽ 256 mm, FA ⫽ 9°, 1-mm isotropic resolution, 176 slices), or MP2RAGE (turbo flash: TR ⫽ 5000 ms, TE ⫽
3 ms, TI ⫽ 700 and 1400 ms, FA ⫽ 4°, FOV ⫽ 256 mm, 1-mm
isotropic resolution, 176 slices), T2-weighted FLAIR (inversion
recovery sampling perfection with application-optimized contrasts by using different flip angle evolutions [IR SPACE sequence; Siemens]: TR ⫽ 4800 ms, TE ⫽ 353 ms, TI ⫽ 1800 ms,
FOV ⫽ 256 mm, 1-mm isotropic resolution, 176 slices), and T2*weighted (multishot echo-planar imaging [EPI]: TR ⫽ 64 ms,
TE ⫽ 35 ms, FA ⫽ 10°, FOV ⫽ 250 mm, 0.65-mm isotropic
resolution, 256 slices, EPI factor ⫽ 15).
A B1 map using a modified Bloch-Siegert method14 (turbo
flash sequence: TR ⫽ 19 ms, TE ⫽ 9.8 ms, FOV ⫽ 256 mm, FA ⫽
8°, 4-mm isotropic resolution, 48 slices) was acquired, and T1
maps were calculated using this and the multiple GRE scans in
Medical Image Processing, Analysis and Visualization 8.0.2
(MIPAV, Version 8.0.2; https://mipav.cit.nih.gov).
Seven of the 9 participants received gadolinium as part of
other National Institutes of Health MR imaging studies, and those
scans were available for retrospective analysis. The gadolinium
scan included here was from a T1-weighted GRE scan (TR ⫽ 8.1
ms, TE ⫽ 2 ms, FOV ⫽ 256 mm, FA ⫽ 18°, 1-mm isotropic
resolution, 176 slices).
One participant (healthy volunteer 4) was excluded from analysis due to an incorrect sequence acquisition. Images were interpreted clinically by an experienced neuroradiologist (D.S.R.).

Screening Visit and Mangafodipir Infusion

Blood Work

Preliminary studies in the human brain have demonstrated enhancement of structures outside the blood-brain barrier (choroid plexus
and pituitary gland), with half-lives substantially longer than those of
gadolinium chelates, which remain extracellular.13 However, detailed characterization of this enhancement has not been reported, to
our knowledge.
The purpose of this study was to use MEMRI to evaluate the
dynamics and pattern of manganese enhancement in the brain
and rostral head-and-neck structures. Because of the limited
availability of mangafodipir and of participants for repeat scans,
temporal sampling was sparse for individuals but attenuated
across the study population. We also performed quantitative T1
mapping to estimate contrast uptake and washout. Furthermore,
we evaluated T1-weighted signal in the basal ganglia and cerebral
cortex to assess retention of manganese ions.

MATERIALS AND METHODS
Participant Recruitment

The screening visit consisted of a physical examination, medical
history, laboratory testing, and routine clinical 3T MR imaging to
ensure absence of structural abnormalities. Mangafodipir trisodium was infused intravenously (50 mol/mL at 1 mL/minute,
for a total dose of 5 mol/kg) after a baseline scan. Vital signs were
monitored before, during, and after infusion.

Laboratory testing consisted of complete blood count, comprehensive metabolic panel with liver function tests and studies of
creatine kinase, prolactin, thyroid stimulating hormone, and
urine pregnancy (when relevant). These tests were performed at
screening, week 1, month 1, and subsequent scans.

Image Processing
MEMRI Protocol
Images were acquired on a Magnetom Skyra (Siemens, Erlangen,
Germany) 3T scanner with a body-transmit and a 32-channel
receiver head coil. Sequences acquired at each MEMRI time point
(as detailed in the Table) included proton-density and T2weighted (turbo spin-echo: TR ⫽ 5000 ms, TE ⫽ 18/82 ms,
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Image analysis was conducted using the freely available imageanalysis software MIPAV. For each participant, volumes of interest (VOIs) covering the anterior pituitary gland (entire gland) and
choroid plexus (3 consecutive axial slices) were manually drawn
on the baseline unenhanced T1-weighted GRE (FA ⫽ 18°) scan
and transferred to registered postmangafodipir images (On-line

nal intensity and T1 times), the linear
trapezoidal rule was used to calculate the
area under the enhancement curve. The
area under the curve used for analysis
was the difference between the area under the enhancement curve and the area
under the baseline (interval between
baseline and screening scan) divided by
the time length.
The enhancement was evaluated using both the Wilcoxon signed rank test
and bootstrapping with 500 replicates.
In addition, a piecewise linear mixed-effects model was applied to examine the
pattern of manganese enhancement for
each structure.

RESULTS
Nine healthy volunteers (median age,
43 years; range, 27–55 years; 3 women)
participated in this study. MR imaging
time points after mangafodipir administration are listed in the Table. As
described in further detail below, we
noted time-varying enhancement
FIG 1. Manganese uptake in intracranial and extracranial structures. Images from healthy volun- (P ⬍ .05) of several intracranial and
teer 1 and healthy volunteer 2 show manganese enhancement on T1-weighted images. Time extracranial structures, particularly
points for the anterior pituitary, lacrimal, parotid, and submandibular glands were at 5 minutes, 2
days, 7 days, and 30 days after mangafodipir administration; for the choroid plexus and sublingual the choroid plexus, anterior pituitary
gland, postmangafodipir time points were at 1 hour, 2 days, 7 days, and 30 days.
gland, and exocrine glands of the
head and neck (parotid, sublingual,
Fig 1). Exocrine glands (lacrimal, ⬃3 slices; submandibular, ⬃14
submandibular, and lacrimal).
slices; sublingual, ⬃16 slices; parotid, ⬃6 slices) were manually
segmented in a similar manner at each postmangafodipir time
Choroid Plexus
point due to their variable configuration at each scan. The
On administration of mangafodipir, T1-weighted signal intensity
VOIs of basal ganglia structures (caudate, striatum, pallidum),
of the choroid plexus increased within the first hour (Figs 1 and
thalamus, cerebral cortex, and whole brain were obtained
2). In the 2 healthy volunteers scanned within the first 2 hours,
through segmentation using the semiautomated segmentation
enhancement was noted both quantitatively and qualitatively
pipeline FreeSurfer (Version 5.1.0; http://surfer.nmr.mhg.
within the first 5 minutes after infusion (Fig 2), reaching maxiharvard.edu). The mean and SD of signal intensity from T1mum intensity in the 11- to 40-minute range. During the next 24
weighted images and the median T1 relaxation time from T1
hours, the signal intensity decreased, achieving pre-infusion levels
maps were calculated in each VOI. T1-weighted signal intenaround 5–7 days (Figs 1 and 2). No further enhancement was
sity was normalized to the signal intensity from the manually
noted for the remainder of the study period. Analysis of T1 maps
segmented corpus callosum (⬃11 slices) at each time point,
did not show clear shortening of the T1 time (On-line Fig 2).
and the fold change was calculated by dividing the normalized
postmangafodipir intensity values by the normalized baseline
Anterior Pituitary Gland
intensity at each time point. The corpus callosum was selected
In the 2 healthy volunteers scanned within the first 2 hours,
for normalization due to the following: 1) prior animal and
enhancement was noted both quantitatively and qualitatively
human data indicating that it does not enhance with manga(Fig 2), but enhancement peaked in the 1- to 24-hour range
nese; and 2) the ease of segmentation due to its discrete borders
(Figs 1 and 2). For most volunteers, this signal persisted for at
on midline and paramedian sagittal slices.13,15
least a week and resolved by the month 1 time point. In 2
T1 mapping was successful in 7 participants for quantification
volunteers, enhancement of the anterior pituitary gland reof the anterior pituitary gland, choroid plexus, exocrine glands,
solved by the week 1 time point. No further enhancement of
and corpus callosum; 5 participants had successful T1 mapping
the anterior pituitary gland was observed for the remainder of
for quantification of basal ganglia substructures.
the study period. Analysis of T1 values did not show a statistically significant decrease, in part because fewer data points
Statistical Analysis
were available for analysis (On-line Fig 2), but data suggest a
Statistical analysis was conducted using SAS (Version 9.2; SAS
Institute, Cary, North Carolina). For each structure variable (sigpossible nadir in the 1- to 24-hour range.
AJNR Am J Neuroradiol 40:1309 –16
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FIG 2. Kinetics of manganese enhancement in selected intracranial and extracranial structures. Quantiﬁcation of T1-weighted signal intensity,
normalized to the corpus callosum and measured as a fold change relative to baseline in healthy volunteers (n ⫽ 8). Each dot represents a scan
at the speciﬁed time point; in some cases, a single individual had several scans within the same time window. The population mean and standard
error are also shown. All structures enhanced at P ⬍ .05.

Exocrine Glands
The parotid, sublingual, submandibular, and lacrimal glands all
demonstrated signal enhancement after mangafodipir infusion in
the 1- to 24-hour range (Figs 1 and 2). The parotid and lacrimal
glands had peak enhancement at approximately 5–7 days,
whereas the sublingual and submandibular glands had peak enhancement in the 1- to 24-hour range (Fig 2). Probably due to
their position at the edge of the head coil, T1-weighted signal in
the exocrine glands was much more variable compared with enhancing intracranial structures. Whereas most volunteers had
resolution of exocrine gland enhancement by month 1, two volunteers had resolution by month 2, and 1 volunteer had resolution by month 3. Quantitative T1 maps contained artifacts within
several exocrine gland structures, which rendered analysis of T1
values highly variable (On-line Fig 2).

gafodipir administration during the study period, at either week 1
or month 1.

Time Course of Manganese Enhancement
The time courses of manganese-induced signal enhancement and
washout in the structures with significant changes with time are
described in On-line Fig 4. For all 6 structures, the slopes before
and after the knot were nonzero for the bootstrapped data. Although rates of enhancement were similar across structures, rates
of washout were slowest in the exocrine glands.

DISCUSSION

Relative to the corpus callosum, there was no evidence of manganese retention in the analyzed brain structures at various postmangafodipir time points and at month 1 (Fig 3). In particular,
signal intensities in the caudate, putamen, globus pallidus, thalamus, cerebral cortex, and whole brain showed no clear change
during the entire study period. Similarly, T1 maps, which are not
normalized to the corpus callosum, showed no change in any of
these structures or in the corpus callosum itself (On-line Fig 3).

Manganese has shown promise as a functional intracellular MR
imaging contrast agent through its ability to evaluate cellular integrity, activity, and neural connectivity. Manganese ion has been
used as an imaging biomarker for cellular viability and structural
integrity, as a surrogate for the cellular calcium ion transport, and
for neural tract visualization. In this study, manganese ions released from mangafodipir in healthy volunteers resulted in enhancement of several intracranial and extracranial structures: the
choroid plexus, anterior pituitary gland, and exocrine glands of
the head and neck. Structures covered with a blood-brain barrier
did not exhibit visible manganese enhancement. Mangafodipir
was well-tolerated, without serious adverse effects or changes in
laboratory values.

Adverse Reactions

Choroid Plexus

There were no serious adverse reactions with mangafodipir administration. One volunteer reported a transient sensation of
flushing and warmth, which did not require intervention. No additional symptoms were noted by the participants for the study
period. Laboratory values did not significantly change after man-

The choroid plexus is a collection of specialized ependymal cells
that forms the blood-CSF barrier and is responsible for the accumulation and transport of several substrates and heavy metals,
including manganese.16 In rats, manganese administration with a
bolus dose of MnCl2 revealed a specific time-dependent pattern of

Brain
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FIG 3. T1-weighted signal does not change in the basal ganglia, cerebral cortex, or whole brain after mangafodipir administration. Quantiﬁcation
of T1-weighted signal intensity, normalized to the corpus callosum and measured as a fold change relative to baseline in healthy volunteers (n ⫽
8), in selected brain structures. Each dot represents a scan at the speciﬁed time point, summarized as mean ⫾ standard error.

enhancement of structures outside the blood-brain barrier: the
choroid plexus within 10 minutes of administration, followed by
CSF and periventricular brain structures.16 A similar distribution
of manganese enhancement was observed in marmoset monkeys,
with enhancement in the choroid plexus and later in the periventricular brain parenchyma, though no clear ventricular enhancement was seen.17 In a prior study in humans, bolus doses of mangafodipir provided enhancement of the choroid plexus, which
peaked at 1.5 hours and resolved by 2 days.13 These findings correlate well with the enhancement dynamics of the choroid plexus
that were noted in the current study. However, distinct from the
findings in rats, no clear enhancement of the CSF or surrounding
brain parenchyma has been demonstrated in human beings. This
could potentially be explained by the much lower dose of manganese derived from mangafodipir compared with MnCl2 delivered
to animals. Furthermore, in this study, quantitative analysis of the
choroid plexus did not show significant T1 shortening, even
though there was clear signal enhancement on T1-weighted MR
imaging. This is likely due to insufficient data at early time points
and noise in the T1 measurements and to the small size of the
choroid plexus, which results in partial volume effects from the
long-T1 CSF.
The choroid plexus plays a significant biologic role in manganese ion homeostasis and transport. Whereas the blood-brain
barrier and choroid plexus both transport the manganese ion at
physiologic concentrations, when blood levels rise, the manganese ion preferentially accumulates in and is transported through
the choroid plexus.18 Indeed, recent studies have provided evidence for active, unidirectional, blood-to-CSF transport in the
choroid plexus with slow manganese ion efflux rates.19 Several
transporters with varying levels of manganese ion affinity have
been identified (eg, divalent metal transporter 1, ZIP8/14, calcium

ion [Ca2⫹] channels), but the specificity and presence of these
channels in human choroidal tissue is yet to be determined.9 In
our healthy volunteers, it is possible that manganese follows this
established pathway with basolateral uptake, transcytoplasmic
transfer, and release at the apical membrane into the CSF under
the control of these transporters. While out of scope of this current study, characterization of manganese levels in the CSF could
further provide evidence for this mechanism.

Anterior Pituitary Gland
The anterior pituitary gland lies outside the blood-brain barrier
and has been known for several decades to be susceptible to manganese enhancement. Previous distribution studies in mice, rats,
and monkeys identified liver, kidney, and endocrine glands as
major sites of manganese accumulation after parenteral exposure.20-22 Aoki et al16 demonstrated enhancement of the anterior
pituitary gland within 2 hours of MnCl2 infusion. In a different
study, continuous MnCl2 administration via mini-osmotic
pumps led to a differential enhancement of manganese within the
pituitary gland, with the anterior pituitary gland having a greater
manganese-dependent increase in T1-weighted signal compared
with the posterior pituitary gland.23 In marmosets given MnCl2,
the greatest enhancement was in the anterior pituitary gland, with
an approximate 3.5-fold increase in T1-weighted signal.15 Infusion of mangafodipir in healthy volunteers led to a dose-dependent stable enhancement of the anterior pituitary gland for ⬎72
hours, with an approximately 1.5-fold increase from baseline signal.13 The same study noted a prolonged and slow recovery of
manganese-associated enhancement, with 23% of initial signal
still present at 4 weeks. Similarly, the findings from our own study
show a peak signal intensity ⬃1.5-fold greater than the baseline
AJNR Am J Neuroradiol 40:1309 –16
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variability of enhancement patterns
across participants in the current study.
Whereas all glands shared similar enhancement dynamics, fold change and
T1 relaxation times were heterogeneous
across glands (Fig 2). Although a biologic reason for these differences is possible, they are more likely explained by
signal drop-out and inhomogeneities as
a consequence of technical factors, including the larger distance between the
FIG 4. Manganese enhances brain structures in a different manner compared with gadolinium. exocrine glands and the radiofrequency
Upper row, Gadolinium induces homogeneous enhancement of the choroid plexus (arrows), receive coil used in this study. In addiposterior falx cerebri (asterisk), and pineal gland (arrowhead). On the other hand, mangafodipir
enhances the choroid glomus in a heterogeneous manner. Lower row, Gadolinium induces en- tion, quantitative T1 maps contained
hancement of the anterior pituitary gland (arrow), cavernous sinus (arrowheads), and internal numerous bright artifacts that interfered
carotid arteries (asterisks), whereas mangafodipir selectively enhances the pituitary gland. Note with accurate analysis of T1 values. The
the enhancement of the vasculature with gadolinium but not with manganese. Images were
obtained ⬃20 minutes after gadolinium administration and ⬃1 hour after mangafodipir adminis- artifacts were likely derived from the
tration. Gadolinium images were acquired before enrollment in this protocol as a part of other presence of fluid and fat within exocrine
National Institutes of Health MR imaging studies.
glands, which can affect measurement of
T1 relaxation times.30 Further optimizascan in the anterior pituitary gland. However, resolution of ention of MR imaging for salivary gland enhancement with mangahancement was achieved quicker in the current study.
nese will likely provide a more accurate quantification of its enhancement dynamics and potential utility for detecting and
Exocrine Glands
discriminating glandular pathology.
There are reports of exocrine gland enhancement with manganese
ions in various species. In mice given continuous MnCl2 dosing,
Comparison of Manganese and Gadolinium
there was a several-fold increase in signal intensities of the subRetrospective comparison of contrast enhancement between
mandibular and parotid glands.23 Biodistribution studies with
manganese and gadolinium further highlights the distinct enmanganese-52 (52Mn) PET imaging in mice demonstrated signifhancement pattern of manganese (Fig 4). With manganese, there
icant uptake and persistence in the salivary glands, with greater
was selective enhancement of the anterior pituitary gland without
uptake noted through parenteral exposure as opposed to inhalaappreciable signal change in neighboring structures. Gadolinium,
tion.20 Similar findings have been observed in manganese distrion the other hand, induced broader enhancement in the region,
bution studies in rats and monkeys.21,24 Given this affinity of
increasing T1-weighted signal in the anterior pituitary gland, cavmanganese for the salivary glands, Seshadri and Hoy25 used
ernous sinus, and intravascular spaces. Within the choroid plexus,
MEMRI to evaluate manganese-dependent enhancement of salithe distribution of manganese-related enhancement was similar
vary glands and head-and-neck tumors in nude mice. There was
to that of gadolinium, with the exception of the choroid glomus
excellent visualization and delineation of both normal salivary
regions. Additionally, enhancement of the posterior falx cerebri
glands and ectopic/orthotopic tumors with a strong T1-shortenand pineal gland was demonstrated clearly with gadolinium, but
ing effect.
not with manganese.
Mechanisms of manganese ion entry and retention in exocrine
It has been shown that intracellularly, compared with an in
glands have not been established, but 2 characteristics of the exovitro environment, manganese binds to macromolecules, which
crine glands are likely to be at play: high mitochondrial density
greatly enhances proton relaxation.31 Thus, it is likely that manand extensive transport coupled to calcium signaling.26 Synthesis
ganese enhancement reflects more specifically the cellular comof digestive enzymes by the salivary glands requires many mitoponents of tissue. Conversely, intravascular spaces do not seem to
chondria, which have been reported to accumulate intracellular
enhance with manganese (at concentrations derived from manmanganese.9 Vesicular release of digestive enzymes occurs
gafodipir). Together, these properties may aid in delineating tisthrough calcium-mediated signaling and mobilization of intrasue borders, providing useful information for clinical surveillance
cellular stores of calcium from the endoplasmic reticulum into the
and surgical planning. Overall, this comparison highlights the
cytoplasm, leading to exocytosis.27 Also, it is thought that the
ability of manganese to yield specific intracellular enhancement in
calcium is stored in secretory vesicles, which occupy 30% and
regions not covered by the blood-brain barrier.
55% of cytosolic space of the rat parotid and submandibular
glands, respectively.28 Manganese ions have also been seen to acMangafodipir Safety
Historically, the application of MEMRI in humans has been limcumulate in the endoplasmic reticulum, and accumulation in seited by the toxic effects of high bolus doses of free manganese ions.
cretory vesicles probably explains the ability of the manganese ion
Mangafodipir is the only FDA-approved manganese-based conto cross synapses.29 Therefore, it is not surprising that the salivary
trast agent for intravenous use in humans and has an excellent
glands in our healthy volunteers had long-lasting enhancement
safety record.32 The most common adverse effects observed in
due to manganese ions.
Quantification of exocrine gland enhancement showed high
Phase III studies were flushing and nausea.32 Our findings further
1314
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strengthen the safety profile of mangafodipir. None of the healthy
volunteers had serious adverse events during or after infusion.
One healthy volunteer had mild transient flushing, likely due to vasodilatory effects of manganese, which self-resolved without further
sequelae. We did not observe changes in prolactin, suggesting that
the manganese ion did not impair anterior pituitary gland function.
In addition, participants did not have changes in vital signs or clinical
parameters postinfusion.32
It has been observed that abnormal T1-weighted signal in
the basal ganglia precedes development of neurologic symptoms related to manganese toxicity.32 Thus, monitoring T1weighted signal changes in the basal ganglia provides a way to
assess the development of manganese-related toxicity. In our
study, postmanganese T1-weighted signal intensities did not
change in the basal ganglia, whole brain, or cerebral cortex
during the study period (On-line Fig 3). None of the participants reported additional neurologic or clinical changes within
the study period.

Study Limitations
Given the exploratory nature of this study, there are key limitations that are important to address. The main objective of this
study was to evaluate enhancement dynamics using MEMRI with
mangafodipir in healthy volunteers. Thus, while this study has
provided evidence of manganese enhancement in various structures at various time points as well as the lack of manganese retention in the brain, it was not powered for assessing safety. While
we do not expect manganese-related adverse effects past our study
window, we did not pursue long-term follow-up scans. Furthermore, this study was not designed to establish within-subject variability in manganese enhancement characteristics because we
were primarily interested in obtaining a general trend of manganese enhancement.
The delivered dose of the manganese ion from mangafodipir
also poses a limitation and probably explains why parenchymal
structures behind the blood-brain barrier failed to enhance despite clear evidence of choroid plexus enhancement. Due to the
potential neurotoxicity of repeat/chronic manganese exposure,
mangafodipir is only FDA-approved for 1-time dosing. The manganese ion is released from mangafodipir and then likely binds, to
some extent, to serum proteins, lowering the concentration of
circulating manganese ions available for intracellular enhancement.11 Reduced circulating free manganese ions could explain
the differences seen in the enhancement patterns between human
and animal studies, which use higher effective doses of manganese. Therefore, whether enhancement patterns seen in humans
are due to differences in the manganese ion uptake in humans or
to lower concentrations of the manganese ion is yet to be
evaluated.

CONCLUSIONS
This study establishes MEMRI with mangafodipir as a viable neuroradiologic method in humans, especially for structures residing
outside the blood-brain barrier (including the anterior pituitary
gland, choroid plexus, and exocrine glands) and sets the stage for
future exploration under normal and pathologic tissue states.
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ORIGINAL RESEARCH

ADULT BRAIN

The Association between FLAIR Vascular Hyperintensity and
Stroke Outcome Varies with Time from Onset
X W.J. Shang, X H.B. Chen, X L.M. Shu, X H.Q. Liao, X X.Y. Huang, X S. Xiao, and X H. Hong

ABSTRACT
BACKGROUND AND PURPOSE: FLAIR vascular hyperintensity has been recognized as a marker of collaterals in ischemic stroke, but the
impact on outcome is still controversial. We hypothesized that the association between FLAIR vascular hyperintensity and outcome varies
with time.
MATERIALS AND METHODS: We included 459 consecutive patients with middle cerebral artery stroke and divided them into 3 groups by
symptom-to-MR imaging time (group 1, ⱕ7 days; group 2, 8 –14 days; group 3, ⱖ15 days). The FLAIR vascular hyperintensity score, ranging
from 0 to 3 points, was based on territory distributions of different MCA segments. The associations between FLAIR vascular hyperintensity and outcome with time were analyzed qualitatively and quantitatively.
RESULTS: No patients underwent MR imaging within 6 hours of onset. The proportion of FLAIR vascular hyperintensity (⫹) and severe
stenosis or occlusion of MCA was not signiﬁcantly dependent on time. In groups 1 and 2, FLAIR vascular hyperintensity (⫹) was signiﬁcantly
associated with larger lesions, the prevalence of ﬂow injury, and unfavorable outcome (mRS ⱖ 2). There were no such associations in group
3. Multiple logistic regressions demonstrated that FLAIR vascular hyperintensity (⫹) was an independent risk factor for unfavorable
outcome in group 2. Infarction volume tended to increase with the increase of the distal FLAIR vascular hyperintensity score in groups 1 and
2, while declining in group 3.
CONCLUSIONS: FLAIR vascular hyperintensity is associated with unfavorable outcome within 6 hours to 14 days of onset, while the wider
distribution of distal FLAIR vascular hyperintensity may be favorable beyond 14 days of onset in MCA infarction. Symptom-to-MR imaging
time should be considered when assessing the prognostic value of FLAIR vascular hyperintensity.
ABBREVIATION: FVH ⫽ FLAIR vascular hyperintensity

C

erebral ischemic damage depends on both the degree and
duration of hypoperfusion. However, collaterals neither de-
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velop rapidly nor remain invariant after arterial occlusion. Some
collaterals such as leptomeningeal anastomoses may be anatomically present, though enhanced capacity for cerebral blood flow
likely requires time to develop.1-5 Angiogenesis induced by hypoxia and increased fluid shear stress also requires several days to
weeks.1,2 Furthermore, the incipient development of collaterals
does not guarantee their persistence.1 Therefore, the prognostic
significance of an observation of the presence of collaterals after
ischemic stroke varies with time.
FLAIR vascular hyperintensity (FVH), seen in some patients
with ischemic stroke, is known to be associated with stenosis and
occlusion of vessels and the attendant slow flow.6-9 FVH is also
thought to be a marker of collaterals and a predictor of outcome.4,6-23 However, the relationship between these interpretaIndicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line tables.
Indicates article with supplemental on-line photos.
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tions is confusing. FVH may represent slow collateral flow effective in maintaining perfusion to penumbral regions, restricting
the progress of ischemic lesions and improving outcome.10-17
However, FVH can also seem to correspond to a perfusion deficit,
larger lesions, and poor outcomes.6-8,18-23 The exact reason for
such a huge discrepancy is still unclear. In addition to the differences in patient populations and FVH classifications, we found
that many reported symptom-to-MR imaging times ranged from
3 hours to several days. Additionally, Maeda et al24 showed that
FVH decreased with time, indicating that differences in symptom-to-MR imaging time might account for the discrepancy.
Moreover, most studies6-8,10-18,21,22 were performed during
the superacute or acute stages of ischemic stroke; however, many
patients with subacute or even chronic ischemic strokes present to
hospitals and undergo MR imaging. FVH has been observed in
areas supplied by collateral blood flow in patients with symptomto-MR imaging times that are several weeks in duration.25 Given
that FVH is easily obtained via MR imaging, it could serve as a
helpful predictive measure in patients with ischemic stroke.
We hypothesized that the prognostic value of FVH in ischemic
stroke might change with the MR imaging observation time relative to onset. Therefore, we here evaluate the dependence of the
relationship between FVH and outcome on symptom-to-MR imaging time, in cases of middle cerebral artery ischemic stroke.

MATERIALS AND METHODS
Study Population
We retrospectively analyzed the records of patients with ischemic
stroke treated in the First Affiliated Hospital of Sun Yat-sen University from April 2009 to February 2017. The inclusion criteria
were the following: 1) patients with responsible lesions within the
MCA distribution territory; 2) patients with FLAIR and 3D timeof-flight MRA images; 3) patients with ipsilateral M1–MCA stenosis or occlusion identified by 3D time-of-flight MRA; and 4)
patients with a complete evaluation, which included a personal
history, vascular risk factors (smoking, hypertension, diabetes
mellitus, hyperlipidemia, previous stroke/transient ischemic attack, coronary artery disease, and atrial fibrillation), routine blood
tests, and cardiologic work-up. Scores on the NIHSS at admission,
mRS at discharge, and hospitalization days were also collected. We
excluded the following; 1) patients with concomitant anterior cerebral artery or posterior circulation strokes; 2) patients with severe
artifacts on FLAIR images; 3) patients with severe stenosis or occlusion of the ipsilateral internal carotid artery; and 4) patients having
undergone endovascular therapy. Patients were divided into 3
groups according to symptom-to-MR imaging time: group 1, ⱕ7
days; group 2, 8 –14 days; group 3, ⱖ15 days.

MR Imaging
MR imaging was performed on 3T scanners (Magnetom Trio and
Magnetom Verio; Siemens, Erlangen, Germany) with a 12-channel head coil. The neuroimaging protocol comprised T1WI (TR,
500 ms; TE, 8.9 ms), T2WI (TR, 4000 ms; TE, 100 ms), FLAIR
(TR, 9000 ms; TE, 111 ms; TI, 2500 ms), and DWI (TR, 5800 ms;
TE, 100 ms; matrix number, 384 ⫻ 384; two b-values of 0 and
1000 s/mm2). All patients’ imaging data were independently reviewed by 2 readers who were blinded to the clinical data and
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follow-up. Reader A had 18 years of neuroradiology experience,
and reader B had 6 years of neuroradiology experience.

FVH
FVHs were defined as focal, tubular, or serpentine hyperintensities in the subarachnoid space relative to CSF and corresponding
to the typical arterial course.11 On the basis of the location and
extent, FVHs were classified into proximal and distal FVHs. Proximal FVHs were defined as the presence of FVHs only within the
territories of the MCA M1 and/or M2 segments. Distal FVHs were
defined as the presence of FVHs in the MCA M3 and/or distal
segments, which were further classified into anterior and posterior for the superior and inferior trunks of the MCA, respectively.
The M3-segment FVHs, anterior FVHs, and posterior FVHs were
all scored as 1 point.

Lesion Quantiﬁcation
We used the ASPECTS on MR imaging.26 The vascular territories
were classified into perforator, pial, border zone, and large-territory infarct.27

Angiography
The signal intensity of the MCA on the intracranial MRA was
visually classified into the following 4 grades according to ability
to visualize the MCA: All M3 branches of the MCA were visualizable to the cortical surface (grade A); ⱖ1 M3 branch could not be
visualized on the cortical surface (grade B); the superior or inferior trunk of the MCA or ⱖ1 M2 branch could not be visualized
along its course (grade C); and the M1 could not be visualized
along its course (grade D) (On-line Fig 1).28 Posterior cerebral
artery laterality was considered to be present if ⱖ1 segmental
extent of the ipsilateral posterior cerebral artery was observable on
MRA.5

Statistical Analysis
The  coefficient was used to assess interobserver agreement for
FVH. Continuous variables with a normal distribution were described as mean ⫾ SD, and non-normally distributed variables
were described as median and interquartile range. We compared
variables between the patients with and without FVH in each
group using a Mann-Whitney U test, Student t test, Pearson 2
test, or 2 test with continuity correction depending on the type of
variable. We further compared FVH scores and baseline characteristics in all 3 groups using the Kruskal-Wallis-test or Pearson 2
test as appropriate. A multiple binary logistic regression analysis
was applied to identify independent predictors of unfavorable
scores on the modified Rankin Scale at discharge (mRS ⱖ 2),
signifying an unfavorable outcome. All covariates with a P
value ⱕ .1 in a univariate analysis were entered into this logistic
regression model. The results are presented as odds ratios and the
95% confidence intervals. A 2-tailed value of P ⬍ .05 indicated
statistical significance (SPSS for Windows, Version 20.0; IBM,
Armonk, New York).

RESULTS
In total, 579 consecutive patients met all the inclusion criteria,
and 120 patients were excluded (concomitant anterior cerebral

Table 1: Clinical and demographic patient characteristics by symptom-to-MRI time and the presence of FVHa
Group 1 (n = 191)
Characteristics
Women
Age (yr)
Symptom-to-admission time (days)
Risk factors
Hypertension
Diabetes mellitus
Hypercholesterolemia
Smoker
Coronary heart disease
Atrial ﬁbrillation
Previous stroke
NIHSS score at admission
Hospitalization (days)
Outcome at discharge
mRS
mRS ⱖ 2
mRS ⱖ 3

FVH (−)
(n = 74)
27 (36.5)
60.7 ⫾ 14.3
3 (2–4)

FVH (+)
(n = 117)
37 (31.6)
63.9 ⫾ 12.5
2 (1–4)

58 (78.4)
29 (39.2)
24 (32.4)
24 (32.4)
5 (6.8)
4 (5.4)
18 (24.3)
4 (2–7)
10.5 (8–13)

82 (70.1)
28 (23.9)
43 (36.8)
52 (44.4)
6 (5.1)
8 (6.8)
29 (24.8)
6 (3–10)
13 (10–16)

2 (1–3)
54 (73.0)
31 (41.9)

3 (2–4)
100 (85.5)
70 (59.8)

Group 2 (n = 164)
P Value
.53
.11
.05

FVH (−)
(n = 63)
20 (31.7)
66 (46–73)
5 (4–7)

FVH (+)
(n = 101)
27 (26.7)
65.5 (54–74)
4 (3–7)

.24
.03b
.64
.13
.88
.93
1.00
.02b
.001b

35 (55.6)
16 (25.4)
24 (38.1)
25 (39.7)
1 (1.6)
2 (3.2)
9 (14.3)
4 (2–9)
12 (9–15)

⬍.001b
.04b
.02b

2 (1–3)
43 (68.3)
29 (46.0)

Group 3 (n = 104)
P Value
.60
.88
.21

FVH (−)
(n = 44)
10 (22.7)
55.1 ⫾ 13.7
16.5 (12–31)

FVH (+)
(n = 60)
20 (33.3)
63.6 ⫾ 11.0
19.5 (12–30.75)

70 (69.3)
36 (35.6)
30 (29.7)
48 (47.5)
6 (5.9)
1 (1.0)
25 (24.8)
5 (2–9)
13 (9–15)

.09
.23
.31
.34
.35
.88
.12
.32
.95

31 (70.5)
12 (27.3)
8 (18.2)
19 (43.2)
6 (13.6)
1 (2.3)
9 (20.5)
5 (2–10)
13.5 (8–15)

45 (75)
13 (21.7)
8 (13.3)
26 (43.3)
5 (8.3)
2 (3.3)
19 (31.7)
4.5 (2–9)
12.5 (9.25–16)

.66
.64
.59
1.00
.59
1.00
.27
.56
.94

3 (2–4)
85 (84.2)
52 (51.5)

.10
.02b
.52

2.5 (1–4)
31 (70.5)
22 (50.0)

3 (1.25–4)
45 (75.0)
34 (56.7)

.54
.66
.55

P Value
.28
.001b
.79

Note:—(⫺) indicates negative; (⫹), positive.
a
Data are No. (%), mean ⫾ SD, and median (interquartile range).
b
P ⬍ .05.

artery or posterior circulation strokes, n ⫽ 27; severe artifacts on
FLAIR, n ⫽ 18; severe stenosis or occlusion of the ipsilateral internal carotid artery, n ⫽ 47; endovascular therapy, n ⫽ 28). We
finally included 459 patients, and FVH was observed in 278 patients (60.6%). The interobserver agreement for FVH was  ⫽
0.88 (95% CI, 0.68 –1.00). The proportion of observed FVH (⫹)
was not significantly dependent on time (61.3%, 61.6%, and
57.7%; P ⫽ .79). Details of the clinical and demographic characteristics of patients by symptom-to-MR imaging time and the
presence of FVH are presented in Table 1. In group 1, patients
with FVH demonstrated a higher NIHSS score at admission (P ⫽
.02), a longer hospitalization (P ⫽ .001), a higher mRS at discharge (P ⫽ .001), and a higher prevalence of unfavorable outcome (mRS ⱖ 2; P ⫽ .04) or poor outcome (mRS ⱖ 3; P ⫽ .02)
than those without FVH. In group 2, patients with FVH demonstrated a higher prevalence of unfavorable outcome (mRS ⱖ 2;
P ⫽ .02). However, in group 3, we found no significant difference
in outcome between patients with and without FVH.
Details of the radiologic characteristics of patients by symptom-to-MR imaging time and FVH status are presented in Online Table 1, Figs 1–3, and On-line Figs 2– 4. No patients underwent MR imaging within 6 hours of onset. More patients with
FVH demonstrated severe stenosis or occlusion of the MCA than
those without it, independent of time (group 1, P ⬍ .001; group 2,
P ⬍ .001; group 3, P ⫽ .001). In groups 1 and 2, patients with FVH
demonstrated larger cortical extents of MCA and total lesion
scores than those without it (group 1, P ⬍ .001, P ⬍ .001; group 2,
P ⫽ .003, P ⫽ .003), and poorer MCA signal intensities (grades
B–D; group 1, P ⬍ .001; group 2, P ⬍ .001). However, these
differences were absent in group 3 (P ⫽ .73, P ⫽ .45, P ⫽ .18). We
observed no significant differences in FVH scores (P ⫽ 0.25)
across the 3 groups. The MCA cortical area and total lesion
volume tended to increase with the distal FVH score in groups 1
and 2 and decrease in group 3 (Fig 3). Details of the baseline
characteristics of the 3 groups are presented in On-line Table 2.
There were no differences among the 3 groups, apart from
hypercholesterolemia.

Variables associated with an unfavorable clinical outcome are
shown in On-line Table 3. In group 1, sex (P ⫽ .01), NIHSS score
on admission (P ⬍ .001), infarct volume (P ⫽ .001), and FVH
(P ⫽ .04) were included in our analysis. After we adjusted for
representative variables, FVH (⫹) did not appear as an independent predictor of unfavorable outcome (P ⫽ .14). In group 2,
age (P ⫽ .003), NIHSS score on admission (P ⬍ .001), infarct
volume (P ⫽ .001), FVH (P ⫽ .002), posterior cerebral artery
laterality (P ⫽ .008), and MCA severe stenosis or occlusion (P ⫽
.006) were included in our analysis. After we adjusted for representative variables, FVH (⫹) appeared as an independent predictor of
unfavorable outcome (odds ratio, 2.95; 95% CI, 1.06 – 8.18; P ⫽ .04).
In group 3, FVH (⫹) was not included in our analysis (P ⫽ .66).

DISCUSSION
Our novel results demonstrate that the clinical value of FVH varies with time. Within 6 hours to 14 days of onset, FVH (⫹) is
associated with greater lesion volume, poorer MCA signal intensity, and unfavorable outcome. These associations disappear beyond 14 days of onset. In addition, the lesion volume tended to
increase with the distal FVH score within 6 hours to 14 days of
onset and to decrease beyond 14 days of onset. Therefore, the
symptom-to-MR imaging time, not just the presence or distribution of FVH, played an important role in predicting stroke outcomes in this study.
FVH is recognized as a marker of slow flow induced by severe
stenosis or occlusion of vessels.6-9 The presence of FVH ranges
from 44.1% to 100% in patients with stroke within 24 hours of
onset,11,29 which increases to 75.9%–100% when accompanied by
severe stenosis or occlusion of the MCA or ICA.11,12 Maeda et al24
showed that the presence of FVH decreases from 100% within 24
hours of onset to 50% within 10 –13 days of onset. In the present
study, the proportion of severe stenosis or occlusion of the MCA
was as high as 80.6%, and most of these patients did not undergo
MR imaging a short time after onset, which could explain the
median prevalence of FVH (60.6%). In addition, we saw no significant differences in the prevalence of FVH in our 3 groups,
AJNR Am J Neuroradiol 40:1317–22
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FIG 1. Detailed middle cerebral artery vascular status by symptom-to-MR imaging time, which
increases with group number and the presence of FLAIR vascular hyperintensity.

FIG 2. Detailed middle cerebral artery signal intensity by symptom-to-MR imaging time, which increases with group number and the presence of FLAIR vascular hyperintensity. A, All M3 branches of
the MCA are visualized on the cortical surface. B, One or more M3 branches are not visualized on the
cortical surface. C, The superior or inferior trunk of the MCA or ⱖ1 M2 branch is not visualized along
its course. D, M1 branches are not visualized along the course of the MCA.
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unlike Maeda et al.24 One reason could
be that the proportion of severe stenosis
or occlusion and the signal intensity of
MCA were not significantly different in
our 3 groups, and the Maeda et al24
study did not measure the degree of
MCA lesion. Another possible reason is
the much greater sample size in our
study. The sample size in Maeda et al24
was 27 patients, with only 2 patients imaged within 10 –13 days of onset, which
would have led to serious errors.
The prognostic value of FVH has
been widely investigated,4,6-23 with
greatly divergent results. Besides populations, end points, and FVH classifications, we think that the symptomto-MR imaging time plays an important
role in explaining the discrepancies in
the literature. In our study, FVH (⫹)
was associated with unfavorable clinical
and radiographic outcomes within 6
hours to 14 days of onset, but these associations disappeared beyond 14 days
of onset. On reviewing previous studies,
we found that the symptom-to-MR imaging time was within 6 hours of onset
or within the time window of reperfusion therapy in most of the studies that
showed an association between FVH
and good outcome.10,11,13-17 On the
other hand, the symptom-to-MR imaging time was between 12 and 24 hours
and several days in most of the studies
showing an association between FVH
and a poor outcome6-8,18-20; these results are similar to ours for the group
within 6 hours to 14 days of onset.
We assumed that the role of FVH
would vary with time. Within 6 hours of
onset or within the time window of
reperfusion therapy, FVH might be a
marker of leptomeningeal anastomoses
that are anatomically present and develop dramatically and rapidly after the
onset of acute ischemic stroke.2,5 The areas with FVH, especially those with
FVH–DWI mismatch, represent the brain
tissue at risk of infarction, which could be
saved by reperfusion therapy to reduce the
final lesion volume and improve outcome.6,9,16,29 This may explain why patients with FVH have better outcomes
than those without FVH in this period.
Beyond the time window of reperfusion therapy, however, the observation
of persistent FVH may represent persis-

our knowledge of the importance of the
symptom-to-MR imaging time beyond
14 days.
Unlike most studies that focused on
the superacute stage of ischemic stroke,
we used a much longer time span
after ischemic stroke. Consequently, our
study conditions more closely resembled “real world” clinical scenarios. Patients can undergo MR imaging any
time after stroke onset, and using only
FVH to evaluate the superacute ischemic stroke stage is insufficient for clinical work. However, FVH is relatively
easy to detect on MR imaging and may
therefore reflect collateral status and potentially act as a substitute for conventional angiography.31
This study has some limitations.
First, this is a retrospective clinical
study. However, it shows, by analysis, a
clear time dependency of the prognostic
value of FVH. Further prospective studies are needed to confirm our findings.
FIG 3. The ASPECTS lesion volume against the distal FLAIR vascular hyperintensity score.
Second, we excluded patients with endovascular therapy. Although this extent vessel occlusion and impaired hemodynamics.4,14,29,30
clusion ensures data homogeneity and avoids the influence
Therefore, patients with FVH could be influenced much more by
of a diversity of treatments on outcome, it leads to no patients
hemodynamic instability than patients without it.19 This differreceiving MR imaging within 6 hours of onset in this study. Howence might be correlated with a poor outcome in patients with
ever, many studies have focused on the superacute stage of
FVH during this period. Some studies that re-examined MR imstroke,10,11,13-17,21,22 while few25 have focused on the subacute
4,14,29
aging after the superacute period support this assumption.
and chronic stages.
Sanossian et al14 found that a persistence of FVH on follow-up
MR imaging was associated with a decreased or absent flow signal
CONCLUSIONS
intensity on MRA, whereas the absence of FVH was seen in the
For patients with MCA infarctions, FVH (⫹) is associated with
setting of a return of the MR imaging flow signal intensity. This
unfavorable outcomes within 6 hours to 14 days of onset, while
result is similar to our finding that patients with FVH had poorer
the wider distribution of distal FVH may be favorable beyond 14
MCA signal intensity. However, the observation of a decrease in
days of onset. Therefore, the symptom-to-MR imaging time
FVH after reperfusion therapy predicted successful recanalizashould be taken into account when assessing the prognostic value
tion, smaller infarct volume, and good outcomes.4,29
of FVH.
Here, FVH was not significantly associated with clinical or
radiologic outcome in group 3, though we continued to see a
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Leukoaraiosis May Confound the Interpretation of CT
Perfusion in Patients Treated with Mechanical Thrombectomy
for Acute Ischemic Stroke
X S. Rudilosso, X C. Laredo, X C. Vivancos, X X. Urra, X L. Llull, X A. Renú, X V. Obach, X Y. Zhao, X J.L. Moreno, X A. Lopez-Rueda,
X S. Amaro, and X Á. Chamorro

ABSTRACT
BACKGROUND AND PURPOSE: Leukoaraiosis frequently coexists in patients with acute stroke. We studied whether leukoaraiosis could
confound the interpretation of CTP ﬁndings in patients treated with mechanical thrombectomy.
MATERIALS AND METHODS: We analyzed 236 patients with stroke treated with mechanical thrombectomy and studied with CTP, of
whom 127 (53.8%) achieved complete reperfusion. Periventricular white matter hyperintensities on MR imaging and hypodensities on
NCCT were assessed through the Fazekas score. CTP-predicted nonviable tissue was deﬁned as relative CBF ⬍30%, and ﬁnal infarct volume
was quantiﬁed in DWI. We estimated mean MTT, CBV, and CBF in the asymptomatic hemisphere. In patients achieving complete reperfusion, we assessed the accuracy of nonviable tissue to predict ﬁnal infarct volume using the intraclass correlation coefﬁcient across
periventricular hyperintensity/hypodensity Fazekas scores and variable relative CBF cutoffs.
RESULTS: MTT was longer (Spearman  ⫽ 0.279, P ⬍ .001) and CBF was lower ( ⫽ ⫺0.263, P ⬍ .001) as the periventricular hyperintensity
Fazekas score increased, while CBV was similar across groups ( ⫽ ⫺0.043, P ⫽ .513). In the subgroup of patients achieving complete
reperfusion, nonviable tissue–ﬁnal infarct volume reliability was excellent in patients with periventricular hyperintensity Fazekas score
grade 0 (intraclass correlation coefﬁcient, 0.900; 95% CI, 0.805– 0.950), fair in patients with periventricular hyperintensity Fazekas scores 1
(intraclass correlation coefﬁcient, 0.569; 95% CI, 0.327– 0.741) and 2 (intraclass correlation coefﬁcient, 0.444; 95% CI, 0.165– 0.657), and poor
in patients with periventricular hyperintensity Fazekas score 3 (intraclass correlation coefﬁcient, 0.310; 95% CI, ⫺0.359 – 0.769). The most
accurate cutoffs were relative CBF ⬍30% for periventricular hyperintensity Fazekas score grades 0 and 1, relative CBF ⬍25% for periventricular hyperintensity Fazekas score 2, and relative CBF ⬍20% for periventricular hyperintensity Fazekas score 3. The reliability analysis
according to periventricular hypodensity Fazekas score grades on NCCT was similar to that in follow-up MR imaging.
CONCLUSIONS: In patients with stroke, the presence of leukoaraiosis confounds the interpretation of CTP despite proper adjustment of
CBF thresholds.
ABBREVIATIONS: FIV ⫽ ﬁnal infarct volume; ICC ⫽ intraclass correlation coefﬁcient; IQR ⫽ interquartile range; MT ⫽ mechanical thrombectomy; NVT ⫽ nonviable
tissue; PVH ⫽ periventricular hyperintensity/hypodensity Fazekas score; rCBF ⫽ relative CBF

T

he main utility of perfusion images obtained from patients
with acute ischemic stroke is the identification and quantifi-
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cation of areas of nonviable tissue (NVT) and areas of ischemic
penumbra that represent hypoperfused but still salvageable tissue.1,2 These focal alterations in patients eligible for acute stroke
therapies can be evaluated by dynamic contrast-enhanced CT and
MR imaging acquisitions,3,4 the former being the most commonly used technique worldwide for the assessment of cerebral
perfusion in patients with acute stroke.5 However, a great variability
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exists not only in image acquisition and postprocessing techniques
but also in intrinsic features of cerebral perfusion.6 In fact, in physiologic conditions and in acute focal ischemia, brain perfusion is not
the same in all its areas because it depends on the neuronal activity of
different regions,7,8 where perfusion patterns may be different in patients with similar sites of occlusion and times from stroke onset to
imaging acquisition.9 This variability in perfusion features may depend mostly on the efficiency of intrinsic compensatory mechanisms
such as the collateral blood supply10 or vasodilation and oxygen extraction at capillary levels.11 Moreover, brain perfusion might also
depend on the extent of leukoaraiosis, which is an age-related pathologic process strongly associated with cardiovascular risk factors and
stroke.12 A recent study conducted on a large cohort of patients with
acute stroke showed that hypoperfusion in the periventricular areas
was related to the grade of leukoaraiosis, but a quantitative analysis
was not assessed.13
Therefore, leukoaraiosis may be associated with hypoperfusion and may cause an overestimation of the NVT in ischemic
stroke, confounding the interpretation of CTP in patients eligible
for reperfusion therapy. In this study, we aimed to quantify the
cerebral perfusion parameters according to the grade of leukoaraiosis in a cohort of patients with large-vessel stroke treated
with mechanical thrombectomy (MT) and to assess the accuracy
of the estimation of infarct core based on variable CBF thresholds.

MATERIALS AND METHODS
Patients

FIG 1. Flow chart of the study cohort.

This is a retrospective single-center study of 236 patients with
large-vessel ischemic stroke in the anterior circulation treated
with MT within 3.9 hours (interquartile range [IQR], 2.6 – 6.0
hours) from stroke onset who had pretreatment multimodal CT
imaging and brain MR imaging at follow-up from March 2010 to
December 2017 (Fig 1). Reperfusion after MT was quantified with
the modified TICI scale.14
The local Clinical Research Ethics Committee from the Hospital Clínic of Barcelona approved the study protocol (HCB/
2019/0077) under the requirements of Spanish legislation in the
field of biomedical research, the regulation (European Union)
2016/679 of the European Parliament and of the Council of April
27, 2016 on the protection of persons with regard to the processing of personal data and on the free movement of such data, the
standards of Good Clinical Practice, as well as with the Helsinki
Declaration of 1975 and 1983. Patient consent was not required
due to the retrospective nature of the study design.

sition without delay correction and automatically performs motion
correction and selects an arterial input function from an unaffected
artery and venous output function from a large draining vein. We
generated the following perfusion maps: MTT, CBV, and CBF. The
NVT was segmented automatically on the CBF maps and defined as
a relative threshold of CBF (rCBF) ⬍30% of the unaffected whole
contralateral hemisphere.
MR imaging was performed at a median of 31 hours (IQR,
21– 62 hours) after multimodal CT on a 1.5T scanner and included a DWI sequence obtained with b-values of 0 and 1000,
5-mm section thickness, and 128 ⫻ 128 matrix. FLAIR images
were obtained with TR ⫽ 9000 ms, TE ⫽ 114 ms, FOV ⫽ 240
mm, and slice thickness ⫽ 5 mm. The final infarct volume
(FIV) was calculated with a semiautomatic segmentation of the
acute ischemic lesion on DWI sequences using Amira software
(www.amira.com) as previously described.15

Neuroimaging Techniques

Neuroimaging Analysis in the Whole Cohort

Multimodal imaging included, on admission, an NCCT, an angio-CT of the cervical and intracranial arteries, and a CTP. CTP was
performed within a median of 166 minutes (IQR, 88 –265 minutes)
of stroke onset with a Somatom Definition Flash 128-section dualsource CT system (Siemens, Erlangen, Germany) with a 98-mm zcoverage and 31 time points (total acquisition time, 60 seconds); 50
mL of nonionic iodinated contrast was administered intravenously at
5 mL/s using a power injector. CTP imaging parameters were 80
kV(peak), 250 mAs, 1.5-second rotation, and 2-mm thickness. CTP
maps were calculated with MIstar (Apollo Medical Imaging Technology, Melbourne, Australia), which uses singular-value decompo-

Analyzing independently NCCT and FLAIR MR imaging sequences, 1 trained investigator (S.R.) used the Fazekas scale16
to calculate the extent of leukoaraiosis in the asymptomatic
hemisphere only, thus avoiding the confounding effect of acute
ischemic lesions. According to the neuroimaging technique,
white matter changes were evaluated as periventricular hyperintensities on MR imaging and periventricular hypodensities
on NCCT (periventricular hyperintensity/hypodensity Fazekas score [PVH]). In accordance with this scale, grade 0 defined the absence of white matter changes, grade 1 included
caps or pencil-thin lining, grade 2 defined a smooth halo, and
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Table 1: General clinical and radiologic characteristics of the whole population and in
patients with complete reperfusion
Whole Cohort
mTICI 3 Subgroup
(n = 236)
(n = 127)
Age (mean) (SD) (yr)
68.7 (14.6)
68.8 (14.2)
Female sex (No.) (%)
116 (49.2)
62 (49.2)
Baseline NIHSS score (median) (IQR)
11 (17–21)
16 (9–20)
Hypertension (No.) (%)
132 (55.9)
68 (53.5)
Diabetes mellitus (No.) (%)
34 (14.4)
21 (16.5)
Atrial ﬁbrillation (No.) (%)
70 (29.7)
37 (29.1)
Previous stroke (No.) (%)
22 (9.3)
11 (8.7)
Time from symptom onset to CTP study
167 (88–270)
150 (77–281)
(median) (IQR) (min)
Time from CTP to MRI study (median)
34.9 (22.5–61.3)
30.9 (20.9–62.2)
(IQR) (hr)
TOAST (No.) (%)33
Atherosclerotic
35 (14.8)
22 (12.7)
Cardioembolic
120 (50.8)
63 (49.6)
Undetermined
67 (28.4)
36 (28.3)
Infrequent
14 (6)
6 (4.7)
mTICI score (No.) (%)
0
21 (8.9)
0 (0)
1
7 (3)
0 (0)
2a
18 (7.6)
0 (0)
2b
63 (26.7)
0 (0)
3
127 (53.8)
127 (100)
Collateral status (median) (IQR)
2 (1–3)
2 (2–3)
CBF (median) (IQR) (mL/100 g/min)
2.4 (2.2–2.6)
2.4 (2.2–2.6)
CBV (median) (IQR) (mL/100 g/min)
24.3 (20.5–26.9)
24.3 (20.5–26.5)
MTT (median) (IQR) (sec)
6.0 (5.5–6.5)
6.1 (5.5–6.6)
NVT (median) (IQR) (mL)
19.3 (8.0–34.5)
16.0 (7.4–33.0)
FIV (median) (IQR) (mL)
19.6 (7.4–51.0)
14.0 (3.6–58.4)

different rCBF thresholds (rCBF ⬍30%,
25%, 20%, and 15%). Then, to assess the
usefulness of evaluating the grade of leukoaraiosis on the pretreatment imaging,
the same reliability analyses were conducted using the subgroups based on the
NCCT-derived PVHs. Finally, to assess
the internal validity of the study, we repeated the main imaging analysis in patients with complete reperfusion using a
different software package (syngo.via CT
Neuro Perfusion VB30; Siemens). We calculated the ICC and the volumetric bias
according to the PVH on MR imaging and
different rCBF thresholds (rCBF ⬍30%
and 20%).

Statistics

grade 3 defined irregular periventricular lesions extending into
the deep white matter.

Categoric variables were compared using the 2 test if suitable, and alternatively using the Fisher exact test. Continuous variables with normal distribution
were described by mean and SD, while
continuous variables without normal
distribution and ordinal variables were
described by median and IQR. Means
between 2 groups were compared using
the Student t test, and medians between
2 groups were compared using the
Mann-Whitney U or Kruskal-Wallis test
as appropriate. The agreement between
MR imaging and NCCT PVHs was evaluated with a linear-weighted  statistic.
The relationship between the MTT,
CBV, and MTT values in the asymptomatic hemisphere with the Fazekas score
was evaluated using the Spearman  correlation coefficient. The ICC was interpreted as previously described (ICC ⬍
0.4, poor reliability; ICC, 0.4 – 0.75,
from fair-to-good reliability; ICC ⬎
0.75, excellent reliability).17 Volumetric
bias was defined as the difference between the predicted and final infarct
(NVT-FIV) across PVH groups. All statistical analyses were performed using
SPSS 23.0 (IBM, Armonk, New York). We considered as statistically significant P values ⬍ .05, and all hypotheses were 2-sided.

Neuroimaging Analysis in Patients with Complete
Reperfusion

RESULTS

Note:—mTICI indicates modiﬁed TICI.

FIG 2. PVHs on MR imaging and noncontrast CT.

The relationship between the grade of leukoaraiosis and the FIV
was analyzed only in patients with complete reperfusion after MT
(modified TICI 3) to reduce the confounding effect of variable
infarct growth in patients with incomplete reperfusion after MT.
In this subgroup, we assessed the intraclass correlation coefficient
(ICC) and the volumetric bias between the NVT and the FIV according to the PVH on MR imaging and also explored ICC values across

Leukoaraiosis and Hemodynamic Correlates in the Whole
Population
The main demographic, clinical, and radiologic features of the
whole study cohort (n ⫽ 236) and of patients with complete reperfusion at the end of MT (n ⫽ 127) are shown in Table 1. PVHs
of the whole cohort evaluated on posttreatment MR imaging and
pretreatment NCCT are shown in Fig 2. Overall, the agreement
AJNR Am J Neuroradiol 40:1323–29
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reperfusion (P ⫽ .657), but the FIV was
inversely related to TICI subgroups ( ⫽
⫺0.450, P ⬍ .001).

CTP Prediction of FIV in Relation to
the Extent of Leukoaraiosis in
Patients with Complete
Reperfusion after MT
In patients with complete reperfusion at
the end of MT (n ⫽ 127), the agreement
between NVT and FIV using the rCBF
⬍30% cutoff was inversely correlated
with PVH ( ⫽ ⫺0.199, P ⬍ .001): ICC
was excellent (ICC, 0.900; 95% CI,
FIG 3. Boxplot analysis of CTP maps in the asymptomatic hemisphere according to the PVH score 0.805– 0.950) for patients with PVH 0
graded on MR imaging, remained fair
on MR imaging in the whole population (N ⫽ 236).
for patients with PVH 1 (ICC, 0.569;
95% CI, 0.327– 0.741) and PVH 2 (ICC,
0.444; 95% CI, 0.165– 0.657), and was
poor for patients with PVH 3 (ICC,
0.310; 95% CI, ⫺0.359 – 0.769). The
analysis of CTP prediction of the FIV
based on the NCCT PVH evaluation
showed results similar to those of the
MR imaging– based analysis as shown in
Fig 4 and in On-line Table 2. Median
volumetric bias was similar among MR
imaging– derived PVH subgroups regardless of the technique used to grade
leukoaraiosis (Table 2). Two representative cases illustrating these observations
are shown in Fig 5.
A comprehensive threshold-finding analysis across different CTP-derived rCBF cutoffs was implemented to
evaluate whether the extent of leukoaraiosis affected the prediction of FIV. In this
exploratory analysis, the rCBF ⬍30%
threshold showed the highest ICC between NVT and FIV in patients with
PVHs 0 and 1, whereas the rCBF ⬍25%
and rCBF ⬍20% thresholds had a higher
FIG 4. ICC analysis of the predicted ﬁnal infarct volume on CTP according to different rCBF
ICC than rCBF ⬍30% for patients with
cutoffs and the grade of leukoaraiosis assessed by the PVH on follow-up MR imaging and on
pretreatment NCCT in the subgroup of patients with complete reperfusion after mechanical PVHs 2 and 3, regardless of the neurothrombectomy (n ⫽ 127). Of note, the agreement in patients without leukoaraiosis was excellent imaging technique used for the evalufor rCBF ⬍30% and rCBF ⬍25% cutoffs and remained good for rCBF ⬍20% and rCBF ⬍15%. In ation of leukoaraiosis (Fig 4). The
patients with leukoaraiosis, across increasing PVHs, the overall reliability of CTP decreased and
more restrictive thresholds (mostly rCBF ⬍25% and rCBF ⬍20%) had better agreement than the rCBF ⬍15% cutoff was less reliable for
commonly used rCBF ⬍30%.
each grade of leukoaraiosis. The correlation between NVT-FIV ICC and
PVH was less strong for rCBF ⬍25% ( ⫽ ⫺0.153, P ⫽ .002)
between the evaluations on MR imaging and NCCT was good
( ⫽ 0.69; 95% CI, 0.62– 0.76). Higher PVHs were associated with
and rCBF ⬍20% ( ⫽ ⫺0.129, P ⫽ .01) thresholds compared
longer MTT (Spearman  ⫽ 0.279, P ⬍ .001) and lower CBF ( ⫽
with the rCBF ⬍30% threshold, while no significant correlation was found for the rCBF 15% threshold ( ⫽ ⫺0.074, P ⫽
⫺0.263, P ⬍ .001) but were not correlated with CBV values ( ⫽
⫺0.043, P ⫽ .513), as shown in Fig 3 and On-line Table 1. There
.139). Complete data of this analysis are shown in the On-line
was no correlation between CBF, CBV, and MTT values in the
Table 2. Of note, the distribution of collateral scores and time
to recanalization was not different among PVH categories as
asymptomatic hemisphere and NVT (P ⫽ .573, P ⫽ .251, and P ⫽
shown in On-line Table 3.
.978, respectively) or FIV (P ⫽ .902, P ⫽ .207, and P ⫽ .522,
In the comparative analysis of different commercial software
respectively). NVT was similar in patients with different grades of
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Table 2: Baseline traits and volumetric differences among PVH scores on MRI in patients achieving complete reperfusion after
mechanical thrombectomy (n ⴝ 126)
PVH 0
PVH 1
PVH 2
PVH 3
P Value
Age (mean) (SD) (yr)
59.0 (16.7)
68.0 (12.2)
76.6 (7.7)
72.9 (15.3)
⬍.001
Baseline NIHSS score (median) (IQR)
16 (11–19)
16 (11–20)
18 (8–20)
17 (13–21)
.921
Time from symptom onset to CTP study (median) (IQR) (min)
154 (89–233)
168 (92–296)
135 (64–263)
185 (73–385)
.871
CBF (median) (IQR) (mL/100 g/min)
2.4 (2.2–2.7)
2.4 (2.1–2.6)
2.5 (2.2–2.7)
2.4 (2.2–2.8)
.558
CBV (median) (IQR) (mL/100 g/min)
25.4 (22.9–28.1) 23.9 (21.0–26.1) 23.1 (19.4–26.9) 22.6 (18.0–28.0) .205
MTT (median) (IQR) (sec)
5.7 (5.3–6.3)
6.0 (5.4–6.3)
6.2 (5.8–6.7)
6.4 (6.3–7.1)
.021
Collateral status (median) (IQR)
2 (2–3)
2 (2–3)
2 (2–3)
2 (1–2)
.174
NVT (median) (IQR) (mL)
15.4 (7.3–32.0) 16.0 (7.8–36.3) 15.4 (3.5–31.4)
23.1 (15.1–33.9)
.411
FIV (median) (IQR) (mL)
15.0 (3.5–32.4) 12.8 (5.3–19.8) 14.3 (2.8–40.0) 13.6 (1.3–25.8)
.826
4.2 (⫺18.5–9.8) 1.6 (⫺3.1–16.4) 0.0 (⫺18.7–16.0) 12.5 (0.9–30.4)
.205
Volumetric biasa (median) (IQR) (mL) using Fazekas score on MRI
.557
Volumetric biasa (median) (IQR) (mL) using Fazekas score on NCCT 2.6 (⫺12.1–11.6) 2.3 (⫺3.5–13.2) 0.5 (⫺18.7–14.5) 11.4 (⫺1.1–31.4)
a

Volumetric bias was deﬁned as NVT (using the rCBF ⬍30% cutoff)-FIV.

FIG 5. Representative cases of patients with acute ischemic stroke treated with mechanical thrombectomy. A, A 38-year-old patient with
low-grade leukoaraiosis (PVH 0). B, A 79-year-old patient with high-grade leukoaraiosis (PVH 3). Both patients had a left middle cerebral artery
stroke due to M1 occlusion and had complete reperfusion (modiﬁed TICI score of 3) after mechanical thrombectomy. The CTP-predicted NVT
on CBF was similar to ﬁnal infarct volume in patient A (NVT ⫽ 17.9 mL, FIV ⫽ 22.2 mL), while in patient B, CTP-predicted NVT overestimated the
FIV (NVT ⫽ 11.2 mL, FIV ⫽ 0.8 mL).

packages, the agreement of NVT estimation using the rCBF
⬍30% threshold between MIstar and syngo.via software was good
(ICC, 0.664; 95% CI, 0.469 – 0.782). A representative example is
shown in the On-line Figure. With syngo.via, there was still an
inverse correlation with PVHs for both rCBF ⬍30% ( ⫽ ⫺0.275,
P ⬍ .001) and rCBF ⬍20% ( ⫽ ⫺0.119, P ⫽ .018). The rCBF
⬍20% cutoff showed a higher ICC compared with rCBF ⬍30% in
patients with PVH ⬎0 as shown in On-line Table 4.

DISCUSSION
In this study, we investigated whether the presence and severity of
leukoaraiosis confounded the interpretation of CTP findings for
the prediction of final infarct volume in patients with complete
reperfusion following MT. The main result of the study was that

the extent of leukoaraiosis altered the prediction of final infarct
volume following MT but was not correlated to overestimation of
the final infarct volume. Although the use of more restrictive
rCBF thresholds may improve the estimation of tissue viability in
patients with a high grade of leukoaraiosis, the accuracy of CTP
was reduced in these patients. Finally, the study also found that
NCCT was a reliable imaging technique to identify those patients
whose extent of leukoaraiosis could compromise the accuracy of
CTP interpretation.
The estimation of infarct core by means of a relative CBF
threshold lower than 30% (rCBF ⬍30%) is broadly accepted to
define NVT in acute stroke.18-20 In our study, the reliability of the
rCBF ⬍30% threshold decreased in relation to an increased
AJNR Am J Neuroradiol 40:1323–29
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prominence of leukoaraiosis. Thus, the rCBF ⬍30% threshold
was only excellent for the prediction of FIV in patients without
leukoaraiosis (PVH 0). Conversely, in patients with mild (PVH 1)
and moderate (PVH 2) leukoaraiosis, the application of that
threshold had a lower but still fair grade of agreement between
CTP-derived NVT and the FIV on follow-up MR imaging, while
tissue-viability prediction was only seriously hampered in patients with a severe grade of leukoaraiosis (PVH 3). According to
these results, the rCBF ⬍30% cutoff remained the most reliable in
patients with PVHs 0 and 1. However, in patients with higher
grades of leukoaraiosis, the prediction of tissue viability was only
moderate, even after applying more restrictive thresholds (rCBF
⬍25% or rCBF ⬍20% cutoffs). Therefore, the burden of leukoaraiosis did not reflect overestimation of the infarct core despite an insignificant tendency for higher volumetric bias in the
PVH 3 subgroup, and the worse FIV prediction might also depend
on other factors that may affect hemodynamic measures in patients with small-vessel disease, such as blood-brain barrier permeability derangements,21,22 collateral circulation status,23 and
cerebrovascular reactivity.24,25
In agreement with previous studies, the evaluation of periventricular leukoaraiosis on NCCT scans showed a good grade of
agreement with the evaluation of the Fazekas scale on MR imaging.26,27 Accordingly, our study supports the use of NCCT to
quantify the grade of leukoaraiosis and thus to improve the accuracy of the interpretation of CTP maps in potential candidates for
endovascular therapy, especially in extended time windows in
which the presence of severely hypoperfused areas might preclude
the use of reperfusion therapy according to recent randomized
clinical trials.28-30 Although perfusion imaging adds useful data
about tissue viability in stroke assessment, our results highlighted
the limitations of CTP in the prediction of final infarct, and support the current stroke guideline indications based on NCCT
ASPECTS evaluation for endovascular therapies in the first
6-hour window, while perfusion imaging is required only in extended time windows. Further studies are warranted to assess the
role of leukoaraiosis on the accuracy of CTP maps in patients with
stroke imaged in late time windows.
The main results of this study were confirmed by using alternative commercial software packages. Despite small differences
related to optimal thresholds according to the software used,31 the
accuracy of final infarct prediction was still inversely related to the
grade of leukoaraiosis, and the more restrictive rCBF ⬍20% cutoffs were shown to be more suitable in patients with a high-grade
of white matter hyperintensities as well.
This study has some limitations. First, the time from CTP to
follow-up MR imaging may affect the accuracy of the FIV prediction due to possible dynamic alterations in the DWI intensity.32
However, our cohort was rather homogeneous because most patients had undergone MR imaging within 48 hours from MT.
Second, the low prevalence of patients with PVH 3 in this cohort
and the lack of a specific assessment of perfusion parameters in
the white matter and the mirror region of the final infarct could
have underpowered the analysis of CTP maps. Nevertheless, this
cohort study represented faithfully the population eligible for
stroke endovascular therapy at our center, and these findings may
thus be valid for regular use in clinical practice.
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CONCLUSIONS
The extent of leukoaraiosis in patients with acute stroke eligible
for MT impairs the accuracy of CTP maps for the prediction of
tissue viability, even despite appropriate adjustment of CBF cutoffs. Therefore, the variable prevalence of leukoaraiosis in this
clinical setting should be accounted for at the time of the perfusion study evaluation. Further studies assessing the characteristics
of white matter hemodynamics in acute stroke are required to
provide further insight into the efficacy of reperfusion therapies in
patients with this condition.
Disclosures: We thank the support of the Spanish Ministry of Economy and Competitiveness for grant to Sergio Amaro (project PI16/00711 funded by Instituto de
Salud Carlos III and co-funded by European Regional Developement Fund [ERDF]).
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Laredo C, Renú A, Tudela R, et al. The accuracy of ischemic core
perfusion thresholds varies according to time to recanalization in
stroke patients treated with mechanical thrombectomy: a comprehensive whole-brain computed tomography perfusion study.
J Cereb Blood Flow Metab 2019 Jun 17:271678X19855885. [Epub
ahead of print] CrossRef Medline
Adams HP Jr, Bendixen BH, Kappelle LJ, et al. Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter
clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment.
Stroke 1993;24:35– 41 CrossRef Medline

AJNR Am J Neuroradiol 40:1323–29

Aug 2019

www.ajnr.org

1329

ORIGINAL RESEARCH

ADULT BRAIN

One-Stop Management with Perfusion for Transfer Patients
with Stroke due to a Large-Vessel Occlusion: Feasibility and
Effects on In-Hospital Times
X A. Brehm, X I. Tsogkas, X I.L. Maier, X H.J. Eisenberger, X P. Yang, X J.-M. Liu, X J. Liman, and X M.-N. Psychogios

ABSTRACT
BACKGROUND AND PURPOSE: In-hospital time delays lead to a relevant deterioration of neurologic outcomes in patients with stroke
with large-vessel occlusions. At the moment, CT perfusion is relevant in the triage of late-window patients with stroke. We conducted this
study to determine whether one-stop management with perfusion is feasible and leads to a reduction of in-hospital times.
MATERIALS AND METHODS: In this observational study, we report the ﬁrst 15 consecutive transfer patients with stroke with externally
conﬁrmed large-vessel occlusions who underwent ﬂat panel detector CT perfusion and thrombectomy in the same room. Preinterventional imaging consisted of noncontrast ﬂat panel detector CT and ﬂat panel detector CT perfusion, acquired with a biplane angiography
system. The ﬂat panel detector CT perfusion was used to reconstruct a ﬂat panel detector CT angiography to conﬁrm the large-vessel
occlusions. After conﬁrmation of the large-vessel occlusion, the patient underwent mechanical thrombectomy. We recorded time metrics
and safety parameters prospectively and compared them with those of transfer patients whom we treated before the introduction of
one-stop management with perfusion.
RESULTS: Fifteen transfer patients underwent ﬂat panel detector CT perfusion and were treated with mechanical thrombectomy from
June 2017 to January 2019. The median time from symptom onset to admission was 241 minutes. Median door-to-groin time was 24 minutes.
Compared with 23 transfer patients imaged with multidetector CT, it was reduced signiﬁcantly (24 minutes; 95% CI, 19 –37 minutes, versus
53 minutes; 95% CI, 44 – 66 minutes; P ⬍ .001). Safety parameters were comparable between groups.
CONCLUSIONS: In this small series, one-stop management with perfusion led to a signiﬁcant reduction of in-hospital times compared
with our previous workﬂow.
ABBREVIATIONS: FPDCT ⫽ ﬂat panel detector CT; ICH ⫽ intracranial hemorrhage; IQR ⫽ interquartile range; LVO ⫽ large-vessel occlusion; MDCT ⫽ multidetector CT

A

fter the publication of 5 landmark trials in 2015, thrombectomy became the criterion standard for the treatment of
acute ischemic stroke due to a large-vessel occlusion (LVO) in the
first 6 hours.1 Although the treatment effect has been shown to be
time-dependent,2 door-to-groin times in the most recent studies
remained ⬎100 minutes.3 Therefore, we previously described a
one-stop management4 for patients with acute stroke, which can
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reduce door-to-groin times to 20 –30 minutes by combining diagnostic work-up and endovascular treatment in 1 room.5 One
drawback of the previously described setup, especially in patients
with a late window,6 was that CT perfusion imaging was not available on flat panel detector CT (FPDCT). This made one-stop
management for patients in the extended time window, who were
often transfer patients, impractical. In this observational study,
we report the time metrics and safety parameters of the first 15
consecutive transfer patients who were transported directly to the
angiosuite and underwent FPDCT perfusion before their endovascular treatment as part of their diagnostic work-up.

MATERIALS AND METHODS
Patient Selection
This retrospective observational study includes all consecutive
adults who were transfer patients and underwent FPDCT perfusion from June 2017 to January 2019. All patients underwent multidetector CT with angiography at the referring center before arrival at our center. In European stroke centers, it is common to

repeat imaging (including CT perfusion) before thrombectomy
in patients with an interhospital delay of ⬎60 minutes, to ensure
that they still meet the eligibility criteria. As part of our protocol
after the introduction of FPDCT perfusion, transfer patients with
an interhospital delay of ⬎60 minutes and with a NIHSS score of
⬎7 were triaged directly to the angiosuite. Data were extracted from
a prospectively acquired institutional review board–approved data
base. As a control group, we used transfer patients treated endovascularly between January 2016 and June 2017, before the introduction
of FPDCT perfusion, presenting with an NIHSS score of ⬎7 whom
we triaged with multidetector CT (MDCT). In both groups, occupation of the angiosuite during arrival of the patients was an exclusion
criterion. One experienced neuroradiologist (I.T. with ⬎5 years of
experience) rated FPDCT perfusion and FPDCT angiography regarding overall diagnostic quality, diagnostic quality of the FPDCT
perfusion, motion artifacts, LVO detection, and evaluation of collaterals on a 5-point ordinal scale (0 ⫽ no diagnostic quality, 1 ⫽ poor
diagnostic quality, 2 ⫽ fair diagnostic quality, 3 ⫽ good diagnostic
quality, 4 ⫽ perfect diagnostic quality). The patient’s consent for
treatment was obtained according to institutional guidelines. The
local ethics committee waived the need for a formal application or a
separate consent concerning the inclusion in our observational data
base.

Image Acquisition and Processing
All FPDCT/FPDCT perfusion images were acquired using an
Artis Q angiography system (Siemens, Erlangen, Germany). First,
we performed a noncontrast FPDCT to rule out hemorrhage. A
commercially available 20-second rotational acquisition was used
(20-second Dyna CT Head, 109 kV, 1.8 Gy/frame, 200° angle,
0.4°/frame angulation step, effective dose ⬃ 2.5 mSv). The raw
data were automatically and instantly reconstructed in 5-mm
multiplanar reconstructions on a commercially available workstation (syngo X Workplace). Second, we performed the FPDCT
perfusion (multisweep FPDCT perfusion with 10 ⫻ 5-second rotations, 77 kV, 0.36 Gy/frame, 200° angle, 0.5°/frame angulation
step, effective dose ⬃ 5 mSv). The FPDCT perfusion protocol has
been described in detail elsewhere.7,8

Statistical Analysis
We used descriptive statistics to illustrate patient characteristics
and time metrics. In case of time intervals, we opted for median
and interquartile ranges (IQRs) to describe them in detail. For the
comparison of continuous study parameters, the t test was used in
the case of normal distribution, and the Mann-Whitney test, in
the case of a non-normal or ordinal distribution. Categorical variables were compared with the 2 groups by Fischer exact test. The
threshold for statistical significance was set at P ⬍ .05. We performed all analyses with MedCalc for Windows, Version 18, 2018
(MedCalc Software, Mariakerke, Belgium).

RESULTS
We included all 15 (mean age, 78 years; 7 women) transfer patients who underwent FPDCT perfusion after June 2017 in our
study. The median NIHSS score at admission was 15, and the
native ASPECTS was 8. Of the 15 patients, 7 arrived at our hospital
within off-duty hours. The median symptom-to-door time was

Table 1: Baseline characteristics and time metrics of the patients
with one-stop and MDCT perfusiona
One-Stop
MDCT
Perfusion
Perfusion
P
(n = 15)
(n = 23)
Value
Baseline characteristics
Female (No.)
7
9
1
Age (yr)
78 (68–88)
68 (61–78)
.048b
NIHSS_a
15 (12–19)
18 (14–24)
.117
CCT-ASPECTS
8 (8–9)
7 (6–9)
.149
Symptom to door
241 (204–282) 248 (175–327) .784
Other CT to in-house CT 133 (114–156) 170 (145–327) .06
Time metrics
Door to CT
11 (8–25)
15 (11–25)
.129
Door to groin
24 (19–34)
53 (41–69) ⬍.001b
In-house CT to groin
14 (10–22)
34 (22–43) ⬍.001b
Door to reperfusion
76 (59–95)
97 (81–122)
.078
Groin to reperfusion
41 (33–76)
54 (29–68)
.578
In-house CT to reperfusion 55 (47–85)
80 (63–106)
.083
Safety parameters
sICH
1 (6.7%)
2 (8.7%)
1
Mortality
4 (26.7%)
4 (17.4%)
.114
SAH on follow-up scan
1 (6.7%)
3 (13%)
1
Note:—CCT indicates cranial CT; NIHSS_a, admission NIHSS; Other CT to in-house
CT, external CT to our CT; sICH, symptomatic intracranial hemorrhage.
a
Data are median and IQR or No. (%).
b
Signiﬁcant.

241 minutes (IQR, 204 –282 minutes), while the median time
from the external CT to our FPDCT was 133 minutes (IQR, 114 –
156 minutes) (Table 1). The median time between the registration
in the hospital information system and the reconstruction of the
first FPDCT slices was 11 minutes (IQR, 8 –25 minutes). In all 15
cases, we confirmed the external diagnosis of an LVO. In 1 case,
we detected an intracranial hemorrhage (ICH), which was not
present on the external CT scan (On-line Figure). However, all 15
cases proceeded to endovascular treatment because the ICH was
on the hemisphere contralateral to the LVO. We achieved successful reperfusion (defined as a modified TICI ⱖ 2b) in 11 of 15
cases, with median groin-to-reperfusion and door-to-reperfusion
times of 41 minutes (IQR, 33–76 minutes) and 76 minutes (IQR,
59 –95 minutes), respectively. Five of the reperfused patients presented with a tandem occlusion. We observed 1 symptomatic ICH
and 1 SAH in this group. The mortality rate was 4 of 15 (26.7%).
The control group consisted of 23 transfer patients (mean age,
68 years; 9 women), with a median symptom-to-door time of 248
minutes (IQR, 175–327 minutes) and a median time from the
external CT to our MDCT of 170 minutes (IQR, 145–327 minutes). All patients in the control group had an externally confirmed LVO. The median time between registration in the hospital information system and reconstruction of the first MDCT slide
was 15 minutes (IQR, 11–25 minutes; P ⫽ .129) and therefore
comparable. All other baseline parameters, excluding age, which
was significantly higher in the one-stop management group (78
years; IQR, 68 – 88 years, versus 68 years; IQR, 61–78 years; P ⫽
.048), were comparable between groups.
In the one-stop management with perfusion group, 80% were
treated with the Stent retriever Assisted Vacuum-locked Extraction9
(SAVE) technique (a primary combined approach of a stent retriever
and an aspiration catheter), while the remaining 20% were treated
with A Direct Aspiration first Pass Technique (ADAPT) as a first-pass
strategy. In the control group, 65.2% were treated with SAVE, while
AJNR Am J Neuroradiol 40:1330 –34
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Table 2: Subjective evaluation of the quality of the FPDCT angiography and perfusion
No Diagnostic
Poor Diagnostic
Fair Diagnostic
Good Diagnostic Perfect Diagnostic
Variable
Quality/Severe Quality/Substantial Quality/Tolerable Quality/Negligible
Quality/None
FPDCT angiography/perfusion overall
0
1
3
7
4
Detection of LVO
0
0
3
5
7
Evaluation of collaterals
0
0
4
5
6
FPDCT perfusion
1
1
3
6
4
Motion artifacts
1
2
4
5
3

and mortality (26.7% versus 17.4%; P ⫽
.114) did not differ significantly between
groups.
The diagnostic quality was sufficient
for the delineation of the LVO and the
evaluation of collaterals in all cases (Table 2). In 11 of 15 cases (73.3%), the
overall diagnostic quality was at least
good, while it was fair in 3 cases (20%)
and poor in 1 case (7.7%), due to heavy
motion artifacts. One of 15 FPDCT perfusions was not of diagnostic quality due
to heavy motion artifacts.

DISCUSSION
In this small, observational study, onestop management with perfusion for
transfer patients with a confirmed
LVO was safe and significantly shortened door-to-groin times compared
with transfer patients imaged with an
MDCT perfusion protocol. The reported door-to-groin times are comparable to the door-to-groin times, which
we achieved with our original one-stop
management with a biphasic FPDCT
angiography protocol (20.5 minutes;
95% CI, 17–26 minutes).5 Acquisition
and reconstruction of the FPDCT perfuFIG 1. FPDCT angiography for the identiﬁcation of an LVO on a transversal FPDCT angiogram (A), sion did not result in a relevant time loss.
a coronal FPDCT angiogram (B), and early-phase (C) and late-phase (D) collaterals.
Besides, they are well below those times
in recent randomized controlled trials
the remaining 34.8% were treated with A Direct Aspiration first Pass
with median door-to-groin times of ⬎60 minutes, even for transTechnique (ADAPT) as a first-pass strategy. There was no statistically
fer patients.2,3,10 The reduction of door-to-reperfusion times was
significant difference between groups (P ⫽ .333). Of the control
relevant, but not statistically significant (P ⫽ .078). However, this
group, 52.2% received general anesthesia, while 46.7% of the onehas to be attributed to the small sample size and the high prevastop management with perfusion group received general anesthesia
lence of carotid-terminus and tandem occlusion in this small
(P ⫽ 1.0).
sample. This argument is strengthened because imaging-to-repWe were able to significantly reduce median door-to-groin
erfusion times were shorter as well with 55 minutes compared
times from 53 minutes (IQR, 41– 69 minutes) in the MDCT group
with 80 minutes (P ⫽ .083), which is well below the ⬍90 minutes
to 24 minutes (IQR, 19 –34 minutes) in the one-stop management
suggested by Goyal et al.11 According to Guenego et al,12 the main
group (P ⬍ .001). In-house median CT-to-groin times were sigsubgroup of transfer patients in which repeat perfusion imaging is
nificantly reduced as well from 34 minutes (IQR, 22– 43 minutes)
necessary are those with fast-progressing strokes because they
to 14 minutes (IQR, 10 –22 minutes) (P ⬍ .001). The impact on
might miss the eligible criteria after transfer to the comprehensive
door-to-reperfusion times was also relevant; however, it was not
stroke center. Saving 30 minutes of in-hospital time in this cohort
statistically significant (76 minutes; IQR, 59 –95 minutes, versus
of patients might result in significantly better clinical outcomes,
97 minutes; IQR, 81–122 minutes; P ⫽ .078).
strengthening the argument for a direct transfer to the angiosuite
The frequencies of symptomatic ICH (6.7% versus 8.7%; P ⫽
1), SAH observed on a follow-up scan (6.7% versus 13%; P ⫽ 1),
for diagnostic work-up and mechanical thrombectomy.
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stream vessel architecture cannot be visualized with DSA. Even in case of an M1
occlusion, information about the downstream vessel architecture can be helpful
to navigate the stent retriever into the
more prominent truncus, which might
improve angiographic outcomes.21
The primary limitations of our study
are the observational design, which is
prone to selection bias, and the small
number of reported patients.
“Time is brain” is the mantra that
was propagated by Saver et al,2 who
showed a tight correlation between
door-to-reperfusion times and outcome. Even in our setting with the
MDCT scanner only 20 meters away
from the angiosuite, we were able to significantly reduce door-to-groin times
FIG 2. Reconstruction of the CBV (A), CBF (B), and MTT (C) map by the syngo X Workplace compared with traditionally triaged pa(Siemens). Visualization of the 10-mL infarct core (D), the 225-mL mismatch volume (E) by the tients, despite the fact that we had optiRAPID ANGIO software solution, and the ﬁnal infarction on a follow-up CT scan 2 days after the mized the MDCT route with standardthrombectomy (F).
ization and weekly training before
introduction of the one-stop manageRegarding the differentiation between ischemic and hemorment.22 Effects on door-to-groin times should be even more prorhagic stroke, which is particularly important in “mothership”
found in other hospital settings, where the MDCT scanner is far
(direct admission) patients, previous work from our group
away from the angiosuite or even located in another building.
showed that FPDCT detects ICH with a high sensitivity and specHowever, a prospective study is warranted to confirm the obificity, comparable with MDCT.13 Furthermore the FPDCT perserved differences in a larger cohort and examine its effect on
fusion dataset can be used to reconstruct FPDCT angiography as
outcome. Furthermore, the equivalence of FPDCT and MDCT
was pointed out by Yang et al14 in a prior publication. In our
perfusion is still a topic of ongoing investigation.
sample, the quality of the reconstructed FPDCT angiography was
sufficient to delineate the LVO in all cases and evaluate collaterals
CONCLUSIONS
(Fig 1 and Table 2). This confirms prior results of other work
One-stop management with perfusion for transfer patients with a
groups who used it successfully for evaluating collaterals and the
confirmed LVO in a modern angiosuite is feasible and safe and
clot-burden score.15,16 Collaterals can be used as an additional
leads to a significant reduction of door-to-groin times.
tool for patient selection as pointed out by Schregel et al,17 who
compared the prognostic value of CBV-ASPECTS and collaterals.
Disclosures: Alex Brehm—UNRELATED: Grant: research agreement with Siemens.*
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A Standardized Aspiration-First Approach for Thrombectomy
to Increase Speed and Improve Recanalization Rates
X D. O’Neill, X E. Grifﬁn, X K.M. Doyle, X S. Power, X P. Brennan, X M. Sheehan, X A. O’Hare, X S. Looby, X A.M. da Silva Santos,
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ABSTRACT
BACKGROUND AND PURPOSE: Direct aspiration is a recognized technique for revascularization in large-vessel ischemic strokes. There is
ongoing debate regarding its efﬁcacy compared with stent retrievers. Every delay in achieving revascularization and a decrease in
reperfusion rates reduces the likelihood of patients achieving functional independence. We propose a standardized setup technique for
aspiration-ﬁrst for all anterior circulation thrombectomy procedures for increasing speed and recanalization rates.
MATERIALS AND METHODS: We analyzed 127 consecutive patients treated by a standardized approach to thrombectomy with an
intention to perform aspiration-ﬁrst compared with 127 consecutive patients treated with a stent retriever–ﬁrst approach. Key time
metrics evaluated included groin to ﬁrst angiogram, ﬁrst angiogram to reperfusion, groin to ﬁrst reperfusion, and length of the procedure.
The degree of successful recanalization (TICI 2b–3) and the number of passes were compared between the 2 groups.
RESULTS: In 127 patients who underwent the standardized technique, the median time from groin puncture to ﬁrst reperfusion was 18 minutes
compared with 26 minutes (P ⬍ .001). The duration of the procedure was shorter compared with the stent retriever group (26 minutes in the
aspiration ﬁrst group versus 47 minutes, P ⬍ .001) and required fewer passes (mean, 2.4 versus 3.1; P ⬍ .05). A higher proportion of patients had a
TICI score of 2b–3 in the aspiration-ﬁrst group compared with stent retriever group (96.1% versus 85.8%, P ⬍ .005).
CONCLUSIONS: Our study highlights the increasing speed and recanalization rates achieved with fewer passes in a standardized approach to thrombectomy with an intention to attempt aspiration-ﬁrst. Any attempt to reduce revascularization time and increase
successful recanalization should be used.
ABBREVIATIONS: ADAPT ⫽ A Direct Aspiration First Pass Technique; ENT ⫽ emboli to a new territory; IQR ⫽ interquartile range; RCT ⫽ randomized controlled trial

E

very incremental delay in achieving vessel recanalization in
patients with large-vessel ischemic stroke results in a reduced
likelihood of achieving an independent functional outcome following thrombectomy.1 Thrombectomy is the standard of care in
acute ischemic stroke with large-vessel occlusion in selected patients presenting up to 24 hours after the onset of symptoms.2
Most trials have primarily used second-generation stent retriever
devices.3 However, aspiration techniques have also been described and demonstrated to be successful but appear to be less
widespread in their use.4-6 The COMPASS Trial: A Direct Aspiration First Pass Technique (COMPASS) has shown noninferiority
of direct aspiration compared with a primary stent retriever.7 The
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likelihood of good clinical outcome depends on the speed and
completeness of the recanalization achieved. We propose a technique that can be used as a standardized approach for all thrombectomy procedures, resulting in faster groin-to-recanalization
times with an increased rate of successful recanalization and fewer
passes than previously published.

MATERIALS AND METHODS
We maintain a prospective data base for ongoing audit and quality improvement with detailed analysis of all thrombectomy procedures in our institution in Beaumont Hospital. This is under the
remit of ongoing service audit and is therefore excluded from the
requirement for ethics approval. The ongoing audit of our service
is registered with the Institutional Quality and Standards Department. Time metrics of each step in the process are gathered. We
provide a 24-hour thrombectomy service for patients presenting
to our comprehensive stroke center. We also accept referrals from
24 hospitals within the Republic of Ireland, using a drip and ship
model and commonly also using a drip, ship, retrieve, and leave
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model with immediate repatriation to the hospital within a ⬍1.5hour transport distance. This model has previously been described in the literature.8 We perform endovascular thrombectomy in the anterior circulation with large-vessel occlusion within
24 hours of onset of symptoms, with ASPECTS of ⬎5 and good
(⬎50%) collateral circulation on triple-phase CTA.
Most patients come from outside institutions with stroke imaging work-up performed at the primary center. On arrival, they
proceed directly to the Interventional Radiology suite or for a
repeat CT in the same department if ⬎2 hours have passed or if
there has been clinical improvement or deterioration. For the cohort of patients in this study, CT perfusion was infrequently performed; however, the use of CTP is increasing in our department.
Four interventional neuroradiologists perform the thrombectomy procedures. Three of our team have recently moved to a
standardized approach to thrombectomy.
The standardized aspiration-first approach is as follows: An 8F
short sheath is introduced to the common femoral artery with
local anesthesia infiltrated in the overlying skin. Most patients are
awake for the procedure. Conscious sedation and general anesthesia are infrequently used except in particularly agitated or unstable patients. A 6F Weinberg catheter (Balt Extrusion, Montmorency, France) inside an 8F MACH 1 Guide Catheter (Boston
Scientific, Natick, Massachusetts) is advanced to the aortic arch
with a 0.035-inch Glidewire (Terumo, Tokyo, Japan), and the
relevant large vessel of the neck is catheterized. The 6 – 8F combination is then advanced in to the internal carotid artery with the
8F guide advanced over the 6F catheter for final tip placement in
the proximal-to-mid-internal carotid artery. If there is a stenosis
or occlusion of the ICA, an attempt is made to cross this first
without angioplasty or stent placement. The wire and 6F Weinberg catheter are removed. Angiography confirms the site of vessel occlusion. Continuous heparinized saline flush is attached to
the catheter through a pressure pump.
A 6F Sofia Plus 0.070-inch catheter (MicroVention, Tustin,
California) is advanced through a rotating hemostatic Y-valve
attached to a heparinized saline flush into the 8F guide catheter. A
20-mL syringe partially filled with saline is attached to the hub of
the catheter, allowing back flow of blood in the absence of a wire
within the catheter. Once the Sofia Plus catheter extends beyond
the tip of the 8F guide catheter, the 20-mL syringe is switched,
following aspiration of any blood, for a 10-mL contrast-filled syringe. Contrast is trickled forward as the Sofia Plus catheter advances. The Sofia Plus may be advanced through the distal internal carotid artery in this manner, with the operator being careful
to avoid pushing against resistance. It is usually possible to push
this catheter to the proximal end of the thrombus in the ICA or
M1 segment. An inability to aspirate blood backwards through
the Sofia Plus indicates engagement with the thrombus. A 50-mL
Luer Lock lockable syringe is then attached to the catheter, and
fixed suction is applied for approximately 30 seconds. It is usually
necessary to withdraw the catheter a little into the proximal M1 or
distal ICA, dislodging the thrombus before the thrombus is aspirated into the catheter and syringe and rapid back flow is obtained. Infrequently, back flow is not obtained, and the catheter
has to be removed completely, usually due to thrombus at the tip
of the catheter, and continuous aspiration is applied with the sy1336
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ringe, which is locked on suction. This appears more likely to
happen with a “white clot.” Angiography will determine whether
further aspiration is required or suitable.
Alternative steps are the following:
1) If the catheter will not advance distally in the internal carotid artery, a support wire may be used such as a 0.035-inch
Glidewire, which is not advanced beyond the tip of the aspiration
catheter.
2) If the aspiration catheter catches in the ophthalmic artery,
which is a quite common occurrence, a 0.021- or 0.0027-inch
microcatheter over a 0.014-inch wire may be advanced through
the Sofia Plus into the distal ICA or MCA. This may be enough to
allow the Sofia Plus to pass the ophthalmic artery. The inner microcatheter and wire may then be removed to allow the standard
aspiration-first technique as described above.
3) If the Sofia catheter still does not go as far as the thrombus,
the microcatheter-wire combination should be advanced beyond
the thrombus as per standard stent retriever technique. Once beyond the thrombus, if the Sofia Plus has still not advanced, the
stent retriever of choice may be deployed. Retrieval of the stent
retriever to remove the clot usually allows advancement of the
Sofia Plus catheter beyond the ophthalmic artery into the proximal end of the thrombus.9 The stent retriever may be retrieved
entirely into the Sofia Plus catheter and removed. Ideally, the
Sofia Plus catheter is maintained beyond the ophthalmic artery or
in the M1 segment to avoid clot migration into anterior cerebral
artery during clot extraction. Angiography determines whether
there is a residual clot and whether it is suitable for aspiration now
that the Sofia Plus catheter is beyond the ophthalmic artery. Alternatively, for smaller thrombi beyond the MCA bifurcation,
further stent retrieval will be performed.
4) If necessary, the Sofia Plus catheter is also removed, capturing the thrombus between the stent and aspiration catheter. If
angiography demonstrates a need for further thrombectomy, the
process is repeated from the start.
5) Although we switched to intention to treat by aspirationfirst, there had been no previous published benefit of aspiration
over stent retriever. We therefore did not delay clot removal. If
those steps did not work, we progressed quickly without delay to a
stent retriever.
Before switching to this standardized approach, our regular
approach consisted of using the same 6 – 8F access combination,
an intermediate catheter in the distal ICA, crossing the occlusion
with a microcatheter, and using a stent retriever. In general, we
did not use balloon-guide catheters but rather used distal aspiration during clot retrieval through the intermediate catheter,
which may have migrated into the M1 segment. There was some
variation case to case of this nonstandardized approach.
Having switched to the standardized technique, we reviewed
time metrics and recanalization rates to evaluate this approach. A
consecutive cohort of thrombectomy procedures from our prospectively maintained stroke data base was analyzed. These were
consecutive patients from 3 separate operators who have adopted
this aspiration-first technique. Patients with any occlusion in the
intracranial ICA and MCA M1and M2 who were deemed suitable
for thrombectomy were included, even if aspiration-first was not
possible or unlikely (eg, due to M2 occlusion or tandem cervical

tember 2018. This group was compared
with 127 consecutive patients having
Variable/Sts
All (n = 254)
P Value
undergone thrombectomies performed
Age
between April 2016 and May 2017, who
Mean
69.1 ⫾ 15.6
70.4 ⫾ 14.8
67.9 ⫾ 16.4
.275
were primarily treated with the stent
Median (IQR 25%–75%)
73.0 (62–80)
74.0 (63–80)
71.0 (58–79)
retriever method. The baseline demoNIHSS score
graphics, NIHSS score, those undergoMean
15.7 ⫾ 6.3
15.6 ⫾ 6.7
15.7 ⫾ 5.9
.844
ing thrombolysis, and the TICI score are
Median (IQR 25%–75%)
16.0 (1–20)
15.0 (10–20)
16.0 (12–20)
Thrombolysis (No.) (%)
132 (52.2%)
64 (50.4%)
68 (53.5%)
.662
evaluated in Table 1. There was no sigOcclusion location (No.) (%)
nificant difference in age, NIHSS score,
MCA, M1
176 (69%)
93 (73%)
83 (65%)
.292
and those undergoing thrombolysis beMCA, M2
32 (12.6%)
12 (9%)
20 (15.7%)
tween the 2 groups. In terms of vessel
ICA, T/L
46 (18%)
22 (17%)
24 (18.8%)
occlusion, there were more M2 occlumRS 0–2 at 90 days (No.) (%)
121 (48%)
63 (50%)
58 (46%)
.53
sions in the stent retriever cohort; howNote:—Sts indicates statistics; T/L, carotid terminus.
ever, this was not statistically significant.
ICA occlusions). The concept is to see the effect of this standardThe aspiration-first technique had a median length from groin
ized approach in all patients. As a control, we included consecupuncture to first angiogram of 6 minutes (interquartile range
tive patients who underwent nonstandardized primary stent re[IQR], 4 –10 minutes) versus 5 minutes (IQR, 4 –9 minutes) in the
trieval by the same operators during a similar time period before
stent retriever group (P ⫽ .234). The aspiration-first technique
commencing this technique. We also analyzed specifically those
had a shorter median time from the first angiogram to first repcases when the aspiration technique was, in fact, the first techerfusion of 11 minutes (IQR, 7–20 minutes) versus 19 minutes 30
nique used. Posterior circulation occlusions were excluded from
seconds (IQR, 12–32 minutes) in the stent retriever group (P ⬍
the study. For evaluation of the success of revascularization, orig.001) and a shorter time from groin puncture to first reperfusion
inal TICI scores were re-evaluated by an independent neuroradicompared with the stent retriever group in the intention-to-treat
ologist. If there was a disagreement from the original assessment,
group (18 versus 26 minutes, P ⬍ .001). The aspiration-first techa third reviewer evaluated the angiograms to determine a final
nique had a shorter overall procedural duration of 26 minutes
TICI score. We used the modified TICI score including 2c.
(IQR, 15– 41 minutes) versus 47 minutes (IQR, 32– 80 minutes)
We compared 4 time parameters between our standardized
in the stent retriever group (P ⬍ .001).
technique and the stent retriever technique: 1) groin puncture to
The aspiration-first technique necessitated fewer passes (mean,
first angiogram, 2) groin puncture to first reperfusion, 3) time
2.4 versus 3.1; P ⬍ .05), which aided in the shorter procedural
from first angiogram to first reperfusion, and 4) the duration of
duration (Figure). Successful recanalization (TICI 2b–3) was obthe procedure.
served in 90.9% of patients overall; 96.1% had successful reTime from groin puncture to first angiogram was used as a metric
canalization (TICI 2b–3) in the aspiration-first group comof ease/difficulty to attain a position in the ICA. This part of the
pared with 85.8% in the stent retriever group (P ⬍ .005). A
procedure is unchanged from our prior technique. Time from first
higher proportion of patients had a TICI score of 2c–3 in the
angiogram to first reperfusion was used to compare the speed of the
aspiration-first group compared with stent retriever group
techniques with achieving reperfusion, excluding any variation in
(78% versus 60.6%, P ⬍ .005). A TICI 3 result was achieved in
difficulty in accessing the carotid artery. The overall duration of the
46% (n ⫽ 59) of the aspiration-first group compared with 39%
procedure, from groin puncture to completion angiogram, was used
(n ⫽ 50) in the stent retriever group (P ⫽ .25). There was a
as a metric of success of the techniques; those procedures with longer
higher first-pass TICI 3 result in the aspiration group (25%
times were likely to be the more challenging cases, requiring multiple
versus 13%, P ⫽ .01) (Table 2).
aspirations and/or multiple passes of stent retrievers. Sometimes
In terms of functional outcome, 50% of those in the aspirawith stent retrievers, flow is restored before pulling the stent but may
tion-first group achieved functional independence at 90 days
be lost again, requiring further passes. This may give a false impres(mRS 0 –2) compared with 46% in the stent retriever–first group
sion of the time to meaningful recanalization, which does not typi(P ⫽ .53).
cally happen with aspiration.
In 36 patients, the aspiration catheter did not easily advance to
SPSS-24 (IBM, Armonk, New York) was used for statistical
the proximal end of the thrombus. Therefore, it was necessary to
analysis. Quantitative variables did not follow a standard normal
use a stent retriever first in these cases. The locations of these
distribution, as indicated by the Kolmogorov-Smirnov and
vessels were the MCA M1 (n ⫽ 20), MCA M2 (n ⫽ 9), MCA M3
Shapiro-Wilk tests. The nonparametric Mann-Whitney U or
(n ⫽ 2), carotid terminus (n ⫽ 3), and tandem cervical ICA and
Kruskal-Wallis test was used to test the null hypothesis followed
M2 (n ⫽ 1) and M1 (n ⫽ 1). For the remaining 91 patients,
by the Dunn multiple comparison test to test the difference beaspiration was used as the first technique. When aspiration was
tween groups. A level of significance for all analyses was P ⬍ .05.
performed first, 18.8% of patients required rescue therapy with a
stent retriever. For these patients with aspiration-first, the median
RESULTS
time from first angiogram to reperfusion was 8 minutes, with a
A total of 127 consecutive patients with intracranial anterior cirgroin puncture to first reperfusion time of 17 minutes and overall
culation vessel occlusion underwent thrombectomy by a stanprocedural length of 22 minutes (IQR, 14 – 46 minutes).
dardized aspiration-first technique from September 2017 to SepTable 1: Baseline characteristics

Aspiration
(n = 127)

Stent Retriever
(n = 127)
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recanalization compared with stent retrievers but no benefit in terms of the
number of passes or time to reperfusion.15
Our standardized approach as a
technique for all anterior circulation occlusions, including tandem ICA/intracranial occlusions and occlusions beyond M1, results in shorter procedures
and improved recanalization with fewer
passes. We postulate that this is primarily due to the conversion to the aspiration-first technique. In our experience,
it is a more streamlined and efficient
process with fewer steps. Previously, we
were placing an intermediate catheter
distally in the ICA or even into the MCA
for aspiration with a stent retriever.
Changing to a method of advancing the
newer, larger, and more flexible/trackable catheter as far as the clot when possible does not result in any significant
delay. The clot may then be aspirated
within minutes. If it does not advance to
or remove the clot, a stent retriever can
FIGURE. Type of device and the inﬂuence of total number of passes in percentages, P ⬍ .05
be easily deployed for clot retrieval without significant delay. In trial scenarios,
physicians were required to try aspiraDISCUSSION
tion
on
3
occasions
before
switching to rescue therapy. In the real
Previous randomized controlled trials showing the efficacy of
world,
this
is
not
required,
resulting in shorter procedures. Our
thrombectomy have mainly involved the use of second-generainstitution
has
significant
experience
in performing thrombec3
tion stent retrievers. However, newer technologies such as the
tomy
for
acute
stroke
with
⬎800
cases
performed since 2010.
use of aspiration devices have been developed at a greater rate
Every
procedure
has
a
learning
curve,
and
thrombectomy is no
than stent retriever technology through larger and more navigable
exception.
With
at
least
500
cases
performed
prior to inclusion of
catheters. The first-line aspiration technique is evolving as an esany
cases
from
the
stent
retriever
cohort,
this
minimized
the effect
tablished method of thrombectomy with noninferior results in
of
the
learning
curve.
Since
September
2017,
we
have
used
a stanterms of recanalization rates and patient outcomes compared
7,10
dardized
method
of
setting
up
for
attempting
aspiration-first
for
with stent retrievers. Currently, there is an emphasis on reducall
thrombectomy
procedures.
Although
some
improvement
may
ing the time to revascularization, including the length of the probe accounted for by standardization, we believe that the extensive
cedure as well as improving the rate of recanalization, with the
11
experience before standardization would minimize this effect and
overall aim of improving patient outcomes. There is continual
that the true gain is in the use of fewer steps in most procedures.
development of novel techniques and optimization of techniques,
Our median groin-to-reperfusion time in the standardized
some with very high rates of first-pass perfusion such as the Stent
group was 18 minutes, with a mean of 26 minutes 30 seconds in
Retriever Assisted Vacuum-Locked Extraction (SAVE) and the
comparison with 26 and 35 minutes, respectively, for the stent
Proximal Balloon Occlusion Together with Direct Thrombus Asretriever cohort (P ⬍ .001) (Table 2). If we compare this to A
piration during Stent Retriever Thrombectomy (PROTECTPlus)
Direct Aspiration First Pass Technique for Acute Stroke Thromtechniques.12,13
bectomy (ADAPT FAST) (a multisite case series), the authors
There have been publications including the Contact Aspiration
reported a mean time of 36 minutes 3 seconds.4 The ASTER trial
Versus Stent Retriever for Successful Revascularization (ASTER)
was an RCT that compared revascularization rates (TICI 2b–3) as
randomized controlled trial (RCT), 2 meta-analyses, and the recently
its primary outcome between the aspiration and stent retriever
published COMPASS RCT evaluating the aspiration technique.7,10
technique. The authors reported a median groin puncture-toOthers report on case series of the aspiration technique but do not
reperfusion time of 38 minutes for the aspiration group compared
always define patient selection. They show varying impacts on speed
with 45 minutes for the stent retriever group (P ⫽ .10).10 The
and success rates with this technique. The A Direct Aspiration First
initial results from the COMPASS trial had the fastest times of any
Pass Technique (ADAPT) has been shown to have faster recanalizaprevious study, with a mean groin-to-reperfusion rate of 22 mintion rates and reduced overall costs when used as the primary mechutes for ADAPT versus 33 minutes for the stent retriever group
anism of thrombectomy compared with stent retrievers, though the
(P ⫽ .019).7 The European Registry on the ACE Reperfusion
results were not always statistically significant.4,7,14 A recently published meta-analysis has shown aspiration to have better success at
Catheters and the Penumbra System in the Treatment of Acute
1338
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The PROMISE study reported successful reperfusion rates (TICI 2b–3) of
Aspiration
93.1%.15 The ADAPT FAST study reVariable/Sts
All (n = 254)
(n = 127)
P Value
ported overall revascularization rates
Length of procedure (min)
(TICI 2b–3) of 95%, and when aspiraMean
47.7 ⫾ 38.9 33.2 ⫾ 25.1
62.2 ⫾ 44.6 ⬍.001
tion was used alone, it was successful in
Median (IQR 25%–75%)
36.0 (22–62) 26.0 (15–41) 47.0 (32–80)
achieving revascularization 78% of the
Groin puncture to 1st angiogram (min)
time compared with our rate of 94.5%
Mean
7.3 ⫾ 5.9
7.7 ⫾ 5.9
7.0 ⫾ 5.8
.234
Median (IQR 25%–75%) (min)
6.0 (4–9)
6.0 (4–10)
5.0 (4–9)
for this group.4 The meta-analysis of
First angiogram to ﬁrst 1st reperfusion
ADAPT versus the HERMES meta-anal(min)
ysis where stent retrievers were used by
Mean
23.0 ⫾ 25.8
18.2 ⫾ 22.9 27.9 ⫾ 27.6 ⬍.001
Phan et al16 showed significantly higher
Median (IQR 25%–75%)
15.0 (8–27)
11.0 (7–20)
19.5 (12–32)
revascularization rates in the ADAPT
Groin puncture to 1st reperfusion (min)
Mean
30.2 ⫾ 27.1
25.6 ⫾ 23.8 34.9 ⫾ 29.4 ⬍.001
group compared with stent retriever
Median (IQR 25%–75%)
22.0 (15–35)
18.0 (13–31) 26.0 (17–39)
group (89.6% versus 71.7%, P ⬍ .001),
TICI (No.) (%)
though most groups appear to show im¥ 2b–3
231 (90.9%)
122 (96.1%)
109 (85.8%) ⬍.005
proved recanalization rates now com2c–3
176 (69.3%)
99 (78%)
77 (60.6%) ⬍.005
pared with HERMES.
3
109 (43%)
59 (46%)
50 (39%)
.25
First-pass 3
48 (19%)
32 (25%)
16 (13%)
.01
In our study, when aspiration was
Note:—¥ indicates TICI as standing for Thrombolysis in Cerebral Infarction Score; Sts, statistics; TICI, Thrombolysis in
performed first, 18.8% of cases required
Cerebral Infarction Score.
rescue therapy with a stent retriever, an
outcome comparable with or lower than
Ischemic Stroke (PROMISE) observational study, which used the
other reported studies. This may be due to operator-related facADAPT technique with ACE68 and ACE64 catheters (Penumbra,
tors and slight differences in occlusion location. In the ASTER
Alameda, California), reported a median time to reperfusion of
trial, rescue treatment was required in 32.8% of patients in the
15
31 minutes with a mean of 40 minutes. A meta-analysis of 17
aspiration group, 20.9% in the PROMISE study and 21% in
aspiration studies versus the 5 RCTs included in the Highly EffecCOMPASS.7,10,15 The ASTER and PROMISE studies included 48
tive Reperfusion Evaluated in Multiple Endovascular Stroke
(27.6%) and 37 (18.1%) M2 branch occlusions, respectively,
(HERMES) meta-analysis recorded a trend toward a shorter procompared with our rate of 7.8% in the aspiration group and 14%
cedural time with the aspiration group (44 minutes 42 seconds
in the stent retriever group.10,15 We believe that our higher rates
16
versus 61 minutes 28 seconds, P ⫽ .088).
of recanalization and lower use of rescue therapy following aspiObserving groin puncture-to-reperfusion times is not the full
ration are likely due to using a larger bore catheter with excellent
story, however. For our described aspiration-first technique, the
trackability. Larger bore catheters enable generation of greater
times from groin puncture to first angiogram are comparable
aspiration pressure and presumably accommodate larger clots.
with the conventional technique, without a statistically significant
First restoration of flow does not necessarily equate with redifference. This part of the procedure has not changed and has a
moval of the entire clot and further passes may be required. This is
similar patient cohort in terms of difficulty/ease of vascular access
particularly the case with stent retrievers when you can get flow
to the ICA. The main benefit of our technique comes after this
restoration without even removing the clot. Our aspiration-first
stage, however, when the time from the first angiogram to the first
group required fewer passes, and 45% (n ⫽ 57) needed only a
restoration of flow is significantly shorter at 11 minutes (IQR,
single pass when aspiration was used first, compared with 35%
7–20 minutes) versus 19 minutes 30 seconds (IQR, 12–32 min(n ⫽ 39) in the stent retriever group, resulting in an overall
utes) in the stent retriever group, (P ⬍ .001) (8 minutes when
shorter procedural time. The ASTER RCT reported no difference
aspiration is actually used first). Our overall procedure length is
in the number of attempts between the 2 groups, with a median
26 minutes (22 minutes [IQR, 14 – 46 minutes] when aspiration is
number of 2 passes.10 The PROMISE trial reported a median
actually the first device used). These specific figures are not
number of 2 passes before using adjunctive therapy.15 The auquoted in other studies; however, they highlight the speed of the
thors of the ADAPT FAST study stated that they often only
aspiration technique once access is achieved, resulting in a much
needed a single pass to achieve successful reperfusion; however,
shorter procedural length.
they did not quote exact figures.4
In terms of reperfusion rates, 96% of the patients in the stanIn terms of good functional outcome, our rates are comparadardized aspiration-first group had a TICI of 2b–3 compared with
ble with those in both the ASTER and COMPASS RCT, yielding
85.8% in the stent retriever cohort (P ⬍ .005) (Table 2). The
rates of 45.5% and 52%, respectively, for the aspiration-first techASTER and COMPASS trials reported rates of 85.4% and 83.2%,
nique group, while ADAPT FAST had slightly lower rates of 40%
respectively, for the ADAPT technique.7,10 These trials did not
in this group.4,7,10 The PROMISE study had the highest rates of
show improved recanalization rates for ADAPT. If we examine
good functional outcome, with a rate of 60% compared with our
the TICI 2c–3 rates alone, we report a rate of 78% for the aspirarate of 50%; however, their inclusion criteria were limited to pation approach versus 61% in the stent retriever cohort (P ⬍ .005).
tients with onset of symptoms within 6 hours.15
The ASTER trial separately evaluated TICI 2c–3 with rates of
10
56.3% and 56.6% for aspiration and stent retriever, respectively.
A potential advantage of aspiration over stent retrievers is the
Table 2: Time variables—aspiration vs stent retriever

Stent
Retriever
(n = 127)
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potential for fewer procedure-related complications resulting
from direct trauma to the vessels caused by the stent retrievers. It
is not fully understood where crossing a clot (MCA for example)
results in any injury to the vessel wall, intima or media. It has been
shown that using a microwire to cross a clot can result in vessel
injury compared with using a microcatheter alone.17 Focal acceleration of blood flow velocities after mechanical thrombectomy is
suggestive of residual stenosis or vasospasm, and this may be a
sign of endothelial layer disruption/intimal injury.18 Intracranial
arterial wall thickening and enhancement have been demonstrated postthrombectomy, indicating an arteritis.19 A study comparing vascular damage in ADAPT versus stent retrievers in animal models showed almost complete loss of the endothelium
when stent retrievers were used. As we have described, our study
showed fewer passes compared with stent retrievers. Furthermore, fewer passes will also lead to less disruption of clot, potentially leading to less risk of resulting emboli to a new territory
(ENT).20 The ADAPT FAST study reported no cases of ENT,
while PROMISE reported a rate of 1.5%.4,15 Use of the ADAPT
technique has been reported to increase the risk of ENT.20 However, with newer, larger catheters such as the Sofia Plus, there is
likely to be a higher rate of clot ingestion as opposed to pulling the
clot through the circulation, preventing ENT. A recent meta-analysis published in September 2018 evaluated 9 studies comparing
the efficacy and safety of the direct aspiration technique versus
stent retrievers. This study showed fewer cases of symptomatic
intracranial hemorrhage (4.8% versus 8.35%) and embolization
to a new territory (5.1% versus 9.7%) with direct aspiration.21
Newer aspiration catheters, which are more flexible and atraumatic compared with stent retrievers, will arguably lead to less
procedure-related complications.
The strengths of our study lie in the standardized approach
used for consecutive patients, resulting in faster and better outcomes with no disadvantages for cases that need to be switched to
stent retrievers, because this can be performed without a change
in the setup. Furthermore, the consecutive nature of case selection
and lack of difference between the groups, including similar groin
puncture to first angiogram times, confirms the absence of selection bias or cherry-picking. While previous studies have shown
comparable times and recanalization rates, we have been able to
demonstrate significantly faster and better recanalization rates
and fewer passes compared with stent retrievers.
A weaknesses in our study is that it is a single-center study
that did not use a core laboratory in the assessment of TICI
scores. However, final TICI scores required agreement by 2
independent neuroradiologists. Although the use of balloonguide catheters is recommended by many, we have not developed this as a routine due to a preference for having larger bore
intermediate catheters for distal aspiration in conjunction with
a stent retriever. Nevertheless, our recanalization rates with
our stent retriever cohort are comparable with those in other
published series. We did not use the recently available Wedge
device (MicroVention) designed to get the aspiration/Sofia
catheter past the ophthalmic artery, which may help aspiration-first work in a higher percentage of patients. The effectiveness of this device is yet to be established. Furthermore, we
did not use a smaller aspiration catheter that could have
1340
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reached more distal branches. It is likely that the rate of successful navigation of the aspiration catheter to the thrombus
will improve with better technology and range of catheters.

CONCLUSIONS
In a procedure in which “time is brain,” any opportunity to
improve times and success should be taken. This approach uses
a standardized technique already possibly familiar to many
neurovascular interventionalists and is potentially widely
adaptable. By using this technique, we have demonstrated
faster and better recanalization times with an overall reduced
procedure length.
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Distal Balloon Angioplasty of Cerebral Vasospasm Decreases
the Risk of Delayed Cerebral Infarction
X M.-A. Labeyrie, X S. Gaugain, X G. Boulouis, X A. Zetchi, X J. Brami, X J.-P. Saint-Maurice, X V. Civelli, X S. Froelich, and
X E. Houdart

ABSTRACT
BACKGROUND AND PURPOSE: Conventional angioplasty of cerebral vasospasm combines proximal balloon angioplasty (up to the ﬁrst
segment of cerebral arteries) with chemical angioplasty for distal arteries. Distal balloon angioplasty (up to the second segment of cerebral
arteries) has been used in our center instead of chemical angioplasty since January 2015. We aimed to assess the effect of this new approach
in patients with aneurysmal SAH.
MATERIALS AND METHODS: The occurrence, date, territory, and cause of any cerebral infarction were retrospectively determined and
correlated to angioplasty procedures. Delayed cerebral infarction, new angioplasty in the territory of a previous angioplasty, angioplasty complications, 1-month mortality, and 6- to 12-month modiﬁed Rankin Scale ⱕ 2 were compared between 2 periods (before-versus-after January 2015,
from 2012 to 2017) with adjustment for age, sex, World Federation of Neurosurgical Societies score, and the modiﬁed Fisher grade.
RESULTS: Three-hundred-ninety-two patients were analyzed (160 before versus 232 after January 2015). Distal balloon angioplasty was
associated with the following: higher rates of angioplasty (43% versus 27%, P ⬍ .001) and intravenous milrinone (31% versus 9%, P ⬍ .001);
lower rates of postangioplasty delayed cerebral infarction (2.2% versus 7.5%, P ⫽ .01) and new angioplasty (8% versus 19%, P ⫽ .003)
independent of the rate of patients treated by angioplasty and milrinone; and the same rates of stroke related to angioplasty (3.6% versus
3.1%, P ⫽ .78), delayed cerebral infarction (7.7% versus 12.5%, P ⫽ .12), mortality (10% versus 11%, P ⫽ .81), and favorable outcome (79% versus
73%, P ⫽ .21).
CONCLUSIONS: Our study suggests that distal balloon angioplasty is safe and decreases the risk of delayed cerebral infarction and the
recurrence of vasospasm compared with conventional angioplasty. It fails to show a clinical beneﬁt possibly because of confounding
changes in adjuvant therapies of vasospasm during the study period.
ABBREVIATIONS: aSAH ⫽ aneurysmal subarachnoid hemorrhage; DCIn ⫽ delayed cerebral infarction; WFNS ⫽ World Federation of Neurosurgical Societies

A

ngioplasty of cerebral vasospasm is broadly used in acute
aneurysmal SAH (aSAH). Two main approaches to angioplasty are used alone or combined: the balloon angioplasty performed by most physicians up to the end of the first segment of
cerebral arteries (ie, in the proximal and largest arterial segments)1-3 and intra-arterial vasodilator infusion therapy (chemical angioplasty).4,5 Their efficacy to treat the arterial narrowing
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has been demonstrated, but their benefit to prevent delayed cerebral infarction (DCIn) remains controversial.6,7 The feasibility of
balloon angioplasty up to the end of the second segment of the
cerebral arteries (distal balloon angioplasty) using an extracompliant balloon has been recently reported.8 On the basis of this
report, our experience of poor efficacy of chemical angioplasty,
and our preliminary experience with distal balloon angioplasty,
we decided to replace chemical angioplasty with distal balloon
angioplasty for distal vasospasm. The aim of this study was to
compare historically the safety and efficacy of this new approach
with the conventional approach using proximal balloon angioplasty and chemical angioplasty.

MATERIALS AND METHODS
Patients
Consecutive patients hospitalized in our center (Lariboisière Hospital, France) between January 2012 and December 2017 within
15 days of aSAH with a modified Fisher grade of ⱖ1 were in-

microwire (ev3, Irvine, California), or
Scepter XC 412 (MicroVention, Tustin,
California) on a 0.014-inch Transend
microwire (Stryker, Kalamazoo, Michigan), inflated through a 3.5-mL syringe
with a dilution of 50% Omnipaque
(iohexol 300 mg I/mL; GE Healthcare,
Piscataway, New Jersey). The anatomic
definition of distal-versus-proximal balloon angioplasty is shown in Fig 1.
We performed balloon angioplasty
using previously reported technique.8 A
test inflation of the balloon was performed in the cervical artery to ensure
that it was plainly visible. The balloon
was inflated to the supposed normal diameter of the artery and until the lateral
border of the balloon became parallel
and the balloon elongated (Fig 2). Angulation and the diameter of the arterial
FIG 1. Anatomic deﬁnition of distal-versus-proximal balloon angioplasty. Frontal (A and C) and
segments were the most important
lateral (B and D) angiograms of the right internal carotid artery before cerebral vasospasm. Arterial
segments treated using proximal balloon angioplasty are indicated in A and B (intra-arterial white safety variables considered before balline). They include the terminal internal carotid artery and the main segments of cerebral arteries loon angioplasty. Proximal balloon anup to the end of their ﬁrst segment (single star for A1, double star for M1). Arterial segments gioplasty was performed for arteries
treated using distal balloon angioplasty are shown in C and D (intra-arterial white line). They
include the terminal internal carotid artery and the main segments of the cerebral arteries up to with a diameter ⱖ2.5 mm and located
the end of their second segments (single arrowhead for pericallosal segment, double arrowhead proximal to the first angulation of the
for the anterior M2 branch, and triple arrowhead for the posterior M2 branch).
cerebral arteries (up to the end of the
first segments) (Fig 1A, -B). Distal balloon angioplasty was performed for arteries with a diameter of ⱖ1.5 mm and
located proximal to the second angulation of the cerebral arteries (up to the
end of the second segment), also including the pericallosal segment of the anterior cerebral artery or up to the end of
FIG 2. Distal balloon angioplasty in a 1.5-mm large M2 segment using an extracompliant 4-mmlarge and 7-mm-long remodeling balloon. After we navigated in the distal M2 with a 0.010-inch the second segment of the 2 (or rarely 3)
guidewire, the balloon was positioned (A) and inﬂated progressively (B and C). The balloon has major division branches of the middle
ﬁrst a fusiform aspect (B) and then a tubular aspect and elongates (C) when it reaches the maximal cerebral artery (Fig 1C, -D). Hypoplastic
diameter of the vessel. The balloon was immediately deﬂated. This maneuver was repeated
segments were excluded on the basis
within the entire segment from the proximal-to-distal M2.
of prevasospasm vascular imaging.
cluded, except patients who died within the first 4 days after aSAH
Small anterior temporal branches from the middle cerebral arteronset. All patients were hospitalized in an intensive care unit.
ies or anterior frontal branches from the anterior cerebral arteries
Aneurysms were treated by embolization or clipping within 24
were usually not dilated because of their small diameter and their
hours of admission. Acute hydrocephalus, neuroprotective meaexcessive angulation. The posterior cerebral arteries were treated
sures, and primary prevention with oral nimodipine and detecin a few selected cases and only proximally because DCIns in this
tion of delayed cerebral ischemia were managed according to curterritory were infrequent in our practice. Segments with obvious
rent guidelines.9 Clinical and imaging data were reviewed by
collateral supply through the circle of Willis were usually not
consensus from 2 neuroradiologists, including 1 who was indetreated. The parent vessel of an aneurysm was treated when necpendent of the procedures. The mRS was retrospectively deteressary (except around a recent surgical clip) by taking care that the
mined within 6 –12 months after aSAH by an independent clinical
balloon did not bulge inside the aneurysm. Balloon angioplasty
research associate with mRS certification and blinded to the paaround a surgical clip was usually not performed because aneutient’s care and the historical design of the study. Patients or their
rysmal ruptures have been described during balloon angioplasty
relatives were informed and provided their consent for all clinical
or navigation despite the clip. When a severe stenosis persisted
care. The study was approved by our institution ethics committee.
after a first dilation, a second dilation was usually performed by
taking care that the balloon did not overexpand on either side of
Intensive Therapies of Vasospasm
the stenosis (giving a “dog bone” appearance).
Balloon angioplasty was performed using an extracompliant reChemical angioplasty consisted of single or, when necessary,
modeling balloon, HyperForm 4 –7 on an 0.010-inch Expedion
AJNR Am J Neuroradiol 40:1342– 48
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repeat daily intra-arterial infusions for 30 minutes of 3 mg of
nimodipine ⫹ 8 mg of milrinone ⫹ 40 mL of physiologic serum,
or 1 single continuous infusion for 3 days of 4 mg/h of milrinone.
Before January 2015, chemical angioplasty was performed for vasospasm of distal arterial segments when balloon angioplasty was
not considered feasible. After January 2015, chemical angioplasty
was replaced by distal balloon angioplasty.
All angioplasty procedures were performed with the patient
under general anesthesia by keeping a mean arterial pressure of
ⱖ90 mm Hg and normocapnia. Intravenous heparin (35–70 IU/
kg) was administered before angioplasty. Since January 2013,
continuous intravenous infusion of a high dose of intravenous
milrinone (1.5mcg/kg/min, then adapted to clinical tolerance for
at least 5 days) has been systematically considered after angioplasty.10 It was maintained when possible until the 14th day, and
the patient was weaned as indicated.

tailed in the On-line Appendix. To summarize, DCIn was defined
as any cerebral infarction occurring within 3–21 days of presentation, not related to an iatrogenic infarction or early low-flow
infarction.12 Only DCIn occurring after aneurysm treatment (inhospital DCIn) was taken into account in the current study. The
time and arterial territory of the DCIn were retrospectively determined using all available coregistered MR imaging and CT and
clinical data. Then, the time and arterial territory of DCIn was
compared with the timing and the territory of each angioplasty to
determine whether the DCIn occurred or extended into the territory of a previous angioplasty (postangioplasty DCIn). DCIn and
angioplasty were blinded. We also analyzed the occurrence of
DCIn in a territory without angioplasty (ie, occurring in the parenchyma of nontreated vessels and including patients without
any angioplasty or with angioplasty in another territory) and
whether any new angioplasty was performed in the same territory
of a previous angioplasty (in a different session).

Indications for Intensive Therapies for Vasospasm
Intensive therapies were considered in patients with a high suspicion or high risk of delayed cerebral ischemia. A high suspicion of
delayed cerebral ischemia was defined by the following: 1) a vasospasm of ⱖ50% on DSA, especially when it was associated with a
delayed enhancement of distal cortical arteries; and 2) a decrease
in the level of consciousness or deficit or cerebral infarction occurring between the fourth day and the 21st day unrelated to
seizure, severe intracranial hypertension, hydrocephaly, hyponatremia, aneurysm occlusion complications, or severe sepsis with
hypotension. In unconscious patients, a high risk of delayed cerebral ischemia was considered using only DSA criteria. The noninvasive screening for vasospasm of ⱖ50% is detailed in the Online Appendix. An induced hypertension was begun in patients
with a high suspicion or a high risk of delayed cerebral ischemia.
Angioplasty was then considered consensually between the interventional neuroradiologists and the intensive care physicians. It
was performed only for arterial segments with vasospasms of
ⱖ50%. It was contraindicated when a cerebral infarction extended to the major part of the territory because of the risk of
reperfusion injury.

Statistical Analysis
Continuous variables were described as medians and interquartile
ranges and compared using the nonparametric Kruskal-Wallis test.
Categoric variables were compared using the 2 or Fisher exact test
(unilateral test) as appropriate (SPSS 19; IBM, Armonk, New York).
A P value ⱕ .05 was considered significant. Baseline characteristics,
intensive therapies of cerebral vasospasm, and outcome were univariately compared in historical analysis between the 2 periods (before-versus-after January 2015). DCIn, new angioplasty, 1-month
death, and 6- to 12-month favorable outcome (mRS ⱕ 2) were also
compared between the 2 periods after adjustment for age, sex, and
World Federation of Neurosurgical Societies (WFNS) score ⱖ IV
and a modified Fisher grade ⱖ 3 using binary logistic regression. The
main analysis included all patients with aSAH. Then, a sensitivity
analysis was performed by including only patients treated with angioplasty and patients who did not receive intravenous milrinone or
by comparing the angioplasty strategy used for each arterial territory
rather than at the patient level.

RESULTS
Safety of Angioplasty

Population

Arterial embolism, dissection, perforation, and vasospasm worsening were retrospectively reviewed on postangioplasty DSA. Dissection was distinguished from embolism using previously reported criteria.11 Vasospasm worsening was defined as worsening
of arterial narrowing occurring after catheterization or balloon
angioplasty, not related to embolism or dissection, which resolves
spontaneously in most cases or after further angioplasty. Reperfusion syndromes after angioplasty including severe intracranial
hypertension requiring a hypertonic solution and symptomatic
intracerebral hematoma were also recorded. Chronic aneurysm
formation or occlusions of the arteries treated with angioplasty
were assessed on vascular imaging follow-up at 3– 6 months.

Four-hundred-eighteen consecutive patients were treated for
acute aSAH in our center during the study period. We excluded 26
patients who died from early brain injury and before any angioplasty. A total of 392 patients were analyzed in the current study,
including 232 patients treated after January 2015 (distal balloon
angioplasty period) and 160 patients before that date (historical
control). Clinical and imaging data were available for all patients.
Follow-up MR imaging was available for 90% of them. Interobserver agreement for DCIn determination was 0.903. The baseline
characteristics of the population are reported in Table 1.

Efﬁcacy of Angioplasty
The efficacy of angioplasty was first determined by the rate of
patients with DCIn occurring in the territory of a previous angioplasty (postangioplasty DCIn). The determination of DCIn is de1344
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Patients Treated by Distal Balloon Angioplasty
The intensive therapies used to treat cerebral vasospasm are detailed in Table 2. We observed a higher rate of patients treated by
such therapies after January 2015 (P ⱖ .001). A total of 145 patients were treated by angioplasty including 109/145 (75%) by
distal angioplasty in at least 1 arterial territory.

Table 1: Baseline characteristics of patients with aSAH
Total
Period 1
(N = 392)
(n = 160)a
Age (range) (yr)
52 (44–61)
52 (44–62)
Female (No.) (%)
254 (65%)
104 (65%)
Tobacco (No.) (%)
188 (48%)
75 (47%)
Chronic high blood pressure (No.) (%)
168 (43%)
76 (47%)
Dyslipidemia (No.) (%)
84 (21%)
36 (22%)
Diabetes mellitus (No.) (%)
19 (5%)
9 (6%)
Modiﬁed Fisher grade
1, 2 (No.) (%)
73 (19%)
34 (21%)
3 (No.) (%)
103 (26%)
37 (23%)
4 (No.) (%)
216 (55%)
89 (56%)
WFNS
I, II (No.) (%)
270 (69%)
105 (65%)
III (No.) (%)
22 (6%)
11 (7%)
IV (No.) (%)
56 (14%)
22 (14%)
V (No.) (%)
44 (11%)
22 (14%)

Period 2
(n = 232)a
52 (46–61)
150 (65%)
113 (49%)
92 (40%)
48 (21%)
10 (4%)

P
Value
.9
.5
.4
.1
.6
.3

Efﬁcacy of Distal Balloon
Angioplasty

Angioplasty efficacy and outcome are
reported in Table 3. After adjustment for
age, sex, and WFNS score ⱖ IV and a
modified Fisher grade of ⱖ3, the second
period was associated with a lower rate
of postangioplasty DCIn (OR⫽ 0.26;
95% CI, .09 – 0.77; P ⫽ .015) and new
39 (17%)
.3
angioplasty (OR⫽ 0.39; 95% CI, 0.21–
66 (28%)
.2
0.72; P ⫽ .003), without any significant
127 (55%)
.8
association with DCIn (P ⫽ .12),
1-month mortality (P ⫽ .81), and 6- to
165 (71%)
.2
13 (6%)
.6
12-month favorable outcome (P ⫽
32 (14%)
1
.21).
22 (9%)
.2
After adjustment with intravenous
a
Period 1/period 2 (before/after January 2015) means chemical/balloon angioplasty as a ﬁrst-line treatment of distal
milrinone, the second period revasospasm.
mained associated with a lower rate of
Table 2: Intensive therapies of vasospasm in patients with aSAH
postangioplasty DCIn and new angioTotal
Period 1
Period 2
P
plasty and became significantly associ(N = 392)
(n = 160)a
(n = 232)a
Value
ated with a lower rate of DCIn (P ⱕ
Intensive treatment of vasospasm (No.) (%)
155 (40%)
47 (29%)
108 (46%)
⬍.001
.001).
Angioplasty (No.) (%)
145 (37%)
44 (27%)
101 (43%)
.001
By including only patients treated by
109 (28%)
35 (22%)
74 (32%)
.029
Distal angioplasty (No.) (%)b
c
angioplasty,
the second period remained
87 (22%)
13 (8%)
74 (32%)
⬍.001
Distal balloon angioplasty (No.) (%)
d
associated
with
a lower rate of postan91 (23%)
26 (16%)
65 (28%)
.004
Proximal balloon angioplasty (No.) (%)
36 (9%)
31 (19%)
5 (2%)
⬍.001
Chemical angioplasty (No.) (%)d
gioplasty DCIn and new angioplasty and
Intravenous milrinone (No.) (%)
86 (22%)
15 (9%)
71 (31%)
⬍.001
became significantly associated with
a
Period 1/period 2 (see Table 1).
DCIn (OR⫽ 0.25; 95% CI, 0.10 – 0.59;
b
Distal angioplasty means distal balloon angioplasty or chemical angioplasty.
P ⫽ .002) and 6- to 12-month favorable
c
Distal balloon angioplasty was performed alone.
d
outcome
(OR⫽ 2.5; 95% CI, 1.1–5.7;
Chemical and proximal balloon angioplasties were performed alone or combined.
P ⫽ .026). Of note, in this population,
Distal balloon angioplasty was attempted in 187 arterial
patients with a WFNS score ⱖ IV were less frequent in the second
segments (90% of them in patients treated after January 2015).
period (32% versus 50%, P ⫽ .02).
Catheterization failed in 21/187 (11%) because of an excess
When we compared the angioplasty strategy used for each arangulation between the first and second segments of cerebral
terial territory rather than at the patient level, the rate of postanarteries. For these segments or for those without distal vasogioplasty DCIn after distal balloon angioplasty was similar with or
spasm, only proximal balloon angioplasty was performed.
without intravenous milrinone (respectively, 1/56 versus 0/31,
Distal balloon angioplasty was performed in 166 arterial segP ⫽ 1). It was lower than after other approaches (respectively,
ments: M2 ⫽ 92, A2 ⫽ 69, posterior communicating artery P1
41/87 versus 16/99, P ⬍ .001) even by including only patients who
or P2 ⫽ 5. An example of distal balloon angioplasty is shown in
received intravenous milrinone (respectively, 1/56 versus 10/53,
Fig 3.
P ⫽ .003).

Safety of Distal Balloon Angioplasty
Complications of angioplasty are detailed in the On-line Table.
Cerebral infarction related to embolism or arterial dissection
or vasospasm worsening was observed in 5/87 (6%) patients
after distal balloon angioplasty. This rate was similar after
other angioplasty approaches (P ⫽ .75). Symptomatic intracranial hemorrhages were observed in 3/87 (3.4%) after distal
balloon angioplasty. All had a large infarction on imaging before the procedure. This rate was similar to that in other approaches (P ⫽ .32). No malignant edema or arterial perforation was observed after distal balloon angioplasty. The
historical comparison of the rate of complications after angioplasty is reported in Table 3. Whereas more patients had angioplasty in the second period, the rates of cerebral infarction
or symptomatic intracranial hemorrhage related to angioplasty were similar between the 2 periods (P ⱖ .64).

DISCUSSION
Our study suggests that distal balloon angioplasty is more effective than and has the same safety as conventional angioplasty to prevent DCIn and vasospasm. It failed to give evidence of a clinical benefit of this new angioplasty strategy in
patients with aSAH.
Angioplasty for vasospasm is broadly used in many centers,
but its benefit is still unproven.13 Conventional angioplasty
combines balloon angioplasty for proximal vasospasm and
chemical angioplasty for distal vasospasm.3 Chemical angioplasty is effective for treating distal vasospasm, but its effect is
not lasting, even with daily sessions because vasospasm frequently reappears after a few hours.3-5,14 Continuous chemical
angioplasty for several days may have a more lasting effect but
is associated, in our experience, with a very high rate of cereAJNR Am J Neuroradiol 40:1342– 48
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FIG 3. An example of distal transluminal balloon angioplasty of the anterior and posterior M2 branches of the right middle cerebral artery (same
patient as in Fig 1). Front (A–C) and lateral (D–F) angiograms of the right internal carotid artery. DSA before angioplasty (B and E) shows a severe
vasospasm (60%) of M1 (double star) and the anterior (double arrowhead) and posterior (triple arrowhead) M2 branches, with distal delayed
enhancement compared with DSA before vasospasm (A and D), which is cured after a distal balloon angioplasty procedure (C and F).
Table 3: Outcome of patients with aSAH

Complications of angioplasty
Cerebral infarction (No.) (%)
Intracranial hemorrhage (No.) (%)
Malignant edema (No.) (%)
DCIn
DCIn (No.) (%)
Postangioplasty DCIn (No.) (%)
DCIn without angioplasty (No.) (%)
New angioplasty (No.) (%)
1-Month death (No.) (%)
6- to 12-Month mRS ⱕ 2 (No.) (%)
a

Total
(N = 392)

Period 1
(n = 160)a

10 (2.5%)
4 (0.7%)
4 (1%)

4 (2.5%)
1 (0.6%)
4 (2.5%)

38 (9.6%)
17 (4.3%)
26 (6.6%)
49 (12%)
42 (11%)
300 (76%)

20 (12.5%)
12 (7.5%)
12 (7.5%)
30 (19%)
18 (11%)
117 (73%)

Period 1/period 2 (see Table 1).

bral embolism.4 However, arterial ruptures have been reported
using a compliant balloon, especially in small and distal arteries.15 In that setting, most interventional neuroradiologists do
not perform balloon angioplasty beyond the first segments of
the cerebral arteries. Balloon angioplasty using noncompliant
rather than compliant balloons has been suggested to prevent
any overdilation and injury of the artery.16 However, in our
experience, this technique was associated with a higher rate of
recurrent vasospasm or failure of angioplasty or dissection because of the difficulty of choosing the right diameter of the
balloon and navigating with a more rigid balloon catheter.
The feasibility of distal balloon angioplasty using an extracompliant balloon has been recently reported. Our study is the first, to
our knowledge, to report a better efficacy with the same safety of
this approach compared with conventional angioplasty to prevent
DCIn. Its efficacy may be explained by both the lasting and distal
effects of distal balloon angioplasty on vasospasm. Kohama et al17
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showed that symptomatic vasospasm is
due, in 30% of patients, to isolated vasospasm of the second segment of the cerebral arteries. The vasospasm of these
6 (2.6%)
1
segments cannot be treated by proximal
3 (1.3%)
.64
balloon angioplasty. The recent use of an
0 (0)
.02
extracompliant balloon for distal bal18 (7.7%)
.11
loon angioplasty probably explains the
5 (2.2%)
.01
excellent safety of this approach in our
14 (6.0%)
.27
series and that of Santillan et al.8 Extra19 (8%)
.002
compliant balloons navigate better than
24 (10%)
.45
183 (79%)
.12
noncompliant balloons. When the balloon is inflated over the nominal diameter of the artery, it first tends to increase
its length rather than its diameter as shown in Fig 2. Thus, extracompliant balloons are commonly used for a remodeling technique to treat distal aneurysms.
Our study failed to prove the clinical benefit of distal balloon
angioplasty in the aSAH population compared with the conventional approach, despite a lower rate of postangioplasty DCIn. We
hypothesize that our study may have lacked power using the mRS
scale, which underestimates cognitive impairment18 or by including, in the analysis, patients with aSAH rather than only those
with angioplasty (see Limitations below). We also speculate that
the higher rate of patients treated by intravenous milrinone in the
second period may have had adverse confounding effects on clinical outcome.10 Comparison of our results with recent control
groups of randomized trials is shown in Table 4.8,19,20 Our cohort
of patients during the second period tended to have a lower rate of
DCIn and a better rate of favorable outcome, with quite similar
Period 2
(n = 232)a

P
Value

Table 4: Comparative outcome with recent studiesa
Fisher ≥ 3
WFNS < IV
Our study (N ⫽ 232)
83%
77%
NA
92%
Matsuda et al 201620 (N ⫽ 74)
⬎85%
84%
Macdonald et al 201219 (N ⫽ 189)
65%
60%
Santillan et al 20118 (N ⫽ 32)b

DCIn
8%
11%
13%
NA

Angioplasty/Approach
42%/Distal balloon angioplasty
18%/Conventional
21%/Conventional
100%/Distal balloon angioplasty

mRS ≥ 4
17%
18%
24%
17%

Death
10%
NA
6%
0%

Note:—NA indicates not applicable.
a
Our results during the second period (with distal balloon angioplasty) were compared with those in the series of Santillan et al8 and control groups of recent randomized aSAH
trials.
b
Only patients who had an angioplasty of vasospasm were included.

baseline characteristics and a 2-times higher rate of angioplasty
using a distal balloon rather than conventional angioplasty.
Santillan et al8 reported a similar rate of new angioplasty (7.5%),
a lower rate of procedure-related symptomatic complications
(0%), and a higher rate of mRS ⬍ 2 outcome in a series of 32
patients treated by distal balloon angioplasty (82%). Better baseline characteristics may explain such differences in outcome compared with our series.
Our study reports complications with distal balloon angioplasty. The possible occurrence of arterial dissection, even if most
are asymptomatic, underlines the importance of a careful technique of navigation and balloon inflation as described in the Materials and Methods. In our experience, arterial dissections occurred more often during catheterization of angulated arteries
rather than during balloon inflation. No arterial rupture was observed in our study. Santillan et al8 reported 1 rupture of a remnant clipped communicating aneurysm during navigation. A full
dose of heparin should be given during the procedure to prevent
embolism (except in the presence of a large infarction). Angioplasty should not be performed in territories with an extensive
infarct, given the high risk of reperfusion injury. Navigation may
fail in angled or distal branches. Finally, our study shows that
most of DCIns occur before any angioplasty. Further studies are
needed to better determine indications of angioplasty as a preventive approach.

the higher the number of patients treated the more likely it is that
DCIn had occurred rather after that without angioplasty.
The subgroup analysis of patients with high-grade vasospasm
was not possible in the current study. Transcranial Doppler data
were not available retrospectively for all the patients or for all the
territories (including distal arteries). CTA and DSA data were
available only in patients with high suspicion or high risk of delayed cerebral ischemia. By including only patients with angioplasty, we have shown a lower rate of DCIn and a higher rate of
favorable outcome during the second period. However, these results are questionable because the higher rate of angioplasty during the second period, probably due to larger indication criteria,
artificially decreases the ratio between DCIn or favorable outcome and angioplasty. Thus, all patients with aSAH (rather than
only those with angioplasty or distal angioplasty) were included in
the main analysis, even if this inclusion reduces the power of the
study to show a benefit of distal balloon angioplasty.

Limitations
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Pretreatment Anterior Choroidal Artery Infarction Predicts
Poor Outcome after Thrombectomy in Intracranial
ICA Occlusion
X B.H. Baek, X Y.Y. Lee, X S.K. Kim, and X W. Yoon

ABSTRACT
BACKGROUND AND PURPOSE: Predictors of outcome after endovascular thrombectomy have not been investigated adequately in
patients with intracranial ICA occlusions. This study aimed to assess the impact of anterior choroidal artery infarction in pretreatment DWI
on the outcome of patients with acute intracranial ICA occlusion who underwent thrombectomy.
MATERIALS AND METHODS: This study included 113 patients with acute intracranial ICA occlusion who underwent DWI followed by
thrombectomy between January 2011 and July 2016. Characteristics and outcomes were compared between the groups positive and
negative for anterior choroidal artery infarction and patients with good outcomes (90-day mRS 0 –2) and poor outcomes (mRS 3– 6). Binary
logistic regression analyses were performed to identify independent predictors of a good outcome.
RESULTS: On pretreatment DWI, anterior choroidal artery infarction was observed in 60 patients (53.1%). Good outcomes were signiﬁcantly less frequent in the group positive for anterior choroidal artery infarction than in the group negative for it (25% versus 49.1%, P ⫽
.008). Parenchymal hemorrhage occurred only in the group positive for anterior choroidal artery infarction (13.3% versus 0%, P ⫽ .007). In
the multivariate logistic regression analysis, independent predictors of good outcome were an absence of anterior choroidal artery
infarction (OR, 0.333; 95% CI, 0.135– 0.824; P ⫽ .017) and successful reperfusion (OR, 5.598; 95% CI, 1.135–27.604; P ⫽ .034).
CONCLUSIONS: Pretreatment anterior choroidal artery infarction is associated with parenchymal hemorrhage and poor outcome after
thrombectomy in patients with acute intracranial ICA occlusion. In addition, the absence of anterior choroidal artery infarction and
successful reperfusion were independent predictors of good outcome after thrombectomy in acute intracranial ICA occlusion.

D

espite recent advances in endovascular therapy for occlusion
of large intracranial vessels, occlusion of the intracranial ICA
is still associated with poor clinical outcomes mainly due to a
substantial clot burden and poor collateral circulation.1,2 Recent
studies have reported that the rate of a good outcome is 34%–39%
after endovascular thrombectomy in patients with intracranial
ICA occlusions.1,2 Understanding the prognostic factors after endovascular thrombectomy may help refine patient-selection criteria and improve treatment outcomes in this specific group of
patients. Although a few studies have investigated the predictors
of outcomes following thrombectomy in patients with acute
anterior circulation stroke,2,3 such predictors have not been in-

Received April 4, 2019; accepted after revision June 13.
From the Department of Radiology, Chonnam National University Medical School,
Gwangju, Republic of Korea.
Please address correspondence to Woong Yoon, MD, PhD, Department of Radiology, Chonnam National University Medical School, Chonnam National University
Hospital, 42 Jebong-ro, Dong-gu, Gwangju, 61469, Republic of Korea; e-mail:
radyoon@jnu.ac.kr
http://dx.doi.org/10.3174/ajnr.A6126

vestigated adequately in patients with acute intracranial ICA
occlusions.
Occlusion of the intracranial ICA may compromise the origin
of the anterior choroidal artery, causing anterior choroidal artery
territory infarction. The anterior choroidal artery arises from the
terminal segment of the ICA and supplies critical brain structures,
including the uncus, amygdala, posterior limb of the internal capsule, lateral thalamus, tail of the caudate nucleus, rostral part of
the hippocampus, and the lateral choroid plexus.4-8 Anterior choroidal artery territory infarction usually has a poor prognosis. Lee
et al7 reported that 88% of patients with full anterior choroidal
artery territory infarct or partial infarct involving the anterior
choroidal artery territory other than the medial temporal lobe had
a poor 90-day outcome (mRS 3– 6). Anterior choroidal artery
infarction can be found on imaging before endovascular thrombectomy in patients with acute intracranial ICA occlusion. However, the prognostic impact of anterior choroidal artery infarction
observed on pretreatment imaging has not yet been investigated
in patients with intracranial ICA occlusions, to our knowledge.
Therefore, the purpose of this study was to investigate the prognostic
AJNR Am J Neuroradiol 40:1349 –55
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factors of treatment outcomes following endovascular thrombectomy in patients with acute stroke due to intracranial ICA occlusion
and the impact of anterior choroidal artery infarction on pretreatment DWI on treatment outcomes in these patients.

MATERIALS AND METHODS
Patients
From January 2011 to July 2016, a total of 380 patients presenting
with acute anterior circulation stroke due to occlusion of the intracranial ICA (n ⫽ 116) or MCA (n ⫽ 264) were treated with
endovascular thrombectomy at a comprehensive stroke center.
Of 116 patients with ICA occlusion, 3 without pretreatment DWI
data were excluded. Thus, a total of 113 patients with acute intracranial ICA occlusion who had pretreatment DWI before thrombectomy were enrolled in the study.
All patients underwent nonenhanced cranial CT and multimodal MR imaging, which included DWI, gradient-echo imaging, FLAIR, and 3D-TOF-MRA before endovascular therapy.
Intravenous rtPA was administered to eligible patients. The inclusion criteria for endovascular therapy were the following: femoral
artery puncture initiated within 6 hours of stroke onset, a baseline
NIHSS score of ⱖ4, no evidence of intracranial hemorrhage on
pretreatment imaging, and infarct volume less than one-third of
the MCA territory on pretreatment imaging. Clinical and radiologic data were collected prospectively in the stroke data base at
our institution. This study was approved by our institutional ethics committee.

DWI Assessment
Pretreatment MR imaging examinations were performed using a
1.5T MR imaging scanner (Signa HDxt; GE Healthcare, Milwaukee, Wisconsin). DWI sequences were obtained in the axial plane
using a single-shot, spin-echo EPI technique with the following
parameters: TR ⫽ 9000 ms, TE ⫽ 80 ms, section thickness ⫽ 4
mm, intersection gap ⫽ 0 mm, FOV ⫽ 260 ⫻ 260 mm, and
b-values ⫽ 0 and 1000 s/mm2. On DWI, anterior choroidal artery
infarction was defined as an acute infarction located in the uncus,
amygdala nucleus, posterior limb of the internal capsule, tail of
the caudate nucleus, medial segment of the globus pallidus, lateral
thalamus, optic radiation, cerebral peduncle, or hippocampus.4
DWI was evaluated retrospectively by 2 neuroradiologists who
were blinded to the patients’ clinical and angiographic information. Two readers also assessed the DWI-ASPECTS. Conclusions
were reached by the consensus of 2 readers in the case of
disagreement.

Endovascular Thrombectomy
Cerebral angiography and endovascular therapy were performed
with the patient under local anesthesia. Intracranial ICA was defined as part of the ICA segment from the ophthalmic segment to
the T-bifurcation. Intracranial ICA occlusion was confirmed by
catheter DSA in all patients. Endovascular thrombectomy with
either a Solitaire stent (Covidien, Irvine, California) or Trevo
stent (Stryker, Kalamazoo, Michigan) was performed as the frontline thrombectomy technique. If the frontline thrombectomy was
unsuccessful in achieving reperfusion, contact aspiration thrombectomy was performed using an intermediate catheter or a
1350
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Penumbra reperfusion catheter (Penumbra, Alameda, California).9,10 A balloon-guide catheter was not used in this study.
When a patient had a simultaneous tandem occlusion at the proximal cervical segment of the ICA, carotid angioplasty and stent
placement were performed before intracranial endovascular
thrombectomy. Intracranial angioplasty with or without stent
placement was also performed when underlying severe (⬎70%)
intracranial atherosclerotic stenosis was found at the occlusion
site. Patients who underwent either intracranial angioplasty/stent
placement or carotid stent placement received aspirin and clopidogrel immediately following the endovascular treatment. In
these patients, dual-antiplatelet therapy was continued for at least
3 months after discharge. Intracranial reperfusion status was assessed on the final angiogram and classified according to the modified TICI scale.11 Successful reperfusion was defined as a modified TICI grade of 2b or 3.

Outcome Measures
All patients underwent nonenhanced CT immediately and 24
hours following endovascular thrombectomy. Intracerebral hemorrhage was assessed on posttreatment CT scans and classified as
either hemorrhagic infarction or parenchymal hemorrhage according to the European Cooperative Acute Stroke Study II
(ECASS II) criteria.12 Symptomatic hemorrhage was defined as
any intracranial hemorrhage that caused neurologic deterioration
(NIHSS score increase of ⱖ4 points). Stroke subtype was determined at the time of discharge by a stroke neurologist on the basis
of the Trial of ORG 10172 in Acute Stroke Treatment (TOAST)
classification.13 Clinical outcomes were assessed by a stroke neurologist using the mRS during an outpatient visit 3 months posttreatment. When patients were unable to visit, the mRS score was
assessed via telephone interview. A good outcome was defined as
mRS score of 0 –2.

Statistical Analysis
Continuous variables were presented as medians and interquartile ranges, whereas discrete variables were presented as numbers
and percentages. The 2 test or Fisher exact test was used for
categoric variables, and the Mann-Whitney U test was used to
compare continuous variables. We compared differences in patient characteristics and treatment outcomes between the groups
positive and negative for anterior choroidal artery infarction and
between patients with good and poor outcomes. Binary logistic
regression analysis was performed to identify independent predictors of a good 90-day outcome. Finally, the associations between characteristics and good 90-day outcome were investigated
only among patients with successful reperfusion. Variables with a
P value of ⬍ .05 from the univariate analysis and those considered
clinically relevant (age and baseline NIHSS) were included for the
multivariate analysis. Statistical analysis was performed using
SPSS software (Version 23.0; IBM, Armonk, New York) with P ⬍
.05 considered significant.

RESULTS
Data from 113 patients (53 men and 60 women; median age, 74
years) were analyzed. The median baseline NIHSS score was
14. Intravenous rtPA was administered in 53% of patients. The

Table 1: Comparison of characteristics according to the presence or absence of anterior choroidal artery infarction on pretreatment
DWIa
Positive for Anterior
Negative for Anterior
All Patients
Choroidal Artery
Choroidal Artery
(n = 113)
Infarction (n = 60)
Infarction (n = 53)
P
Age (yr)
74 (63–78)
73 (62.25–78)
74 (65–80.50)
.152
Sex, male
53 (46.9)
26 (43.3)
27 (50.9)
.419
Risk factors
Hypertension
76 (67.3)
41 (68.3)
35 (66)
.795
Diabetes mellitus
31 (27.4)
20 (33.3)
11 (20.8)
.135
Dyslipidemia
31 (27.4)
16 (26.7)
15 (28.3)
.846
Smoking
25 (22.1)
8 (13.3)
17 (32.1)
.017
Atrial ﬁbrillation
69 (61.1)
38 (63.3)
31 (58.5)
.598
Coronary artery disease
19 (16.8)
10 (16.7)
9 (16.9)
.964
Previous stroke or TIA
16 (14.2)
7 (11.7)
9 (16.9)
.419
Congestive heart failure
7 (6.2)
4 (6.7)
3 (5.7)
1.000
Intravenous thrombolysis
60 (53.1)
35 (58.3)
25 (47.2)
.235
DWI-ASPECTS
7 (5–8)
6 (4–8)
7 (5.5–8)
.059
Time to puncture (median) (IQR) (min)
220 (160–290)
205 (151.25–297.50)
240 (179–298)
.211
Procedure duration (min)
35 (25–50)
35 (25–50)
42 (23–53.5)
.490
Time to reperfusion (min)
253 (197–337)
236.50 (186.25–332.00)
282 (206.5–350)
.214
Baseline NIHSS score
14 (11–17)
14 (12–17)
15 (10–17)
.701
Underlying intracranial atherosclerotic stenosis
12 (10.6)
4 (6.7)
8 (15.1)
.221
Cervical ICA tandem occlusion
10 (8.8)
3 (5)
7 (13.2)
.185
Stroke subtype
.509
Cardioembolism
74 (65.5)
42 (70)
32 (60.4)
Large-artery atherosclerosis
18 (15.9)
6 (10)
12 (22.6)
Undetermined
19 (16.8)
12 (20)
7 (13.2)
Other
2 (1.8)
0
2 (3.8)
Note:—IQR indicates interquartile range.
a
Values are presented as No. (%) or median (IQR).

patients, tail of the caudate nucleus in 12
patients, optic radiation in 7 patients,
lateral thalamus in 6 patients, medial
pallidum in 5 patients, hippocampus in
2 patients, and cerebral peduncle in 1
patient. Among these, 21 patients (35%)
had anterior choroidal artery infarction
confined to the medial temporal lobe
(uncus, amygdala, or both). Comparisons of the clinical and procedural characteristics between the groups positive
and negative for anterior choroidal artery infarction are shown in Table 1.
Smoking history was less frequent in the group positive for anterior choroidal artery infarction than in the group negative for
it. No significant differences were found between the 2 groups
in other characteristics.
Comparisons of the treatment outcomes between the groups
positive and negative for anterior choroidal artery infarction are
shown in Table 2. A good 90-day outcome was significantly less
frequent in the group positive for anterior choroidal artery infarction than the group negative for it (25% versus 49.1%, P ⫽ .008).
Parenchymal hemorrhage occurred only in the group positive for
anterior choroidal artery infarction (13.3% versus 0%, P ⫽ .007).
Parenchymal hemorrhage occurred in the anterior choroidal artery territory in 3 patients (all in the uncus and amygdala) (Fig 1)
and in other locations in 5 patients (basal ganglia in 5 patients,
frontal lobe in 2 patients, and lateral temporal lobe in 1 patient).
All 3 patients with parenchymal hemorrhage in the anterior choroidal artery territory had concomitant parenchymal hemor-

Table 2: Comparison of treatment outcomes between patients with and without anterior
choroidal artery infarctiona
Positive for
Negative for
Anterior Choroidal Anterior Choroidal
All Patients
Artery Infarction
Artery Infarction
(n = 113)
(n = 60)
(n = 53)
P
Successful reperfusion
89 (78.8)
45 (75)
44 (83.0)
.298
90-Day mRS 0–2
41 (37.2)
15 (25)
26 (49.1)
.008
Parenchymal hemorrhage
8 (7.1)
8 (13.3)
0
.007
Symptomatic hemorrhage
4 (3.5)
4 (6.7)
0
.121
90-Day mortality
12 (10.6)
6 (10)
6 (11.3)
.820
a

Values are presented as No. (%).

stroke subtype was cardioembolism in 74 patients (65.5%),
large-artery atherosclerosis in 18 patients (15.9%), undetermined in 19 patients (16.8%), and other in 2 patients (1.8%).
The median DWI-ASPECTS was 7. Twelve patients (10.6%)
had underlying severe intracranial atherosclerotic stenosis,
and 10 patients (8.8%) underwent carotid artery stent placement before endovascular thrombectomy. Overall, successful
reperfusion was achieved in 79% of patients (89/113), and a
good 90-day outcome, in 37% of patients (41/113). Parenchymal hemorrhage occurred in 7.1% of patients (8/113), and
symptomatic hemorrhage, in 3.5% (4/113). The 90-day mortality rate was 10.6% (12/113).

Association between Anterior Choroidal Artery Territory
Infarction and Treatment Outcomes
Anterior choroidal artery infarction was observed in 53.1% of
patients (60/113) on pretreatment DWI, distributed as follows:
the medial temporal lobe including the uncus and amygdala nucleus in 57 patients, the posterior limb of the internal capsule in 36
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FIG 1. A 74-year-old female patient with acute stroke due to acute intracranial ICA occlusion. DWI (A and B) shows acute infarctions involving
the left medial temporal lobe (arrows), left internal capsule (arrowheads), and other parts of left temporal lobe. C, A delayed-phase radiograph
obtained after a left ICA angiographic run shows complete occlusion (arrow) at the distal intracranial portion of the left ICA. D, Left ICA
angiogram obtained after stent-retriever thrombectomy shows complete recanalization of the left ICA with good distal perfusion. E, Gradientecho MR image obtained 1 day after thrombectomy shows parenchymal hematomas in the left medial temporal lobe (black arrow) and other
parts of the left temporal lobe (white arrows).
Table 3: Comparison of characteristics between patients with good and poor outcomesa
All Patients (n = 113)
Good Outcome (n = 41)
Age (yr)
74 (63–78)
70 (62–77.5)
Sex, male
53 (46.9)
21 (51.2)
Risk factors
Hypertension
76 (67.3)
27 (65.9)
Diabetes mellitus
31 (27.4)
8 (19.5)
Dyslipidemia
31 (27.4)
13 (31.7)
Smoking
25 (22.1)
12 (29.3)
Atrial ﬁbrillation
69 (61.1)
21 (51.2)
Coronary artery disease
19 (16.8)
10 (24.4)
Previous stroke or TIA
16 (14.2)
6 (14.6)
Congestive heart failure
7 (6.2)
4 (9.8)
Intravenous thrombolysis
60 (53.1)
21 (51.2)
Anterior choroidal artery infarction on DWI
60 (53.1)
15 (36.6)
DWI-ASPECTS
7 (5–8)
7 (5–9)
Time to procedure (min)
220 (160–290)
225 (138.5–292.5)
Procedural time (min)
35 (25–50)
30 (20–45)
Time to reperfusion (min)
253 (197–337)
252 (173–338)
Baseline NIHSS score
14 (11–17)
13 (10–17)
Underlying severe intracranial stenosis
12 (10.6)
8 (19.5)
Cervical ICA tandem occlusion
10 (8.8)
3 (7.3)
Stroke etiology
Cardioembolism
74 (65.5)
24 (58.5)
Large-artery atherosclerosis
18 (15.9)
10 (24.4)
Undetermined
19 (16.8)
5 (12.2)
Other
2 (1.8)
2 (4.9)
Successful reperfusion
89 (78.8)
39 (95.1)
Parenchymal hemorrhage
8 (7.1)
0
Symptomatic hemorrhage
4 (3.5)
0
a

Poor Outcome (n = 72)
74 (64–79.75)
32 (44.4)

P
.105
.488

49 (68.1)
23 (31.9)
18 (25)
13 (18.1)
48 (66.7)
9 (12.5)
10 (13.9)
3 (4.2)
39 (54.2)
45 (62.5)
6 (5–8)
220 (161.25–297.5)
43 (27.25–58.75)
258 (200.75–358)
15 (12–17)
4 (5.6)
7 (9.7)

.810
.154
.442
.167
.105
.104
.913
.253
.763
.008
.044
.770
.023
.429
.182
.028
.745
.411

50 (69.4)
8 (11.1)
14 (19.4)
0
50 (69.4)
8 (11.1)
4 (5.6)

.001
.049
.295

Values are presented as No. (%) or median (IQR).

rhage in the basal ganglia and lobar hemorrhages. Therefore,
all 8 patients developed parenchymal hemorrhage in the basal
ganglia. The epicenter of hematoma was the basal ganglia in 6
patients, the lateral temporal lobe in 1 patient, and the frontal
lobe in 1 patient. We found no significant differences between
the 2 groups in terms of successful reperfusion, symptomatic
hemorrhage, and 90-day mortality. Of 21 patients with anterior choroidal artery infarction confined to the medial temporal lobe, 19.1% (4/21) had good outcomes. In the group positive for anterior choroidal artery infarction, there was no
statistically significant difference in the rate of good outcome
between patients with internal capsule involvement and those
without it (20.8% versus 27.8%, P ⫽ .543).
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Predictors of Clinical Outcomes
Comparisons of baseline characteristics and treatment outcomes
according to 90-day functional outcome are shown in Table 3. In
univariate analysis, the following baseline or procedural variables
were associated with a good 90-day outcome: absence of anterior
choroidal artery territory infarction (P ⫽ .008), higher DWIASPECTS (P ⫽ .044), shorter procedural time (P ⫽ .023), presence of underlying severe intracranial stenosis (P ⫽ .028), and
successful reperfusion (P ⫽ .001).
In multivariate logistic regression analysis adjusted for potential confounders (age, baseline NIHSS score, anterior choroidal
artery infarction, DWI-ASPECTS, procedural time, underlying
severe intracranial stenosis, and successful reperfusion), anterior

choroidal artery infarction (OR, 0.333; 95% CI, 0.135– 0.824; P ⫽
.017; Fig 2) and successful reperfusion (OR, 5.598; 95% CI, 1.135–
27.604; P ⫽ .034; Fig 3) were independent predictors of a good
outcome at 90 days (Table 4).
In subgroup analysis including only 89 patients with successful
reperfusion, the following baseline or procedural variables were
associated with a good 90-day outcome in the univariate analysis:
absence of anterior choroidal artery territory infarction (P ⫽
.004) and higher DWI-ASPECTS (P ⫽ .032). In multivariate logistic regression analysis adjusted for potential confounders (age,
baseline NIHSS score, anterior choroidal artery infarction, and
DWI-ASPECTS), absence of anterior choroidal artery territory
infarction was the only independent predictor of a good 90-day
outcome (OR, 0.291; 95% CI, 0.114 – 0.742; P ⫽ .010) in this
subgroup.

due to intracranial ICA occlusion at a rate of 53.1%. In addition,
anterior choroidal artery infarction seen on pretreatment DWI
was significantly associated with a poor 90-day functional outcome and the occurrence of parenchymal hemorrhage following
endovascular thrombectomy in this patient group. Furthermore,
an absence of anterior choroidal artery infarction and successful
reperfusion were independent predictors of a good 90-day outcome following endovascular thrombectomy in patients with
acute intracranial ICA occlusion.
The incidence and topography of anterior choroidal artery
infarction in patients with intracranial ICA occlusion who undergo endovascular thrombectomy have not been reported previously, to our knowledge. Our study showed that anterior choroidal artery infarction might occur in approximately half of
patients with acute occlusion of the intracranial ICA. Even when
the origin of the anterior choroidal artery is occluded in patients
with intracranial ICA occlusion, anterior choroidal artery terriDISCUSSION
The present study found that anterior choroidal artery infarction
tory infarction may be absent or minimized due to collateral flows
commonly occurs in the early period of acute stroke (ⱕ6 hours)
from the ipsilateral posterior communicating artery, proximal
posterior cerebral artery, temporal and
hippocampal branches of the posterior
cerebral artery, or the posterior choroidal artery.14,15 With regard to vascular
topography, the medial temporal lobe,
including the uncus and amygdala, was
the most frequently affected region
among patients with anterior choroidal
artery infarction in our study, followed
by the posterior limb of the internal capsule, tail of the caudate nucleus, optic
radiation, lateral thalamus, medial pallidum, hippocampus, and cerebral peFIG 2. Distribution of mRS scores at 90 days according to the presence or absence of anterior duncle. The infarct topography of antechoroidal artery infarction after thrombectomy in patients with acute intracranial ICA occlusion. rior choroidal artery infarction may also
vary according to the anatomic variation
and degree of collateral flow. Our study
suggests that the medial temporal lobe is
the most consistent region supplied
from the anterior choroidal artery (95%
in our study) and is the region that may
have the poorest collateral circulation.
Our study showed that anterior choroidal artery infarction on pretreatment
DWI is associated with poor outcomes
in patients with acute ICA occlusions
even when successful reperfusion was
achieved with endovascular thrombecFIG 3. Distribution of mRS scores at 90 days, according to the reperfusion status after throm- tomy. In the present study, good outbectomy in patients with acute intracranial ICA occlusion.

Table 4: Univariate and multivariate binary logistic regression analysis for predictors of good 90-day outcome
Variable
Unadjusted OR (95% CI)
P
Adjusted OR (95% CI)
Age, per 1-year increase
0.975 (0.942–1.009)
.149
–
Baseline NIHSS score, per 1-point increase
0.922 (0.834–1.019)
.112
–
Anterior choroidal artery infarction
0.346 (0.156–0.766)
.009
0.333 (0.135–0.824)
DWI-ASPECTS, per 1-point increase
1.232 (1.004–1.511)
.046
–
Procedure duration, per 1-min increase
0.980 (0.961–1.000)
.047
–
Underlying severe intracranial stenosis
4.121 (1.157–14.678)
.029
–
Successful reperfusion
8.580 (1.901–38.718)
.005
5.598 (1.135–27.604)
AJNR Am J Neuroradiol 40:1349 –55

Aug 2019

www.ajnr.org

P
–
–
.017
–
–
–
.034
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comes were less frequent in the group positive for anterior choroidal artery infarction than in the group negative for it for the
entire cohort (25% versus 49%, P ⫽ .008) and the subgroup of
patients with successful reperfusion (28.9% versus 59.1%, P ⫽
.004). In addition, anterior choroidal artery infarction was an independent predictor of outcome on multivariate analyses performed in the entire cohort as well as in the subgroup with successful reperfusion. These findings may not be surprising because
the anterior choroidal artery supplies deeply located eloquent areas, such as the internal capsule, amygdala, medial pallidum, thalamus, and hippocampus. Ois et al6 reported that 45.2% of patients with an isolated large (largest diameter, ⱖ2 cm) anterior
choroidal artery territory infarction without hemispheric infarction had poor outcomes (mRS 3– 6) at 3 months. Recently, Rosso
et al16 also found that the involvement of the internal capsule was
the strongest predictor of 90-day outcome among DWI-ASPECTS brain regions in patients with left-sided strokes. However,
there was no statistically significant difference in the rate of good
outcome between patients with internal capsule involvement and
those without it (P ⫽ .543) among patients with pretreatment
anterior choroidal artery infarction in our study. This finding may
suggest that poor outcomes in the group positive for anterior
choroidal artery infarction are mediated not only by the involvement of the internal capsule but also by other factors such as large
baseline infarct extent, poor collateral circulation, or development of posttreatment hemorrhage in this group. In the current
study, poor outcomes in patients with anterior choroidal artery
infarction can be partly attributed to the occurrence of parenchymal hemorrhage, which is known to be a predictor of poor outcomes and mortality after endovascular thrombectomy in patients with anterior circulation large-vessel occlusion.2,17 This
hemorrhage occurred only in patients with anterior choroidal artery infarction in our study, which may suggest that patients with
anterior choroidal artery infarction have a severely hypoperfused
lesion due to poor collateral status.18
To date, only 1 study has investigated the relationship between
anterior choroidal artery infarction and functional outcome in
patients with ICA occlusion. Lee et al7 reported that the absence of
anterior choroidal artery infarction or infarction restricted to the
medial temporal lobe, compared with other patterns of infarction, had a good discharge outcome (44.4% versus 12.1%) more
frequently among 60 patients with ICA occlusions. In our study,
only 19% of patients with anterior choroidal artery infarction
confined to the medial temporal lobe had good outcomes at 90
days, which seems to be inconsistent with the results of the study
of Lee et al. Apart from the inequality of the compared groups and
endovascular treatment technique, this discrepancy may be due,
in large part, to the differences in the timing of the outcome assessment (90-day versus discharge) and the proportions of stroke
subtypes between the 2 studies. Anterior choroidal artery infarction tends to result in neurologic symptom progression,19 and
cardioembolism was more common in our study than the study of
Lee et al.
Yoon et al2 reported that age, reperfusion status, parenchymal
hemorrhage, and baseline NIHSS score were independent predictors of good outcome in 335 patients with acute anterior circulation stroke who underwent modern endovascular thrombec1354
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tomy. Among patients with acute anterior circulation stroke,
those with ICA occlusions have a worse prognosis than those with
MCA occlusions, even after endovascular thrombectomy. Therefore, the identification of more specific predictors directly related
to ICA occlusions is needed to further improve patient management in acute anterior circulation stroke. However, such investigations have not been reported to date. Our study revealed that
pretreatment anterior choroidal artery infarction independently
predicts functional outcome after endovascular thrombectomy in
acute ICA occlusions. Moreover, anterior choroidal artery infarction was independently associated with 90-day outcome regardless of reperfusion status. This finding suggests that performing
DWI before thrombectomy is advantageous in the prognostication of patients with acute ICA occlusion because it is challenging
to identify acute ischemic changes within the anterior choroidal
artery territory with CT in the hyperacute stage. Our study also
confirmed the strong association of successful reperfusion and
good outcomes after endovascular thrombectomy in acute largevessel occlusion, which has been observed in previous studies.2,3
In our study, a good outcome was achieved in 44% (n ⫽ 39/89) of
patients with successful reperfusion, but only in 8.3% (n ⫽ 2 /24)
of patients without successful reperfusion in the entire cohort.
Successful reperfusion was one of the independent predictors of
good 90-day outcome (OR, 8.305). Although the rate of successful
reperfusion was higher in our study than in previous reports (79%
in our study versus 69% in a pooled analysis including 115 patients1), this rate is unsatisfactory. Considering the importance of
successful reperfusion, a more effective endovascular strategy is
still needed for patients with acute ICA occlusions.
This study had some limitations. First, this was a retrospective
study conducted in a single center. Second, we could not evaluate
collateral circulation in this study because contralateral ICA and
vertebral angiography were not performed according to our protocol for acute stroke intervention. In addition, the length of
occlusion in the ICA, A1 segment of the anterior cerebral artery,
and the M1 segment of the MCA could not be evaluated because
microcatheter contrast injection was usually not recommended
during an endovascular procedure to decrease hemorrhagic
complications.20

CONCLUSIONS
Our study suggests that anterior choroidal artery infarction is
common during the early period after occlusion of the intracranial ICA, and pretreatment anterior choroidal artery infarction is
associated with parenchymal hemorrhage and poor 90-day outcome after modern endovascular thrombectomy. In addition, this
study revealed that an absence of anterior choroidal artery infarction and successful reperfusion are significant predictors of
good outcomes after thrombectomy in acute intracranial ICA
occlusions.
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19. Derflinger S, Fiebach JB, Böttger S, et al. The progressive course of
neurological symptoms in anterior choroidal artery infarcts. Int J
Stroke 2015;10:134 –37 CrossRef Medline
20. Khatri R, Khatri P, Khoury J, et al. Microcatheter contrast injections
during intra-arterial thrombolysis increase intracranial hemorrhage risk. J Neurointerv Surg 2010;2:115–19 CrossRef Medline

AJNR Am J Neuroradiol 40:1349 –55

Aug 2019

www.ajnr.org

1355

ORIGINAL RESEARCH

INTERVENTIONAL

GUide sheath Advancement and aspiRation in the Distal
petrocavernous internal carotid artery (GUARD)
Technique during Thrombectomy Improves Reperfusion and
Clinical Outcomes
X S.A. Ansari, X M. Darwish, X R.N. Abdalla, X D.R. Cantrell, X A. Shaibani, X M.C. Hurley, X B.S. Jahromi, and X M.B. Potts

ABSTRACT
BACKGROUND AND PURPOSE: Adjunctive techniques to stent retriever thrombectomy include balloon-guide catheters and/or distal
access catheters for aspiration. We describe a novel technique using a ﬂexible, 6 French 088 distal guide sheath advanced past the skull
base to augment mechanical thrombectomy. We studied the relative safety and efﬁcacy of this technique in the setting of a combined
stent retriever– distal access catheter aspiration thrombectomy protocol.
MATERIALS AND METHODS: We performed a retrospective case-control study of intracranial internal carotid artery or M1–M2 middle
cerebral artery occlusions requiring mechanical thrombectomy. Patients were divided into 2 groups based on thrombectomy techniques:
conventional stent retriever with distal access catheter aspiration without (standard) and with adjunctive GUide sheath Advancement and
aspiRation in the Distal petrocavernous internal carotid artery (GUARD). Using propensity score matching, we compared procedural safety,
reperfusion efﬁcacy using the modiﬁed Thrombolysis in Cerebral Infarction scale and clinical outcomes with the modiﬁed Rankin Scale.
RESULTS: In comparing the GUARD (45 patients) versus standard (45 matched case controls) groups, there were no signiﬁcant differences
in demographics, NIHSS presentations, IV rtPA use, median onset-to-groin puncture times, procedural complications, symptomatic
intracranial hemorrhage, or mortality. The GUARD group demonstrated signiﬁcantly higher successful mTICI ⱖ2b reperfusion rates (98%
versus 80%, P ⫽ .015) and improved functional mRS ⱕ2 outcomes (67% versus 43%, P ⫽ .04), with independent effects of the GUARD
technique conﬁrmed in a multivariable logistic regression model.
CONCLUSIONS: The GUARD technique during mechanical thrombectomy with combined stent retrieval– distal access catheter aspiration is safe and effective in improving reperfusion and clinical outcomes.
ABBREVIATIONS: BGC ⫽ balloon-guide catheter; DAC ⫽ distal access catheter; DGS ⫽ distal guide sheath; GUARD ⫽ GUide sheath Advancement and aspiRation
in the Distal petrocavernous internal carotid artery; F ⫽ French; mTICI ⫽ modiﬁed Thrombolysis in Cerebral Infarction; mRS ⫽ modiﬁed Rankin Scale; NIHSS ⫽ National
Institutes of Health Stroke Scale; ASPECTS ⫽ Alberta Stroke Program Early CT Score; ICA ⫽ internal carotid artery; MCA ⫽ middle cerebral artery; IV rtPA ⫽ intravenous
recombinant tissue plasminogen activator; SICH ⫽ symptomatic intracranial hemorrhage; ELVO ⫽ emergent large-vessel occlusions

E

ndovascular mechanical thrombectomy for emergent largevessel occlusions (ELVO) is the standard of care in acute ischemic stroke treatment as confirmed by multiple randomized controlled trials.1,2 The rate of successful recanalization and effective
reperfusion (TICI ⱖ2b) was attributed to modern stent-retriever
technology and was estimated to be 71% in the pooled Highly
Effective Reperfusion evaluated in Multiple Endovascular Stroke
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Trials (HERMES)2 meta-analysis, corresponding to better functional outcomes for treatment-versus-control groups (46% versus 26.5%, mRS ⱕ2), respectively. Subsequently, several thrombectomy devices and protocols were developed to optimize
angiographic and clinical outcomes.
Early adaptations in thrombectomy techniques can be classified into 3 groups: traditional stent retriever thrombectomy, a
distal access catheter (DAC) aspiration technique (A Direct Aspiration First Pass Technique [ADAPT] or Forced Aspiration Suction Thrombectomy [FAST]),3,4 and a combined stent retriever
with DAC aspiration approach (SOLUMBRA, Continuous Aspiration Prior To Intracranial Vascular Embolectomy [CAPTIVE],
or Stent retriever Assisted Vacuum-locked Extraction [SAVE]).5-7 Although the Contact Aspiration vs Stent Retriever for Successful
Revascularization (ASTER) and Aspiration thrombectomy versus
stent retriever thrombectomy as first-line approach for large ves-

sel occlusion (COMPASS) randomized controlled trials demonstrated equivalency of stent retriever versus contact aspiration
thrombectomy, these trials did not study combined techniques or
control for adjunctive aspiration through a proximal guide-catheter/sheath or balloon guide catheter (BGC).8,9 Compared with
stent retriever thrombectomy alone, the combination of stent retrievers with DAC aspiration reported higher rates of successful
(⬎80%) and first-pass (37%–72%) reperfusion, indicating lower
rates of thrombus fragmentation.5-7
BGCs have also been extensively employed to minimize the
risk of thrombus fragmentation and embolization via flow modification or flow arrest in the proximal parent artery. A metaanalysis by Brinjikji et al10 showed BGC utilization to be more
effective in successful TICI 2b/3 reperfusion (78.9% versus 67%),
single-pass recanalization (63.1% versus 45.2%), reduced procedure times (70.5 versus 90.9 minutes), and improved functional
outcomes (59.7% versus 43.8%, mRS 0 –2).11 Further complementary techniques were described by Massari et al12 (Aspiration
Retriever Technique for Stroke [ARTS]) and Stampfl et al13 that
combined stent retriever thrombectomy with both BGC and DAC
aspiration. Maegerlein et al14 directly compared this type of
PRoximal balloon Occlusion TogEther with direCt Thrombus aspiration during stent retriever thrombectomy (PROTECT) technique against stent retriever thrombectomy with DAC aspiration
alone; the PROTECT technique achieved higher rates of successful TICI ⱖ2b (100% versus 78%) and complete TICI 3 (70%
versus 39%) reperfusion, as well as shorter procedure times (29
versus 40 minutes).
We investigated a novel method of flow modification via
coaxial advancement and aspiration of a flexible 6F 088 distal
guide sheath (DGS) past the skull base during mechanical
thrombectomy, analogous to BGC and DAC adjunctive techniques. We hypothesized that this GUide sheath Advancement
and aspiRation in the Distal petrocavernous internal carotid
artery (GUARD) technique could reduce antegrade flow as
well as clot-retrieval distance, allowing more efficient and
complete reperfusion. We examined the safety, technical and
clinical efficacy of the adjunctive GUARD technique compared
with our standard combined stent retriever with DAC aspiration thrombectomy protocol in a propensity score–matched
patient cohort.

MATERIALS AND METHODS
Institutional review board approval was obtained for a retrospective case-control study of all patients with acute ischemic
stroke secondary to anterior circulation ELVO who underwent
mechanical thrombectomy at 3 comprehensive stroke centers
by 5 neurointerventionalists, using a standardized thrombectomy protocol from November 2016 to August 2018. Patient
and imaging criteria for mechanical thrombectomy included
severe acute ischemic stroke symptoms (NIHSS ⱖ5), presentation ⬍24 hours from last known well, CT ASPECTS ⱖ6, CT
angiography confirmed ELVO (intracranial ICA or M1–M2
MCA), and CT perfusion (CTP) profile consistent with the
Endovascular Therapy Following Imaging Evaluation for Ischemic Stroke (DEFUSE 3)15 or Clinical Mismatch in the Triage
of Wake-Up and Late Presenting Strokes Undergoing Neuro-

intervention with Trevo (DAWN)16 trial inclusion criteria if
presenting ⬎6 hours from last known well.
Cases were separated by thrombectomy technique into a standard group versus a novel GUARD group with technical adaptation as detailed below. Use of the adjunctive GUARD technique
was first introduced by a single neurointerventionalist and subsequently adopted by the remaining practitioners during the study
period. After initial data analysis of both groups, a propensity
score–matched analysis to control for confounding variables provided equivalent case controls in the standard group for comparison against the GUARD group.

Interventions: Standard-versus-GUARD Thrombectomy
Techniques
All procedures were initiated via transfemoral puncture using
6F ⫻ 80 –100 cm guide sheaths (Flexor Shuttle, Cook; Neuron
MAX, Penumbra; or AXS Infinity, Stryker), which were initially
placed in the cervical ICA. All procedures used a triaxial system
with coaxial advancement of large-bore DACs (ACE 60, ACE 64,
or ACE 68; Penumbra) and 021/027 microcatheters using 0.014-/
0.016-inch microwires to cross the thromboembolus. Stent retrievers (Trevo XP ProVue Retriever, Stryker; Solitaire/Solitaire 2,
Medtronic) were deployed with ⬎50% of the stent construct distal to
the clot followed by immediate DAC advancement under continuous vacuum aspiration (MAX/Engine Pump, Penumbra) to the
proximal aspect of the clot until cessation of flow indicated engagement of the thromboembolus and stent retriever. Next, the internal
021/027 stent delivery microcatheter was removed to maximize the
DAC aspiration force. In the standard thrombectomy protocol, after
⬎5 minutes to optimize clot integration, the combined stent retriever–DAC aspiration complex was removed from the cervical guide
sheath under manual (⬎30 mL) syringe aspiration.
In the modified GUARD technique, only flexible 6F 088 ⫻
90 –100 cm guide sheaths (Neuron MAX, Penumbra; or AXS Infinity, Stryker) were used. Following stent retriever deployment
and DAC advancement under vacuum aspiration to engage the
proximal aspect of the thromboembolus, the flexible 6F 088 DGS
was further triaxially advanced across the skull base (horizontal
petrous to posterior genu cavernous segment of the ICA) over the
large-bore (6F) DAC, deployed stent retriever, and 021/027 stentdelivery microcatheter. After removal of the internal 021/027
stent-delivery microcatheter to maximize the DAC aspiration
force and ⬃5 minutes to optimize clot integration with the stent
retriever, the combined stent retriever–DAC aspiration complex
was removed from the flexible 6F 088 DGS within the petrocavernous ICA, while continuous aspiration was applied to both the
DAC (vacuum) and DGS (manual). Finally, the 6F 088 DGS was
continuously aspirated and retracted into the cervical or proximal
petrous segments of the ICA until blood return confirmed guidesheath clearance and no residual flow limitation (Fig 1).

Data and Outcome Analysis
All patient and imaging data were extracted from a prospectively maintained stroke intervention data base integrated
across all comprehensive stroke centers, the electronic medical
record, and/or PACS. We analyzed patient demographics (age,
sex), presentations (NIHSS, IV rtPA), imaging selection (CT
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Statistical Analysis
A propensity score–matched analysis
was performed to compare patients
who underwent thrombectomy treated
by the GUARD-versus-standard techniques with a ratio of 1:1 using confounding variables on the initial data
analysis: age, IV rtPA use, CTP selection,
and previous stroke/TIA as predictors
with a greedy Euclidian matching algorithm and matching tolerance of 0.2
(XLSTAT-Premium 2018.6; Addinsoft,
Long Island City, New York). Baseline
characteristics along with procedural
and clinical outcomes were compared
between the GUARD and standard
groups using Mann-Whitney and Fisher
exact tests for continuous and categorical variables, respectively, with statistical
significance set at a P value ⬍ .05 (SPSS
24; IBM, Armonk, New York).
A multivariable logistic regression
analysis was performed to assess the
independent effects of the GUARD
technique by adjusting for outcome
confounders. Prespecified dependent
variables were set to either a good functional outcome (mRS ⱕ2), successful or
FIG 1. Lateral pre- (A) and post- (B) thrombectomy DSA images demonstrate complete TICI 3 complete reperfusion; the independent
reperfusion of a left ICA terminus (arrowhead) occlusion using the GUARD technique with distal variables included age, onset to groin
guide sheath placement and combined stent retriever– distal access catheter aspiration throm- puncture, IV rtPA use, occlusion locabectomy. Fluoroscopic intraoperative images in the lateral (C) and antero-posterior (D) projections show stent retriever deployment across the supraclinoid ICA/M1 MCA occlusion with tion, and CTP selection. Results of the
advancement of a large-bore ACE 68 distal access catheter (arrowheads) to the proximal aspect logistic regression analysis were reof the clot under vacuum aspiration, and triaxial advancement of the Neuron Max 088 guide ported as an adjusted odds ratio (aOR)
sheath (arrows) distally into the posterior genu cavernous segment of the left ICA.
with 95% confidence intervals (CI). All
data were reported as percentages or
ASPECTS/CTP), vessel occlusion locations, times to treatment
median (range), except for the number of thrombectomy passes
(symptom onset to groin puncture or successful reperfusion),
reported as a mean ⫾ standard deviation (SD).
procedure times, angiographic outcomes (thrombectomy passes,
mTICI scores), major (neurovascular) and minor (access site)
RESULTS
procedural complications, SICH per the European Cooperative
We identified 112 consecutive patients with acute ischemic stroke
17
Acute Stroke Study (ECASS-3) criteria, clinical outcomes
with anterior circulation ELVO who underwent mechanical
(mRS), and mortality. We adjudicated 2 study outcomes: angiothrombectomy with a standard stent retriever–DAC aspiration
graphic and clinical outcomes. Angiographic outcomes were deprotocol during the study period, including 45 patients with an
termined by measuring the mTICI score on post-thrombectomy
adjunctive DGS in the petrocavernous ICA composing the
cerebral angiography; each score reported during the procedure
GUARD group. After propensity score 1:1 ratio matching, we
was graded and confirmed by a blinded neurointerventionalist
identified 45/67 patients in the standard group (clot retrieval into
who did not perform the procedure. Successful revascularization
a cervical ICA guide sheath) as case controls for direct
or reperfusion efficacy was defined as mTICI ⱖ2b, and complete
comparison.
18
reperfusion was defined as mTICI 2c/3. Clinical success was
There were no significant differences in baseline age, sex,
defined as a good functional neurological outcome measured by
stroke
risk factors (atrial fibrillation, hypertension, hyperlipidmRS ⱕ2, requiring concordance of separate assessments by both
emia,
diabetes
mellitus, smoking, or prior TIA/stroke), initial
stroke neurology and neurointerventional surgery practitioners
NIHSS presentation, CT ASPECTS and/or CTP imaging selecat 90-day follow-up. In cases of disagreement, the lower TICI and
tion, IV rtPA use, vessel occlusion location (including tandem
higher mRS scores were used for analysis of angiographic and
ICA/MCA occlusions), or symptom onset-to-groin puncture
clinical outcomes, respectively. Safety was assessed by comparing
time between the GUARD and standard groups (Table 1). Almajor procedural complications, SICH, and mortality at 90 days
though there remained a trend toward younger patients being
in the GUARD relative to standard control groups.
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performed in the GUARD (9/45 patients)
versus standard (5/45 patients) group
(20% versus 11% respectively, P ⫽ .26).
Safety was assessed with respect to major neurovascular complications, and no
difference was noted with GUARD (2/45
patients) versus standard (4/45 patients)
thrombectomy techniques (4% versus
9% respectively, P ⫽ .68). A non-flowlimiting petrocavernous ICA dissection
(n ⫽ 1) was related to aggressive DGS
advancement across the posterior genu
segment of the cavernous ICA, which
was medically treated with aspirin and
without neurologic sequelae. Three suspected iatrogenic, non-flow-limiting intracranial MCA dissections (GUARD
n ⫽ 1 versus standard n ⫽ 2) were managed medically with IV eptifibatide and
postprocedural antiplatelets. Other major
iatrogenic complications in the standard
thrombectomy group included new territory emboli (n ⫽ 2) in the fetal posterior
cerebral artery distribution and a secondary intraprocedural occlusion of the contralateral ICA. Minor access-site complications included a groin pseudoaneurysm
requiring percutaneous thrombin injection in the GUARD group, a carotid puncture–related pseudoaneurysm treated with
sonography-guided compression, and 3
minor groin hematomas managed conservatively in the standard group. Furthermore, there were nonsignificant
trends toward lower SICH rates (2%
versus 9%, P ⫽ .36) and decreased mortality at 90 days (13% versus 30%, P ⫽
.10) in the GUARD cohort (Table 1).
Note:—AF indicates atrial ﬁbrillation; HTN, hypertension; DM, diabetes mellitus; HLD, hyperlipidemia.
We found significantly improved
a
Signiﬁcant.
clinical outcomes with GUARD thrombectomy, measured by either a median
treated with the GUARD technique (median, 69 versus 74 years;
mRS (2 versus 4, P ⫽ .01) or mRS ⱕ2 (67% versus 43%; P ⫽ .04)
P ⫽ .09), this was not statistically significant.
at 90 days (Fig 2B). After adjusting for confounding variables in a
The GUARD technique demonstrated significantly higher sucmultivariable logistic regression model (Table 2), the GUARD
cessful TICI ⱖ2b reperfusion rates (98% versus 80%, P ⫽ .015) comtechnique was independently associated with successful TICI ⱖ2b
reperfusion (aOR, 13.7; 95% CI, 1.2–150.9; P ⫽ .03) and good
pared with the standard thrombectomy protocol (Fig 2A). Additionfunctional mRS ⱕ2 outcomes (aOR ⫽ 3.77; 95% CI, 1.15–12.34;
ally, there were trends toward complete TICI 2c/3 reperfusion (67%
P ⫽ .03). The GUARD technique also demonstrated a strong
versus 47%, P ⫽ .09), first-pass recanalization (39% versus 23%, P ⫽
trend toward complete TICI 2c/3 reperfusion (aOR, 2.45; 95% CI,
.17), fewer thrombectomy passes (2.3 versus 2.8, P ⫽ .09), and faster
0.93– 6.42; P ⫽ .07), but this did not reach statistical significance.
groin-to-final reperfusion times (52 versus 61 minutes, P ⫽ .2) in the
GUARD group, but these did not reach statistical significance (Table
1). Endovascular angioplasty and/or stent placement were required
DISCUSSION
for vessel salvage after revascularization in cases deemed refractory to
Mechanical thrombectomy via stent retriever and/or largethrombectomy from underlying vessel wall pathology (atherosclerobore DAC aspiration technology has revolutionized the
sis or dissections). There was no difference in the frequency of extreatment of acute ischemic stroke secondary to ELVO.2-8 The
tracranial carotid angioplasty/stent placement (5 versus 3 intervensuccess of multiple stroke thrombectomy randomized controlled trials has been attributed in large part to higher repertions) and intracranial stent placement (5 versus 3 interventions)
Table 1: Comparison of baseline demographics, presentations, procedural efﬁcacy, and
safety between the GUARD and standard thrombectomy techniques
GUARD
Standard
P
(n = 45)
(n = 45)
Value
Sex (% male)
42
51
.53
Median age (range/yr)
69 (21–92)
74 (39–92)
.09
Median NIHSS score (range)
17 (6–30)
17 (5–32)
.68
Median CT ASPECTS (range)
9 (6–10)
9 (6–10)
.89
CTP (%)
44
56
.40
IV rtPA (%)
36
49
.29
Vessel occlusion (%)
.88
ICA terminus
25
22
Cervical ICA ⫹ MCA
4
7
MCA (M1–M2)
71
71
Risk factors (%)
AF
44
53
.53
HTN
76
80
.80
DM
20
27
.62
Smoker
9
9
.99
HLD
49
49
.99
Previous stroke/TIA
7
11
.71
Median symptom onset-to-groin
192 (78–1193)
219 (27–1097)
.241
puncture time (range/min)
Median symptom onset to reperfusion
254 (107–1245)
279 (108–1226)
.21
time (range/min)
Median groin puncture to reperfusion
52 (29–225)
61 (23–184)
.20
time (range/min)
Mean No. of passes ⫾ SD
2.3 ⫾ 1.3
2.8 ⫾ 1.5
.09
First-pass reperfusion (%)
39
23
.17
Final mTICI score (%)
.046a
3
51
40
2c
16
7
2b
31
33
2a
2
16
1
0
2
0
0
2
Successful reperfusion mTICI ⱖ 2b (%)
98
80
.015a
Complete reperfusion mTICI 2c/3 (%)
67
47
.09
mTICI 3 (%)
51
40
.40
Adjunctive stenting/angioplasty (%)
20
11
.26
SICH (%)
2
9
.36
Neurovascular complications (%)
4
9
.68
Median mRS at 90 days (range)
2 (0–6)
4 (0–6)
.01a
mRS ⱕ 2 at 90 days (%)
67
43
.04a
Mortality at 90 days (%)
13
30
.10
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have suggested enhanced performance when combining both
approaches.5-7 A meta-analysis from large-registry data also demonstrated the adjunctive value of proximal flow-arrest techniques
using BGCs in embolic protection.10,11 Finally, proximal aspiration techniques via BGC (ARTS, PROTECT)12,14 or cervical guide
catheter/sheath (SAVE)7 in conjunction with stent retriever–
DAC aspiration thrombectomy have yielded the most impressive
results, nearly 100% successful TICI 2b and 70%– 80% complete
TICI 2c/3 reperfusion rates, corresponding to excellent 50%–
60% mRS ⱕ2 clinical outcomes. However, BGCs are typically
large-profile devices limited to 8F/9F femoral sheath access, poor
trackability in difficult aortic arch or
great vessel anatomy, and cervical ICA
placement requiring clot retrieval across
the tortuous petrocavernous segments.
In addition, the rate of clinically significant groin complications in patients
treated with IV rtPA and mechanical
thrombectomy using a BGC has been estimated to be 0.4%– 0.8%,20 and larger
sheath sizes of ⬎8F have been shown to
be an independent predictor of retroperitoneal hematomas associated with
longer hospital stays and higher mortality rates.21,22
In our GUARD technique, we safely
advanced a 6F 088 DGS past the skull
base into the petrocavernous ICA for
flow modification and aspiration during
thrombus retrieval. Although we were
initially concerned that a 6F profile
sheath could be associated with risks of
vessel injury or severe vasospasm in
smaller, tortuous, and distal ICA segments, we encountered only a single
(2%) iatrogenic petrocavernous nonflow-limiting dissection. We attributed
this success to both flexible DGS technology and methodical triaxial advancement of the 6F 088 DGS over a largebore 6F DAC (1:1 profile) with internal
FIG 2. A, Comparison of recanalization results measured with a modiﬁed TICI score between the
GUARD and standard techniques (P ⫽ .046). B, Comparison of functional clinical outcomes by an support of a deployed stent retriever and
fusion rates than prior failed intra-arterial thrombolysis/
thrombectomy trials using first- and second-generation
devices.19 Further work since then has focused on improving
stroke processes and thrombectomy techniques to optimize
the efficiency and effectiveness of vessel recanalization by reducing times to revascularization, number of required thrombectomy passes, thrombus fragmentation, and distal or new
territory embolization.
Large-bore DAC aspiration alone via the ADAPT technique
has shown promise as an equivalent alternative to stent
retriever– based thrombectomy,3,8,9 but several recent studies

mRS at 90 days between the GUARD and standard techniques (P ⫽ .01).

Table 2: Multivariable logistic regression analysis with dependent variables for successful reperfusion, complete reperfusion, and
independent functional clinical outcomes
Successful Reperfusion TICI ≥2b
Complete Reperfusion TICI 2c/3
Clinical Outcomes mRS ≤2
GUARD
Age
Sex (male)
Onset to groin time
IV rtPA
Location
MCA
ICA terminus
Cervical ICA ⫹ MCA
CTP

aOR
13.7 (1.24–150.85)
1
4.2
1.0
0.72

P Value
.03a
.42
.17
.49
.75

aOR
2.45 (0.93–6.42)
0.98
1.28
1.0
0.72

P Value
.07
.25
.6
.18
.54

aOR
3.77 (1.15–12.34)
1.03
2.68
1.0
2.71

P Value
.03a
.19
.09
.11
.15

9.0
4.7
1
1.5

.14
.35
.286
.69

0.78
1.06
1
1.68

.80
.96
.84
.32

8.82
4.71
1
2.82

.08
.24
.15
.11

Note:—Data reported as adjusted odds ratio (aOR) including 95% conﬁdence intervals (CI) for the GUARD technique.
a
Signiﬁcant.
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a 021/027 stent-deployment microcatheter under gentle traction
to overcome vascular tortuosity. Furthermore, placement of a 6F
(8F outer diameter) DGS in 4- to 5-mm diameter ICA segments
combined with large-bore DAC aspiration may have sufficiently
reduced both antegrade flow and clot-retrieval distance for more
effective and efficient thrombectomy.
Failure or incomplete thrombectomy due to distal and new
territory embolization has been attributed to limited clot integration during device retrieval across the length and tortuosity of the
intracranial vasculature. Combined stent retriever–DAC aspiration techniques increase the retrieval force (FR) and reduce antegrade flow or the impaction force (FI) by using a large-bore (diameter) DAC, but this may be further modified with proximal
flow arrest and/or aspiration techniques using a BGC or DGS.
While GUARD does not accomplish complete flow arrest akin to
a BGC, coaxial DGS placement into the distal petrocavernous
segment improves FR vectors in tortuous vasculature and reduces
the distance (work ⫽ FR ⫻ d) and time (momentum ⫽ FR ⫻ t)
required for successful clot retrieval.23 New flexible DGS technology with larger inner diameters (6F 091) is being introduced into
the market that will allow safe trackability and access into the
distal and smaller ICA segments, but with improved proximal
aspiration capacity during retrieval of large-bore DAC-stent retriever complexes to further diminish the FI.
In our study, we achieved higher rates of successful TICI ⱖ2b
(98% versus 80%) and complete TICI 2c/3 reperfusion (67%
versus 47%) with an adjunctive GUARD technique compared
with propensity score–matched controls using stent retriever–
DAC aspiration thrombectomy alone. Indeed with GUARD,
we achieved equivalence with the most favorable published
results that similarly combined adjunctive BGC aspiration
with stent retriever–DAC aspiration thrombectomy (ARTS/
PROTECT), reporting successful and complete reperfusion in
98%–100% and 70% of patients, respectively.14 In contrast,
BGC-mediated stent retriever thrombectomy alone without
concomitant DAC aspiration has demonstrated relatively
lower successful (76%–79%) and complete (54%–58%) reperfusion rates in the North American Solitaire Stent-Retriever
Acute Stroke (NASA) registry and a large BGC meta-analysis.10,11 Although statistical trends toward higher single-pass
recanalization (39% versus 23%) and shorter procedure times
with the GUARD technique did not reach statistical significance, first-pass recanalization was comparable with both the
ARTS (43%) and PROTECT (48%) techniques. Higher rates of
successful and complete reperfusion with GUARD or similarly
effective ARTS/PROTECT techniques suggest that adjunctive
DGS or BGC devices confer similar benefits. In addition, the
SAVE and CAPTIVE techniques using proximal aspiration
from a cervical guide sheath and/or continuous DAC aspiration during stent retriever deployment instead of a BGC also
yielded excellent complete TICI 2c/3 (78%– 80%) and firstpass (59%–72%) reperfusion rates, superior to stent retriever–
DAC aspiration alone techniques (SOLUMBRA).5-7 Interestingly, most cases using SAVE used 8F guide catheters with
diameters equivalent to those in the 6F 088 DGS used in our
GUARD technique.
Studies yielding the highest reperfusion rates combined

stent retriever thrombectomy with both DAC and proximal
BGC/DGS aspiration and resulted in the best clinical outcomes
(ARTS, SAVE, PROTECT, GUARD). Our improved reperfusion rates in the GUARD cohort correlated with significantly
higher rates of functional independence (67% versus 43%,
mRS ⱕ2 at 90 days, P ⫽ .01), equivalent to previously published studies using BGCs and/or proximal aspiration in either
the large BGC meta-analysis (60%)10 or the single-arm SAVE
(59%) and ARTS (66%) studies. Although the PROTECT technique failed to report 90-day clinical outcomes, prior description of this combined stent retriever with DAC and proximal
BGC aspiration approach by Stampfl et al13 noted 52% mRS
0 –2 at 90 days.13,14 Further larger cohort comparative studies
of our GUARD technique using DGS aspiration against similarly effective and adjunctive BGC aspiration techniques are
warranted and planned in a multicenter setting.
Several limitations in our study include a retrospective, nonrandomized study design. We attempted to mitigate this risk with
propensity score matching to provide case controls without statistically significant differences in baseline parameters. In addition, a multivariate logistic regression analysis was performed to
investigate the independent effect of the GUARD technique on
reperfusion and good functional outcomes, while adjusting for
possible confounders. However, despite propensity score matching, a nonstatistical trend toward a younger age bias in the
GUARD group persisted. Our study may have been prone to patient-selection bias as DGS advancement could have been hindered in challenging aortic arch anatomy or 360° cervical vascular
loops. We identified 7 cases in which we failed to advance a DGS
into the petrocavernous ICA segments to initiate the GUARD
technique, and 4 of these cases had a 360° loop in the proximal
ICA. Despite traversing the vascular loops with the DGS, inadequate catheter length prevented further distal access into the petrocavernous ICA, which may have been mitigated if longer (100
cm) DGSs were used or available. The remaining 3 cases presented
with extremely tortuous aortic and/or great vessel anatomy preventing either distal DGS placement (n ⫽ 1) or requiring direct
carotid access (n ⫽ 2), with short introducer sheaths limited to the
cervical ICA. However, there were no cases in which the GUARD
technique was possible and then abandoned for another technique to achieve successful recanalization. In contrast, we reverted to the GUARD technique from our standard technique in 3
patients after several failed thrombectomy attempts; these patients were analyzed within the GUARD cohort, potentially negatively impacting procedure times, number of passes, and percentage of first-pass recanalizations.
Finally, caution is warranted in comparing studies on adjunctive thrombectomy techniques, especially when combining stent
retrieval, DAC aspiration, and/or proximal BGC/DGS aspiration.
It may be difficult to control for the various types and sizes of
thrombectomy devices or other uncontrolled techniques such as
positioning or deployment of devices, time for thrombus integration/engagement, and retrieval techniques. Furthermore, most
studies to date have been nonrandomized, single-arm, and smallsample-size studies without control populations. Nevertheless,
the only comparative studies with internal control groups remain
CAPTIVE, PROTECT, and the current GUARD study, all demAJNR Am J Neuroradiol 40:1356 – 62

Aug 2019

www.ajnr.org

1361

onstrating relatively higher reperfusion rates and better clinical
outcomes.

CONCLUSIONS
We describe a novel GUARD technique using a flexible 6F 088
DGS that is advanced into the petrocavernous segment of the ICA
during combined stent retriever–DAC aspiration thrombectomy.
In comparison with a propensity score–matched patient cohort,
the adjunctive GUARD technique was shown to be safe and independently effective in improving both reperfusion and functional
clinical outcomes. Our results using GUARD appear equivalent to
the most optimum techniques published to date, including proximal BGC aspiration in combination with stent retriever–DAC
aspiration thrombectomy.
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Posterior Fossa Dural Arteriovenous Fistulas with Subarachnoid
Venous Drainage: Outcomes of Endovascular Treatment
X L. Détraz, X K. Orlov, X V. Berestov, X V. Borodetsky, X A. Rouchaud , X L.G. de Abreu Mattos, and X C. Mounayer

ABSTRACT
BACKGROUND AND PURPOSE: Dural AVFs located in the posterior fossa are a rare entity. The objectives of the study were to analyze
the anatomy of dural AVFs, their endovascular treatment strategies, and clinical outcomes.
MATERIALS AND METHODS: Two centers retrospectively selected patients treated between January 2009 and June 2018 having posterior
fossa dural AVFs. We collected patient demographics, clinical presentation, arterial and venous outﬂow anatomy of the dural AVFs, and
treatment outcomes.
RESULTS: Twenty-six patients treated endovascularly for posterior fossa dural AVFs, type III, IV, or V, were included. One hundred percent
of the dural AVFs were occluded. A transarterial approach was performed in 23 dural AVFs (88.5%); a combined transarterial and transvenous approach, for 2 dural AVFs (7.7%); and a transvenous approach alone, for 1 dural AVF (3.8%). The middle meningeal artery was the
most common artery chosen to inject embolic liquid (46%, 12/26). Procedure-related morbidity was 15.4% at 24 hours, 7.7% at discharge,
and 0% at 6 months. Procedure-related mortality was 0%.
CONCLUSIONS: Endovascular treatment offers high occlusion rates for posterior fossa dural AVFs with low morbidity and mortality
rates. The arterial approach is the ﬁrst-line preferred approach, even if a transvenous or combined approach would be a safe and effective
option for patients with favorable anatomy.
ABBREVIATIONS: APA ⫽ ascending pharyngeal artery; dAVF ⫽ dural AVF; MHT ⫽ meningohypophyseal trunk; MMA ⫽ middle meningeal artery; NAEL ⫽
nonadhesive embolic liquid; PMA ⫽ posterior meningeal artery

D

ural AVFs (dAVFs) are a rare pathology, accounting for
10%–15% of all intracranial vascular shunts.1 dAVFs of the
posterior fossa are defined as intracranial direct shunts involving
the tentorium and the dura that covers the remainder of the posterior fossa.2
On the basis of their drainage, dAVFs of the posterior fossa can
be divided into 2 entities: benign fistulas,3 draining into a sinus,
and those with a high risk of bleeding, with a subarachnoid venous
drainage. If one excluded shunts of the transverse and sigmoid
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sinuses, posterior fossa fistulas are the most dangerous fistulas
due to their cortical drainage at risk of rupture and their eloquent
location.3,4
Due to their rarity, only a few studies2-4 have described the
anatomic settings, clinical presentation, and endovascular management of posterior fossa dAVFs. Hence, we reviewed dAVFs
located in the posterior fossa with subarachnoid venous drainage
from 2 centers (University Hospital of Limoges, France and National Medical Research, Center of the Ministry of Health of the
Russian Federation, Novosibirsk, Russia), all treated by an endovascular approach. We analyzed their anatomy and clinical presentation and discussed their endovascular treatment.

MATERIALS AND METHODS
Data Collection
Data regarding patient demographics, baseline clinical presentations, embolization techniques, and follow-up outcomes were
collected in prospective data bases of dural arteriovenous shunts
treated by an endovascular approach at 2 interventional neuroradiology centers from January 2009 to June 2018. During this period, every patient presenting at the hospital with a posterior fossa
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dAVF with subarachnoid venous drainage, ruptured or not, was
treated by a multidisciplinary neurovascular staff (neurosurgeons
and neuroradiologist). Cases of posterior fossa dAVFs with subarachnoid venous drainage have been retrospectively identified
from those data bases for this specific study. A retrospective analysis of the patient record, neuroimaging, and follow-up was
performed by 2 investigators in each center. At least 1 of the 2
investigators was not involved into the patient’s treatment. Investigators had at least 2 years of experience in interventional neuroradiology. In case of discrepancy, the investigators reviewed the
cases together to reach consensus.

Patient Selection
All cases were diagnosed with initial MR imaging or CT angiography and further confirmed and analyzed by selective DSA. Initial DSA included a complete angiography (bilateral internal and
external carotid arteries, and bilateral vertebral artery).
Inclusion criteria were endovascularly treated patients with
ruptured and unruptured dAVFs, with a dural shunt located in
the posterior fossa and subarachnoid venous drainage. Exclusion
criteria were dAVFs directly draining into the sinus.

Endovascular Treatment Protocol
In each center, the therapeutic strategy was defined by a multidisciplinary neurovascular team. All the selected patients had been
treated endovascularly, under general anesthesia. Procedures
were performed in a biplane, flat panel angiographic suite (Allura
Xper FD20; Philips Healthcare, Best, the Netherlands). Arterial
vascular access was achieved by a transfemoral approach using a
6F catheter. When venous access was needed, a transjugular or
transfemoral approach was used. For each patient, 3000 –5000 IU
of heparin was administered intravenously at the beginning of the
intracranial catheterization.
Nonadhesive embolic liquid (NAEL) and adhesive embolic
liquid agents were used. NAELs used were the following: Onyx
(Covidien, Irvine, California), SQUID (http://medcinpharma.
com/products-solutions/emboflu/), or Precipitating Hydrophobic Injectable Liquid (PHIL; MicroVention, Tustin, California).
The adhesive embolic liquid used was Glubran Tiss (Glubran®,
GEM, Viareggio, Italy).

Clinical and Imaging Follow-Up
Every patient underwent full clinical and neurologic evaluation by
the senior neuroradiologist in charge, before the treatment, at
awakening, at discharge, and 6 months after the endovascular
procedure. The 6-months evaluation was usually followed by
DSA. If DSA was not performed, patients underwent MR imaging. The mRS was assessed before the treatment, at discharge, and
at 6 months. A stable or improved mRS between pretreatment and
6-month follow-up was considered a good clinical outcome.

RESULTS
Patient Baseline Characteristics
Of the 198 dAVFs treated in the 2 centers, 26 patients (13.1%)
presented with posterior fossa dAVFs with subarachnoid venous
drainage and were included in this study. The mean age was
54 ⫾ 15 years (range, 23– 80 years) with 80.7% men (21/26).
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FIG 1. Arterial feeders of the dAVFs and number of dAVF fed by a
given artery. Twenty-two of 26 dAVFs had multiple feeders. OA indicates occipital artery; PB, petrous branch; TB, tentorial branch; SB,
squamous branch; VA, vertebral artery.

Eight patients (30.7%) presented with intracranial hemorrhage
(On-line Table 1).
According to the Cognard classification,5 10 dAVFs (38.5%)
were type III, 10 were type IV (38.5%), and 6 were type V (23.1%).
Clinical symptoms leading to the diagnosis were headache (9
cases, 34.6%), cerebellar syndrome (4 cases, 15.4%), hemiparesis
(2 cases, 7.7%), myelopathy (4 cases, 15.4%), acute cervical pain
(1 case, 3.8%), and pulsatile tinnitus (1 case, 3.8%). Five cases
(19.2%) were incidental findings.

Location and Angioarchitecture
All dAVFs were fed by a meningeal branch of the external carotid
artery. Multiple arterial feeders were observed in 84.4% (22/26) of
cases, with a bilateral supply in 61.5% (16/26). The most common
feeding artery was the middle meningeal artery (MMA) (11 cases,
42.3%; 7 from a tentorial branch, 3 from a squamous branch, 1
from a petrosal branch); then, the posterior meningeal artery
(PMA) arising from the vertebral artery (11 cases, 42.3%); the
PMA from occipital artery (9 cases, 34.6%); the medial tentorial
branch of the meningohypophyseal trunk (MHT) (7 cases,
26.7%); and the ascending pharyngeal artery (APA) (6 cases,
23.1%; 3 from the hypoglossal branch and 3 from the jugular
branch) (Fig 1 and On-line Table 1).
Seven dAVFs with a petrosal location presented with a shunt
into the superior petrosal vein: Five dAVFs had a venous outflow
into the basal vein, 1 dAVF had an outflow into the tentorial
lateral sinus, and 1 dAVF, into the perimedullary veins (On-line
Tables 1 and 2).
Four dAVFs located on the free edge of the tentorium presented with a shunt into the tectal vein with a venous outflow into
the torcular. All were supplied by a meningeal branch of the superior cerebellar artery with different secondary supplies, with
branches arising from the internal carotid artery or from the PMA
(On-line Tables 1 and 2).
Eight dAVFs with a posterior tentorial location presented with
a shunt into the declival vein with an outflow into the cerebellar
veins (On-line Tables 1 and 2).
Two dAVFs also presented with a posterior tentorial location
but with a shunt into the inferior cerebellar vein and a lateral
tentorial sinus outflow (On-line Tables 1 and 2).
Six dAVFs had a perimedullary outflow: Five dAVFs were located on the foramen magnum with a shunt into the lateral medullary vein and without any MMA feeding, whereas 1 dAVF, de-

the meningeal branch of the SCA and by
different accessory supplies from the
PMA or the MHT. Hence, embolization
Onyx 18 +
Combined Venous
Onyx 18 PHIL Glubran Glubran SQUID Approach Approach
through the meningeal branch of the
No. of dAVFs treated
23
2
1
SCA was the first option (50.0% of the
No. of sessions
17
3
2
2
2
3
1
cases) when the navigation and Onyx reComplications (No. of cases)
3
0
0
1
0
0
0
flux were acceptable. For 1 case, due to
incomplete occlusion and arterial navigation difficulties, embolization was completed by a transvenous
approach with a pressure cooker technique using coils and NAEL
to increase the ability to push more NAEL and control the flow.
Concerning dAVFs draining into the cerebellar cortical veins,
the MMA was the most frequent feeder (75.0%), and the embolization via the MMA was the first option when possible (5 cases,
62.5%) (Fig 3). The PMA (3 cases, 37.5%) and transosseous
branches (1 case, 12.5%) were the second option due to the risk of
ischemia in case of reflux into the vertebral artery and navigation
difficulties.
For dAVFs draining into the lateral tentorial sinus, a transarterial approach via the MMA was the first option when possible.
In 1 case, a complementary transvenous approach through the
tentorial sinus was also performed because of the partial occlusion
via injection of embolic liquid through a narrow MMA. Occlusion
was total.
For dAVFs draining into the perimedullary veins, a venous
approach was not possible. Regarding the foramen magnum fistulas, despite the frequency of anastomosis in this area, 3 cases
(60.0%) of dAVFs were treated via the PMA. For the petrosal
FIG 2. Transvenous approach. Arteriography of a petrosal dAVF with
location, the MMA was chosen (Fig 4).
Endovascular treatment strategy

Arterial Approach

petrosal outﬂow, fed by the recurrent tentorial branch of the inferolateral trunk and a posterior meningeal branch, draining into the internal temporal vein. Retrograde catheterization of the straight sinus
via the jugular golf and lateral sinus. Two Echelon 10 microcatheters
(Covidien) were navigated to the foot vein located on the internal
temporal vein. By means of 1 microcatheter, platinum coils were
rolled; then Onyx 18 was injected through the second microcatheter.
The dAVF was totally cured at the end of the intervention. A, Lateral
initial angiogram. B, Transvenous coiling. C, Transvenous Onyx injection. D, Cast of Onyx and coils.

scribed above, had a petrosal location with a shunt into the
superior petrosal vein, fed by the tentorial branch of MMA
(On-line Tables 1 and 2).

Endovascular Treatment Strategies
A transarterial approach was performed in 23 dAVFs (88.5%); a
combined transarterial and transvenous approach, in 2 patients
(7.7%); and a transvenous approach alone, in 1 patient (3.8%)
(On-line Tables 1 and 2 and Table). During the selected period,
100% of the dAVFs were totally occluded. Twenty-two (84.6%)
dAVFs were totally occluded with a single session; 3 dAVFs,
(7.7%) after 2 sessions; and 1 (3.8%), after 3 sessions. Details are
provided in the Table. No patients had an operation.
Regarding dAVFs draining into the basal vein, MMA embolization was the first option in 80.0% of cases, even if the MHT/
infero-lateral trunk was the principal feeder. One dAVF was occluded using a single transvenous approach due to the narrowed
caliber of the main feeding artery and the risk of reflux into the
ICA. Details are provided in Fig 2.
dAVFs with a tectal shunt and a torcular outflow were fed by

Clinical and Angiographic Outcomes
Treatment-related morbidity was observed in 4 patients (15.4%),
including 2 with complete recovery in ⬍24 hours. The 2 other
patients had a full recovery at 6-month follow-up. Transient
symptoms presented were a fourth cranial nerve palsy after NAEL
embolization and hemiparesis after reflux of NAEL into the vertebral artery. The 2 major complications were hydrocephaly due
to mass effect after a venous thrombosis and superior cerebellar
ischemia due to a NAEL arterial reflux (On-line Table 1). We
report no complications with transvenous or combined procedures. Thus, procedure-related morbidity at 24 hours was 15.5%;
at discharge, it was 7.7%; and at 6 months, it was 0%. Procedurerelated mortality was 0%.
Four patients were lost to follow-up, for whom the mRS at
discharge was zero. Compared with the clinical situation at the
time of diagnosis, every patient had a stable or improved clinical
situation at 6 months (Fig 5). All of them achieved independence
(mRS ⬍ 2) at 6 months or at discharge versus 80.0% at the time of
the diagnosis.
Twenty-two patients (84.6%) underwent a control angiography at 6 months, which showed permanent occlusion for each of
them.

DISCUSSION
Treatment Considerations and Classiﬁcation
When intervention is indicated, the cornerstone of dAVF treatment is the disconnection of the vein foot. Proximal draining
AJNR Am J Neuroradiol 40:1363– 68

Aug 2019

www.ajnr.org

1365

FIG 3. Transarterial approach. Arteriography of a ruptured dAVF
with a shunt located in the declival vein and venous outﬂow into
the cerebellar veins, fed by the PMA of the vertebral artery, transosseous branches of the occipital artery and squamous branch of
the MMA. The MMA was catheterized; platinum coils were rolled
into the MMA to improve NAEL penetration, and then, NAEL was
injected. A, Lateral initial angiogram via the external carotid artery.
B, Lateral initial angiogram via the vertebral artery. C, Coils with
the pressure cooker technique in the MMA. D, Final cast of Onyx
and coils.

veins must be occluded at the end of the treatment.6 Due to their
rarity, endovascular treatment of posterior fossa dAVFs has been
less often described. Nevertheless, the arterial approach is the
most common one even if a transvenous or combined approach
can be a safe and effective option.7,8 As described in the literature,7 in our series the transarterial route was the first-line approach. However, regarding the 3 patients treated by a transvenous
approach, alone or combined, we detected no clinical complications,
and the mRS was stable or improved at 6 months for those patients.
Hence, even if we cannot support any conclusion with such a small
number of patients, the transvenous approach could be an option for
some selective cases.
Furthermore, in agreement with the literature,6,9,10 the MMA
was the most commonly selected artery to navigate to the shunt,
even if it was not the main feeding artery, because of the less
tortuous route and the lower rate of dangerous anastomosis. We
report 2 main complications: extended venous thrombosis causing hydrocephaly and cerebellar ischemia unrelated to the MMA
navigation.
In the present series, complication rates linked to the procedure were low. However, the complication rates reported in the
literature were even lower. Indeed, Maimon et al6 reported a complication rate of 5.8%, and Cognard et al,11 a rate of 6.7%. However, those rates do not specifically concern posterior fossa dAVFs
but all dAVFs with cortical venous drainage, including dAVFs
that are considered safer to treat. Besides, Zhou et al,4 in a series of
5 tentorial dAVFs, reported 1 complication (20%) due to a cerebellar infarctus, whereas Motebajane and Choi,12 in a series of 12
1366
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FIG 4. Double balloons with a pressure cooker technique. Arteriography of an unruptured petrosal dAVF, fed by the medial tentorial branch of the MHT and a tentorial branch of the MMA,
draining into superior petrosal vein with an outﬂow into the perimedullary veins. A balloon pressure cooker technique was used. A
Scepter XC 4 ⫻ 11 balloon (MicroVention, Tustin, California) was
inﬂated in the MMA to improve the Onyx injection, while protecting the carotid siphon with a Copernic balloon (Balt Extrusion,
Montmorency, France). While both balloons were inﬂated, Onyx
18 was injected in a single session using a Marathon microcatheter
(Covidien). Total occlusion of the shunt was noted on the ﬁnal
angiography. A, Antero-posterior initial angiogram. B, Lateral initial
angiogram. C, Balloon pressure cooker technique in the MMA with
the balloon-protecting device in the ICA. D, Final cast of Onyx.

FIG 5. mRS before treatment at the time of the diagnosis and 6
months after treatment when available, or at discharge if not.

dAVFs of the foramen magnum treated with n-BCA, reported
no complications as Liang et al13 in a series of 5 dAVFs of the
foramen magnum treated with Onyx. Besides, tentorial fistulas
are more challenging because there is usually a dural supply
from both the internal and external carotid arteries, increasing
the procedural risk of intracranial embolic events.9 Furthermore, because the venous drainage pattern is linked to the
clinical symptoms,14,15 this slightly higher complication rate
regarding fossa posterior fistulas might be linked to the specificity of posterior fossa drainage. Likewise, posterior fossa fistulas are located in a very eloquent zone.
Finally, the complication rate of the present series might also
be linked to a more intensive endovascular treatment because

100% of the dAVFs were occluded, whereas Maimon et al6 reported a rate of 88.3%, and Cognard et al,11 a rate of 80% of total
occlusion.

Anatomic Considerations and Classiﬁcation
We analyzed 26 dAVFs of the posterior fossa with infratentorial venous drainage. Because of the importance of venous
drainage in the clinical presentation,15 special attention should
be given to the venous outflow to improve the understanding
of the shunt and the flow. Venous outflow can be defined according to the main draining vein at the level of the shunt.
Thus, based on their venous outflow, cases have been classified
into 5 groups, considering the shunt, the arterial feeders, and
the treatment strategy.
The 5 groups noted were the following: group 1, vein outflow
into the basal vein; group 2, vein outflow into the torcular; group
3, vein outflow into the cerebellar cortical vein; group 4, vein
outflow into the lateral tentorial sinus; and group 5, vein outflow
into the perimedullary venous plexus.
Other classifications exist but are not adapted to the endovascular approach because they are not specifically based on the outflow. Indeed, Lawton et al16 established a very detailed classification dividing 31 tentorial dAVFs into 6 groups. Nevertheless, this
classification is anatomic and does not examine the venous outflow pattern. It is mainly to prepare the surgical access but is not
adapted for an endovascular approach. There is another classification based on the location of the shunt and not on the outflow,
thus including a posterior fossa shunt with occasionally supratentorial drainage.17 Hence, the proposed classification is more
adapted to the endovascular approach and based on venous outflow, which is the most clinically impactful.15 However, due to the
rarity of the cases, this classification has to be strengthened by
further studies including more patients.
All of the dAVFs draining into the basal vein were petrosal
and had a venous shunt into the superior petrosal vein. One
other petrosal dAVF drained into the tentorial sinus, and another petrosal dAVF drained into perimedullary veins. Hence,
for petrosal dAVFs, the anatomic location of the shunt did not
predict the outflow and thus the symptoms, enhancing the
need for a classification considering the venous outflow. In
fact, our results were consistent with the pattern of drainage of
the petrosal dAVF, which was described by Li et al18 and
Matsushima et al.19 They classified petrosal dAVFs into 4
groups based on the draining area: the posterior mesencephalic
group, anterior pontomesencephalic group, petrosal group,
and tentorial group. They showed that all patients from the
posterior mesencephalic group and some patients from the
pontomesencephalic group had supratentorial drainage via a
connection to the basilar vein. However, in the present series,
we focused only on infratentorial drainage, so we do not present any pontomesencephalic dAVFs in our series.
Regarding the perimedullary drainage, the 5 dAVFs with a
shunt into the lateral medullary vein were located on the foramen
magnum and fed by the PMA of the vertebral artery or the APA as
classically described in the literature.3,12

Limitations
Limitations should be noted in the present series. First, it is a
retrospective analysis with inherent bias due to this method. Second, the cohort is relatively small because posterior fossa dAVFs
are rare, and patients were not randomized into transarterial,
transvenous, or combined approaches, which does not allow
comparison among the different endovascular approaches.
Finally, due to their rarity, not many studies focusing on
dAVFs of the posterior fossa can be found in the literature. To our
knowledge, our series is the largest in the literature specifically
concerning dAVFs of the posterior fossa.

CONCLUSIONS
dAVFs of the posterior fossa with subarachnoid venous drainage
are rare and difficult to treat. Special attention should be given to
the venous outflow to understand the pathology and analyze the
therapeutic procedure. An arterial approach was the most common. A venous approach, isolated or combined, could also to be
safe and successful in some selected cases; additional data are
needed regarding this approach.
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Carotid Artery Stiffness Accurately Predicts White Matter
Hyperintensity Volume 20 Years Later: A Secondary Analysis of
the Atherosclerosis Risk in the Community Study
X A. de Havenon, X K.-H. Wong, X A. Elkhetali, X J.S. McNally, X J.J. Majersik, and X N.S. Rost

ABSTRACT
BACKGROUND AND PURPOSE: Arterial stiffness is a biomarker of cerebrovascular disease and dementia risk. Studies have shown an
association between carotid artery stiffness and increased white matter hyperintensity volume and, as a result, reduced total brain volume
on MR imaging, but none have had prolonged follow-up to fully evaluate the slow change seen in white matter hyperintensity volume and
total brain volume with time. Our objective was to determine whether common carotid artery stiffness on sonography accurately predicts
white matter hyperintensity volume and total brain volume on MR imaging more than 20 years later.
MATERIALS AND METHODS: We performed a secondary analysis of the Atherosclerosis Risk in the Community study to compare 5
measurements of carotid artery stiffness, including strain, distensibility, compliance, Stiffness index, and pressure-strain elastic modulus,
with the white matter hyperintensity volume and total brain volume on a follow-up MR imaging using linear regression.
RESULTS: We included 1402 patients enrolled in the Atherosclerosis Risk in the Community study. There was a signiﬁcant relationship
between increasing carotid artery stiffness and both higher white matter hyperintensity volume and lower total brain volume on MR
imaging, measured at a mean of 21.5 years later. In multivariable linear regression models, the carotid strain, distensibility, Stiffness index,
and pressure-strain elastic modulus were associated with white matter hyperintensity volume. Only compliance was associated with total
brain volume in the multivariate models.
CONCLUSIONS: Sonography measurements of carotid artery stiffness are predictive of white matter hyperintensity volume and total
brain volume on MR imaging more than 20 years later. The association is more robust for white matter hyperintensity volume than total
brain volume. These ﬁndings support the role of arterial stiffness as a method for identifying patients at risk of developing white matter
hyperintensity volume and as a potential mechanism leading to small-artery disease of the brain.
ABBREVIATIONS: CS ⫽ carotid artery stiffness; TBV ⫽ total brain volume; WMH ⫽ white matter hyperintensity; WMHv ⫽ white matter hyperintensity
volume

W

hite matter hyperintensity (WMH), a radiographic signature of diffuse small cerebral vasculopathy, and brain atrophy on MR imaging are associated with impaired cognitive function and poor neurologic outcomes.1-3 Arterial stiffness is a
marker of cerebrovascular disease, which is caused by advanced
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age, hypertension, smoking, and diabetes.4,5 Carotid artery stiffness (CS), measured with sonography, is an independent risk factor for cerebrovascular disease, cognitive impairment, and mortality.4,6 Carotid wall stiffness is postulated to transmit the
increase in blood pressure during systole to the brain, where it can
harm the sensitive microvasculature, whose dysfunction is implicated in the pathogenesis of WMH and, as a result, brain atrophy.7
Most studies that examined the association of CS with WMH or
brain atrophy have been cross-sectional with concurrent sonography and brain MR imaging or relied on aortic or peripheral
arterial stiffness measurements rather than those of the carotid
artery.4,8,9 Two longitudinal studies failed to show an association
between CS and WMH or total brain volume (TBV) with time,
but both had significantly shorter periods of follow-up.10,11 Given
the slow pace of WMH and brain atrophy development, we
sought to explore their association with CS during a more physiologically plausible time interval spanning 2 decades.
AJNR Am J Neuroradiol 40:1369 –73
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ARIC-specific algorithm. WMHv was
measured using similar methodology on
an axial T2 FLAIR pulse sequence.
We included 5 measures of CS of the
d
common carotid artery, which take into
Age (mean)
55.6 ⫾ 5.3
⬍.001
account the peak systolic diameter
Male (No.) (%)
571, 40.7
.214
(PSD) of the carotid artery, end diastolic
Caucasian (No.) (%)
1,023, 73.0
.007d
Hypertension (No.) (%) (n ⫽ 1396)
280, 20.1
⬍.001d
diameter (EDD), systolic blood pressure
Diabetes (No.) (%) (n ⫽ 1398)
71, 5.1
.265
(SBP), diastolic blood pressure (DBP),
History of myocardial infarction (No.) (%)
26, 1.9
.898
and pulse pressure (PP). The 5 CS meaHistory of stroke (No.) (%)
10, 0.7
.602
sures are the following: strain [(PSDPrevalent coronary heart disease (No.) (%)
16, 1.2
.297
EDD) / EDD], distensibility [100 ⫻
Current cigarette smoking (No.) (%) (n ⫽ 1400)
206, 14.7
⬍.001d
Current alcohol consumption (No.) (%) (n ⫽ 1400)
846, 60.4
.009d
(PSD2 ⫺ EDD2) / (PP ⫻ EDD2)], comBody mass index (mean)
27.1 ⫾ 4.6
⬍.001d
pliance [ ⫻ (PSD2 ⫺ EDD2) / (4 ⫻
LDL cholesterol (mean) (mg/dL) (n ⫽ 1376)
131.2 ⫾ 35.0
.493
PP)], Stiffness index [log(SBP / DBP) /
HDL cholesterol (mean) (mg/dL) (n ⫽ 1328)
49.3 ⫾ 16.7
.067
strain], and pressure-strain elastic modFasting blood glucose (mean) (mmol/L)
5.9 ⫾ 1.6
.077
ulus [PP / strain]. For strain, distensibilAntihypertensive in last 2 weeks (No.) (%)
248, 17.8
⬍.001d
(n ⫽ 1397)
ity, and compliance, higher values reAspirin in last 2 weeks (No.) (%) (n ⫽ 1400)
632, 45.1
.369
flect less CS. For the Stiffness index and
Statin in last 2 weeks (No.) (%) (n ⫽ 1400)
29, 2.1
.651
pressure-strain elastic modulus, higher
Plaque in either carotid on ultrasound (No.) (%)
310, 22.3
.270
values reflect more CS. All measures of
(n ⫽ 1392)
CS were treated as continuous variables
Voltage of left ventricular leads on ECG (mean)
1174.2 ⫾ 525.4
⬍.001d
(n ⫽ 1391)
in statistical analyses, unless otherwise
WMH volume (mean) (mL)
17.5 ⫾ 17.4
specified.
1015.8 ⫾ 109.4
Total brain volume (mean) (mL) (n ⫽ 1397)b
We report the association between
b
1.7 ⫾ 1.7
Ratio of WMH/TBV (mean) (%) (n ⫽ 1397)
c
visit
2 baseline demographics and ca135.0
⫾
12.4
Mean systolic blood pressure (mm Hg)
rotid distensibility as a surrogate for CS,
15.8 ⫾ 4.2
Mean systolic SD (mm Hg)c
23.3 ⫾ 3.1
Mean number of blood pressure readingsc
using linear regression and the Student t
Years between carotid ultrasound and MRI (mean)
21.5 ⫾ 0.9
test. We further divided the 5 CS meaNote:—ECG indicates electrocardiography; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
surements into quintiles and tested for
a
Association tested with linear regression for continuous variables and Student t test for categoric variables.
differences in the mean WMHv and
b
Derived from visit 5 MRI.
c
TBV with ANOVA. We fit multivariate
Derived from all available blood pressure readings from visit 2 through visit 5.
d
Signiﬁcant.
linear regression models to the outcomes of WMHv and TBV. Model 1 was
adjusted for all available systolic blood
MATERIALS AND METHODS
pressure
measurements
between
visits 2 and 5 because chronic
This is a secondary analysis of the Atherosclerosis Risk in the
12
hypertension
has
shown
the
best
correlation
with WMHv. For the
Community (ARIC) study, a large prospective epidemiologic
subsequent
models,
we
tested
candidate
covariates
from the destudy conducted in 4 communities in the United States. Particimographic
data
in
Table
1
with
stepwise
backward
selection
fit to
pants were 45– 64 years of age at enrollment in 1987–1989, and
the
outcomes
and
set
to
a
threshold
of
a
P
⬍
0.1
for
inclusion.
they continue to be followed periodically for vascular health staUsing this methodology, we adjusted model 2 for selected visit 2
tus. No study-based intervention was provided. With a local indemographics (the WMH model adjusted for patient age, sex,
stitutional review board waiver from the University of Utah, we
body mass index, high-density lipoprotein cholesterol level, curobtained the anonymized ARIC dataset from the National Heart,
rent smoking, history of hypertension; the TBV model adjusted
Lung, and Blood Institute Biologic Specimen and Data Repository
for patient age, sex, black race, fasting glucose level, and current
Information Coordinating Center. We included patients who had
smoking), and model 3 was adjusted for selected visit 3 demoboth a carotid sonography at visit 2 (1990 –1992) and a brain MR
graphics (1993–1995) (the WMH model adjusted for patient age,
imaging at visit 5 (2011–2013). No brain MR imaging was percurrent cigarette smoking, history of hypertension, and voltage of
formed at visit 2. The methods of carotid sonography measure13
left ventricular leads on electrocardiography; the TBV model adments have been previously described, as have the methods of
justed for patient age, sex, black race, diabetes, and high-density
the white matter hyperintensity volume (WMHv) and TBV mea14
lipoprotein cholesterol level). Sensitivity analyses were conducted
surement on MR imaging. In short, the MR imaging was peradjusted for demographics from visit 4 and with the WMHv stanformed at a 3T field strength with a standardized protocol for all
dardized to TBV (WMHv:TBV).
study sites. The ARIC MR imaging reading center (Mayo Clinic,
Table 1: Baseline demographics at visit 2 and P values for association with concurrent
carotid distensibility measurementa
P Value for
Full Cohort
Association with
Variable
(n = 1402)
Carotid Distensibility

Rochester, Minnesota) was responsible for quality control and
interpretation of the scans. TBV was measured on a sagittal T1weighted 3D volumetric MPRAGE pulse sequence using FreeSurfer (Version 5.1; (http://surfer.nmr.mgh.harvard.edu) and an
1370
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RESULTS
The final cohort included 1402 patients with a mean of 21.5 years
between carotid sonography and MR imaging. The mean age at

tween CS and TBV was less consistent
than WMHv, and strain was not significantly predictive. Only compliance had
an association with TBV in the multivariate models. These results were not
changed in our sensitivity analyses (data
not shown).

DISCUSSION
CS is associated with WMHv, and, to a
lesser extent, with TBV on MR imaging
obtained ⬎2 decades later. The association with WMHv is more robust than
for TBV, which is a multifactorial outcome that combines vascular injury and
neurodegeneration. The percentage
difference in WMHv between the least
stiff to most stiff quintile of CS was on
the order of 30%, while for TBV, it was
on the order of 2%. These represent
clinically meaningful differences that
may translate to divergent outcome
rates. Arterial stiffness has a direct
pathophysiologic link to WMH, which
is caused by dysfunction of cerebral
microvasculature that is hypothesized
to be uniquely sensitive to the hypertension transmitted by stiffer arteries.7
In addition, our findings may be explained by shared long-term WMHv
and CS risk-factor exposure, including
hypertension, diabetes, smoking, and
hyperlipidemia.
Our study is consistent with prior
FIGURE. Mean values of WMH and TBV in the quintiles of carotid sonography measurements. For
studies
that were either cross-sectional
strain, distensibility, and compliance, the higher quintiles reﬂect less carotid stiffness. For the
or
used
peripheral measures of arterial
Stiffness index and pressure-strain elastic modulus, the higher quintiles reﬂect more carotid
stiffness.
stiffness,4,8,9 but the findings conflict
with 2 prior longitudinal studies. The
sonography was 57 years, and at MR imaging, it was 76 years.
Second Manifestations of ARTerial disease-MR (SMART-MR)
Baseline demographics from visit 2, when the carotid sonography
study looked at the change in WMHv and TBV and failed to find
was performed, are shown in Table 1. Although cerebrovascular
an association with CS, but it had only 4 years of follow-up.10
risk factors were modestly prevalent (hypertension ⫽ 20.1%,
Likewise, in the Framingham Offspring Cohort, the carotidsmoking ⫽ 14.7%, diabetes ⫽ 5.1%, plaque in either carotid
femoral pulse wave velocity was not associated with change in
artery on sonography ⫽ 22.3%), only 0.7% had a history of
WMHv and TBV, but the follow-up period was 6 years.11
prior stroke. The mean values for CS were the following: strain ⫽
While baseline MR imaging scans are not available for this
5.4% ⫾ 1.9%, distensibility ⫽ 1.8% ⫾ 0.8%/kPa, compliance ⫽
analysis to account for temporal change in WMHv or TBV,
8.0 ⫾ 3.1 mm3/kPa, Stiffness index ⫽ 0.11 ⫾ 0.04 (unitless),
these patients were relatively young at baseline, making the
large volumes of WMH and brain atrophy seen on MR imaging
pressure-strain elastic modulus ⫽ 131.1 ⫾ 56.1 kPa. We found
at visit 5, when the mean age was 76 years, an effective, though
that the following visit 2 variables were significantly associated
imperfect, proxy for change in WMHv or TBV. We posit that
with increased CS: advanced patient age, black race, hypertension,
our findings reflect the more biologically meaningful interval
smoking, not consuming alcohol, higher body weight, and evibetween the measurements of CS and WMHv or TBV, which
dence of left ventricular hypertrophy (LVH) on electrocardiograwould allow the gradual progression of disease and accumulaphy (Table 1).
tion of damage from increased arterial stiffness.
The mean WMHv increased linearly with higher CS (Figure).
This analysis has the unique strength of a prolonged exposure
In the linear regression models fit to WMHv, carotid strain, disperiod, a larger cohort than prior longitudinal studies, and valitensibility, Stiffness index, and the pressure-strain elastic modudated measurements of the exposures and outcomes in a landlus were consistently associated with WMHv, while compliance
mark epidemiologic study. Limitations include the lack of a basefailed to maintain significance (Table 2). The relationship beAJNR Am J Neuroradiol 40:1369 –73
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1371

Table 2: Linear regression ﬁt to WMHv and TBV on the visit 5 MRI
Ultrasound Variable
Model 1a
Model 2b
WMHv (mL)
Strain
␤
⫺1.2
⫺0.7
95% CI
(⫺1.7 to ⫺0.8)
(⫺1.2 to ⫺0.2)
P value
⬍.001
.007
Distensibility
␤
⫺1.9
⫺1.6
95% CI
(⫺3.2 to ⫺0.6)
(⫺2.9 to ⫺0.3)
P value
.003
.019
Compliance
␤
⫺0.1
⫺0.3
95% CI
(⫺0.4–0.2)
(⫺0.6–0.1)
P value
.355
.115
Stiffness index
␤
45.1
30.6
95% CI
(23.1–67.2)
(6.6–54.6)
P value
⬍.001
.012
Pressure-strain elastic modulus
␤
0.03
0.03
95% CI
(0.02–0.05)
(0.02–0.05)
P value
.001
⬍.001
TBV (mL)
Strain
␤
0.1
0.7
95% CI
(⫺2.9–3.2)
(⫺1.7–3.1)
P value
.940
.581
Distensibility
␤
4.1
4.4
95% CI
(⫺4.0–12.3)
(⫺1.7–10.4)
P value
.319
.158
Compliance
␤
7.7
2.5
95% CI
(5.9–9.6)
(1.0–3.9)
P value
⬍.001
.001
Stiffness index
␤
⫺276.3
⫺72.7
95% CI
(⫺417.7 to ⫺135.9)
(⫺183.7–38.3)
P value
⬍.001
.199
Pressure-strain elastic modulus
␤
⫺0.1
⫺0.1
95% CI
(⫺0.2 to ⫺0.01)
(⫺0.2–0.01)
P value
.030
.070

Model 3c

⫺0.9
(⫺1.4 to ⫺0.4)
.001
⫺1.7
(⫺3.0 to ⫺0.4)
.009
⫺0.2
(⫺0.5–0.1)
.127
35.9
(12.5–59.3)
.003
0.04
(0.02–0.05)
⬍.001
0.3
(⫺2.2–2.8)
.820
2.8
(⫺3.4–9.0)
.382
2.1
(0.6–3.6)
.007

recently reported that intensive blood
pressure control attenuates WMH progression,15 and several other ongoing
studies are being planned to evaluate interventions that could reduce WMH.
Against this backdrop, our data suggest
the importance of CS as an intermediate
step in the WMH development pathway,
which could be informative for clinical
trials of WMH reduction.
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Carotid CTA at the Lowest Tube Voltage (70 kV) in Comparison
with Automated Tube Voltage Adaption
X A. Eller, X M. Wiesmüller, X W. Wüst, X R. Heiss, X M. Kopp, X M. Saake, X M. Brand, X M. Uder, and X M.M. May

ABSTRACT
BACKGROUND AND PURPOSE: CTA is the imaging modality of choice in many institutions for the evaluation of the supraaortic vessels,
but radiation exposure remains a matter of concern. Our aim was to evaluate a 70-kV protocol for CT angiography of the carotid arteries
with respect to image quality and radiation exposure compared with automated tube voltage adaption.
MATERIALS AND METHODS: A total of 90 consecutive patients were included in this prospective study and randomized to the study
group (n ⫽ 45, 70 kV) or control group (n ⫽ 45, automated tube voltage adaptation). Volume CT dose indices and dose-length products
were recorded in the examination protocol. Image quality was assessed as arterial vessel contrast, signal-to-noise ratio, contrast-to-noise
ratio, and contrast-to-noise ratio in reference to the radiation dose. Subjective overall image-quality analysis, image-artifact analysis, and
diagnostic evaluation were performed by 2 observers by using a 4-point Likert scale.
RESULTS: Radiation exposure was signiﬁcantly lower in the study group (volume CT dose index reduced by 22%, dose-length
product reduction by 20%; each P ⬍ .001). Contrast (P ⫽ .15), SNR (P ⫽ .4), and contrast-to-noise ratio (P ⫽ .5) did not show signiﬁcant
differences between the groups. The contrast-to-noise ratio in reference to the radiation dose was not signiﬁcantly increased using the
study protocol (P ⫽ .2). Subjective image quality and visualization of pathologic ﬁndings did not differ signiﬁcantly between the groups.
CONCLUSIONS: Carotid CTA using the lowest available voltage (70 kV) is feasible at very-low-dose levels, while overall image quality is
comparable with protocols using automated tube voltage selection.
ABBREVIATIONS: A ⫽ relative attenuation; BMI ⫽ body mass index; C ⫽ contrast; CNR ⫽ contrast-to-noise ratio; CNRD ⫽ contrast-to-noise ratio in reference to
the radiation dose; CTDIvol ⫽ volume CT dose index; DLP ⫽ dose-length product

B

esides screening with Doppler sonography, CT angiography is an established second-line technique in imaging of
extracranial carotid artery disease.1 Following its technologic
evolution and the increasing availability, the number of CT
examinations has been steadily rising in the past years, though
CT is the main factor accounting for medical x-ray exposure.
Increasing knowledge of the potential risks of even relatively
low radiation doses has led to increased concern about CT as a
screening tool, as well as in serial use.2-5 Biologic experiments
have demonstrated that the number of DNA double-strand
breaks is closely related to the applied radiation dose, and according to the as low as reasonably achievable (ALARA) prin-
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ciple, the applied radiation dose should be as low as reasonably
achievable.3 To lower radiation exposure, automated attenuation-based tube current modulation or automatic exposure
control protocols are widely established.6,7
In addition to minimizing tube current, lowering the tube
voltage is a good option for reducing the overall radiation dose. A
drawback of low-kilovolt scanning is increased image noise,
which needs to be partially compensated for by raising the milliampere-second setting. In examinations with contrast media, a
low kilovolt enables scanning closer to the k-edge of iodine. This
feature strongly increases the image contrast so that despite the
increased image noise, the contrast-to-noise ratio can be kept
constant or even increased compared with conventional imaging
protocols. Therefore, the radiation dose efficiency is increased.
This effect has already been described earlier in phantom studies
and has also been used in several clinical studies to reduce contrast
agent or radiation dosages compared with conventional tube voltage settings.8-11 The need for complex manual adaption of tube
voltage and tube current to individual patient anatomy has precluded its widespread use in the past.

Recently, fully automatic algorithms adapting the setting of
tube potential (kilovolt) and the tube current time product (milliampere-second) by attenuation information from a scout scan
have made low-kilovolt scanning popular for various indications.12-16 For the carotid arteries, an automated, attenuation
profile– based kilovolt-selection algorithm has been established as
being beneficial for reducing radiation exposure while maintaining a high image quality.17 Spearman et al18 reported an average
radiation dose reduction of 36.4% for this state-of-the-art technique in a worldwide meta-analysis. Study protocols for carotid
or cerebral CT angiographies used 100 kV (19% of all cases), 120
kV (79%), or 140 kV (2%) before the use of automated tube
voltage selection, which was considerably reduced to 80 kV (9%),
100 kV (74%), 120 kV (16%), or 140 (1%) after its implementation. However, it remains unclear whether this positive effect
could be further exploited by aggressively using the lowest available tube voltage for all patients, regardless of their anatomy. Recent x-ray tubes are especially tuned into this low-kilovolt range
for high-tube-current supply.
Therefore, our aim was to evaluate the effects on radiation
exposure and image quality in CTA of the carotid arteries using a
fixed 70-kV protocol in comparison with the established protocol
with automated kilovolt selection.

MATERIALS AND METHODS
A total of 90 consecutive patients scheduled for CTA of the carotid
arteries were enrolled in this prospective study and randomized
for examination following either the study or the reference protocol. Body mass index (BMI) was calculated for all patients using
the following formula: Weight (kg) / [Height (m)]2. Indications
included stenosis of the carotid arteries as well as cervical CTA in
patients undergoing reconstructive operations due to head and
neck malignancies. The study protocol was approved by the institutional review board (University Hospital Erlangen) and complies with the Declaration of Helsinki. All examinations were performed on a third-generation dual-source CT scanner in a singlesource mode (Somatom Force; Siemens, Erlangen, Germany).
A total of 45 patients were enrolled in the study group. CTA
was performed using a protocol with a fixed 70-kV setting and
activated automated exposure control (167 reference milliampere-second), corresponding to an image quality of 120 reference
kilovolts with 85 reference milliampere-seconds. The full detector
collimation was used (192 ⫻ 0.6 mm by a z-flying focal spot), the
pitch factor was set to 0.85, and the rotation time was 0.25
seconds.
Another 45 patients were assigned to the control group and
examined with activated automated tube voltage selection (CARE
kV; Siemens) using the same reference values. All other parameters were identical to those in the study protocol.
Circulation time was individually calculated for both groups
using a test-bolus injection with 10 mL of iodinated contrast medium (iopamidol, Imeron 350; Bracco, Milan, Italy) at a flow rate
of 5 mL/s chased by a 50-mL saline bolus at the same flow rate
using a power injector (Accutron CT-D; Medtron, Saarbrücken,
Germany). The ROI to measure the time to peak was placed in the
aortic arch. Two seconds were added as a start delay of the diag-

nostic scan after injecting 50 mL of iodinated contrast medium
and 50 mL of saline chaser, both at a flow rate of 5 mL/s.
Image reconstruction was performed in the axial plane using filtered back-projection with a smooth vascular kernel (Bv 36) and
3-mm slice thickness for basic image-quality evaluation in this study.
Thin slices (Bv 36, 0.6 mm) were reconstructed for 3D evaluations.

Radiation Exposure
Values for effective milliampere-second, volumetric CT dose index (CTDIvol), and the dose-length product (DLP) were recorded
in the patient protocol, allowing a direct comparison of radiation
dose exposure in the study and the control groups. The effective
dose was calculated using the published conversion factor for
neck CT at 80 kV, which is usually indicated as the most appropriate value in the literature for this type of imaging (effective
dose ⫽ DLP ⫻ 0.0052 mSv / mGy ⫻ cm).19 BMI-dependent
subgroups below and above 27 kg/m2 were used to evaluate the
previously reported effect of body size on low-tube-voltage
protocols.20

Objective Image Quality
Objective assessment of the image quality was performed on a
standard PACS workstation on 3-mm images in the axial plane.
For each examination, 2 ROIs were manually placed in the carotid
arteries on both sides, in the muscles of the neck, and in the air
right and left anterior to the neck. Calcifications of the carotid
walls were carefully excluded to avoid false iodine relative attenuation values. ROIs were not placed in slices with severe artifacts
(ie, due to dental hardware or motion).
Mean relative attenuation (A) and its SD were obtained for
each measurement in Hounsfield units. The SD was considered
as a measure of image noise. Vessel contrast (C) was defined as
the difference between the attenuation of the carotid artery
and the muscle (C ⫽ Acarotid ⫺ Amuscle). Signal-to-noise ratio
(SNR ⫽ Acarotid / SDcarotid), and contrast-to-noise ratio [CNR ⫽
(Acarotid ⫺ Amuscle) / SDmuscle] were calculated for the carotid artery. CNR in reference to the radiation dose exposure (CNRD)
was calculated using the following formula: CNRD ⫽ CNR ⫻
公CTDIvol⫺1/2.

Subjective Image Quality
Subjective image quality of all examinations was assessed on a
4-point Likert scale (4, excellent; 3, good; 2, moderate; 1, not
diagnostic). Artifacts were grouped into 4 categories of strength
(4, no artifacts; 3, mild artifacts, not affecting diagnostic value; 2,
artifacts, affecting diagnostic value; 1, strong artifacts, nondiagnostic) and assessed in 3 locations: 1) in the environment of the
highly concentrated inflowing contrast media in the subclavian
vein, 2) at the level of the shoulder girdle, and 3) at the level of the
skull base. Regions affected by metal artifacts (eg, due to dental
implants) were not considered due to strong interindividual differences. Artifacts of dental implants were assessed using a 4-point
scale (4, no dental hardware; 3, dental implants, not affecting
vessel evaluation; 2, dental hardware, mildly affecting vessel imaging, not affecting diagnostic confidence; 1, dental hardware
with severe artifacts affecting diagnostic accuracy in the affected
slices). Image quality and the presence of artifacts were indepenAJNR Am J Neuroradiol 40:1374 – 82
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Table 1: Results of measurements and dose exposurea
Study

Control

Subgroups
No.
BMI (kg/m2)
Ref. mAs
Eff. mAs
CTDIvol (mGy)
DLP (mGy ⫻ cm)
ED (mSv)
ROI carotid
A (HU)
SD (HU)
C (HU)
SNR
CNR
CNRD (mGy⫺1/2)
ROI muscle
A (HU)
SD (HU)
ROI air
A (HU)
SD (HU)

Complete
45
25 ⫾ 4.7
167
235 ⫾ 52
2.9 ⫾ 1
107 ⫾ 25
0.56 ⫾ 0.13

BMI <27
29
22 ⫾ 2.7
167
213 ⫾ 35
2.7 ⫾ 0.4
95 ⫾ 15
0.5 ⫾ 0.08

BMI >27
16
30.4 ⫾ 2
167
274 ⫾ 57bc
3.4 ⫾ 0.7bc
127 ⫾ 28bc
0.66 ⫾ 0.15

Subgroups
Complete
45
25.9 ⫾ 4.1
NA
NA
3.7 ⫾ 1bd
133 ⫾ 47bd
0.70 ⫾ 0.24bd

70 kV
19
23.6 ⫾ 3.5
167
225 ⫾ 26
2.8 ⫾ 0.3
96 ⫾ 13bc
0.50 ⫾ 0.06bc

80 kV
20
26.4 ⫾ 3.2
125
200 ⫾ 23
4.1 ⫾ 0.4bd
150 ⫾ 41bd
0.78 ⫾ 0.21bd

90 kV
6
31.4 ⫾ 2.6
104
182 ⫾ 16
5.6 ⫾ 0.6bd
200 ⫾ 26bd
1.04 ⫾ 0.13bd

644 ⫾ 131bd
12 ⫾ 4bc
581 ⫾ 128bd
64 ⫾ 13
56 ⫾ 36
29.7 ⫾ 12

460 ⫾ 115
11 ⫾ 3
407 ⫾ 115
45 ⫾ 15
40 ⫾ 14
19.8 ⫾ 7bc

287 ⫾ 107bc
11 ⫾ 3
224 ⫾ 105bc
27 ⫾ 12bc
21 ⫾ 10bc
8.8 ⫾ 4bd

482 ⫾ 173
10 ⫾ 3
419 ⫾ 171
52 ⫾ 25
45 ⫾ 24
26.9 ⫾ 15

496 ⫾ 183
10 ⫾ 4
434 ⫾ 183
55 ⫾ 27
48 ⫾ 26
29.9 ⫾ 16

457 ⫾ 155
10 ⫾ 2
391 ⫾ 150
47 ⫾ 21
40 ⫾ 20
22.1 ⫾ 12

515 ⫾ 172
11 ⫾ 4bc
456 ⫾ 169
50 ⫾ 30
44 ⫾ 28
22.4 ⫾ 17

63 ⫾ 12
8⫾3

61 ⫾ 12
7⫾3

67 ⫾ 14
10 ⫾ 3bc

69 ⫾ 56
8⫾3

⫺998 ⫾ 7
4⫾2

⫺998 ⫾ 5
4⫾1

⫺998 ⫾ 4
5 ⫾ 1bc

⫺999 ⫾ 5
5⫾1

64 ⫾ 13
8⫾3
⫺998 ⫾ 5
4⫾1

58 ⫾ 11bc
8⫾3
⫺1000 ⫾ 5
4⫾1

63 ⫾ 4
9⫾3
⫺1000 ⫾ 6
5⫾1

Note:—No. indicates sample size; ED, effective dose; NA, not applicable; Ref., reference; Eff. mAs, effective mAs; A, relative attenuation.
a
BMI-related subgroups from the study group are compared with each other; tube voltage–related subgroups of the control group are compared with the study group.
b
Signiﬁcant difference.
c
P ⬍ .05.
d
P ⬍ .001.

FIG 1. Coronal maximum intensity projection (5 mm) of a patient with obesity from the study group (BMI, 30.4 kg/m2; 70 kV) provides an
overview of the evaluated artifacts (arrows) at the level of the skull base, shoulders, and venous contrast agent inﬂow (A). Axial examples of mild
artifacts not affecting the diagnosis (Likert 3) in patients from the study (70 kV, B1–B3) and the control group (80 kV, C1–C3). Note the distinct
increase at the lowest tube voltages that did not affect the rating.
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Table 2: Grading numbers in the subjective image analysisa
Artifacts
Image Quality
(CM-Inﬂux)
Artifacts (Shoulder)
Grade
4
3
2
1

Study
38
7
0
0

Control
36
8
1
0

Study
11
22
12
0

Control
15
23
7
0

Study
0
43
2
0

Control
0
45
0
0

Artifacts (Skull)
Study
0
42
3
0

Control
0
43
2
0

Artifacts (Dental Hardware)
Study
14
3
27
1

Control
13
5
25
2

Note:—CM indicates contrast medium; meant are the artifacts by highly-concentrated inﬂowing contrast medium in the subclavian vein.
a
Each group (n ⫽ 45).

Table 3: Results of the diagnostic evaluation
Study

Control
Subgroups

Group
No.
Right superior thyroid artery
Right lingual artery
Right facial artery
Left superior thyroid artery
Left lingual artery
Left facial artery
Calciﬁcation, right carotid artery
Calciﬁcation, left carotid artery
Stenotic disease, right carotid artery
Stenotic disease, left carotid artery

Complete
45
3.6
3.7
3.2
3.4
3.7
3.2
2.2
2.1
0.6
0.4

BMI <27
29
3.6
3.6
3.1
3.2
3.7
3.1
2.1
2.0
0.5
0.3

dently evaluated by 2 observers (both with ⬎8 years of experience
in carotid CTA).

Diagnostic Evaluation
All examinations were independently evaluated by the same 2
experienced radiologists with respect to image quality of the
surgically important branches of the external carotid artery
(lingual, facial, and superior thyroid arteries) as well as with
respect to calcification and stenotic disease of the common
and internal carotid arteries on a 3D postprocessing console
(syngo.via VB20; Siemens). Visualization of the branches of
the external carotid artery was assessed on a 4-point Likert
scale as following: 4, complete visualization; 3, slightly suboptimal visualization; 2, only segmental visualization; 1, not visible. Calcification of the carotids was assessed as follows: 1, no
calcification; 2, mild calcification; 3, moderate calcification; 4,
severe calcification.
Stenotic disease was evaluated according to the NASCET
style and grouped as follows: 0, no stenosis; 1, mild (0%–
49%); 2, moderate (50%– 69%); 3, severe (70%–99%); 4,
obstruction.21
Diagnostic confidence was assessed independently by both
observers as follows: 4, excellent; 3, substantial; 2, limited; 1,
poor.

Statistical Analysis
All statistical analyses were performed using a dedicated software
package (SPSS 15.0; IBM, Armonk, New York). The presence of
normally distributed data was tested using the KolmogorovSmirnov test. The Student t test was used for radiation-dose comparisons, and the Mann-Whitney U test was used to evaluate the
subjective image-quality scores as well as the diagnostic evaluation. Subgroup analysis of the different kilovolt settings of the

BMI >27
16
3.7
3.8
3.5
3.8
3.8
3.4
2.3
2.3
0.8
0.6

Subgroups
Complete
45
3.4
3.7
3.2
3.5
3.7
3.2
2.3
2.0
0.5
0.8

70 kV
19
3.3
3.6
3.1
3.5
3.8
3.3
2.2
1.9
0.5
0.1

80 kV
20
3.6
3.9
3.3
3.6
3.8
3.2
2.2
2.0
1.1
0.8

90 kV
6
3.2
3.5
3
3.2
3.3
3.2
2.7
2.7
0.7
1.2

control group and BMI subgroups of the study group was performed using Kruskal-Wallis analysis. A P value ⬍ .05 was considered statistically significant. The Cohen  was used to assess
interobserver agreement in rating image quality, diagnostic confidence, and artifacts.  values above 0.41 were interpreted as
moderate; above 0.61, as substantial; and above 0.81, as almost
perfect agreement.

RESULTS
Patient Characteristics
In the study group, the mean age was 64 ⫾ 12 years, the range
was 35– 84 years, and 28 patients were men and 17 were
women. The mean age in the control group was 65 ⫾ 13 years
with a range of 24 – 87 years, and 29 patients were men and 16
were women. There was no significant difference in the BMI
between the study and the control groups. The BMI in the
kilovolt subgroups of the reference differed statistically significantly (P ⬍ .001).

Radiation Exposure
Radiation exposure was significantly lower in the study group,
with a CTDIvol reduction of 22% (P ⬍ .001) and a DLP and
effective dose reduction of 20% (P ⫽ .001). Subgroup analyses
showed significant differences between the study group and the
70-kV examinations of the control group, with a significantly
lower dose exposure in the 70-kV subgroup of the control group
(P ⫽ .03). In the 80- and 90-kV subgroups, all radiation dose
parameters were significantly higher compared with the study
group (each, P ⬍ .001). The radiation dose for patients of the
study group below 27 kg/m2 was significantly lower than that for
patients above it (P ⫽ .001). Both BMI-related subgroups of the
study group had significantly lower radiation dose values than the
corresponding BMI-related subgroups of the control group (P ⫽
AJNR Am J Neuroradiol 40:1374 – 82
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FIG 2. CT of a 51-year-old female patient of the study group (BMI, 25.4 kg/m2): curved MPR of the right side in 3 planes; 2.5-mm slice thickness; window
level, 900 HU, and center, 200 HU. High vessel contrast with excellent overall image quality (Likert 4), moderate stenosis of the internal carotid artery
(NASCET 2), and artifacts from dental implants not affecting the diagnosis (Likert 2). CTDIvol was 2.92 mGy, and DLP was 108 mGy ⫻ cm.

.007 for BMI ⬍ 27 kg/m2 and P ⫽ .01 in BMI ⬎ 27 kg/m2).
Detailed results are shown in Table 1.

Objective Image Quality
Attenuation of the carotids was comparable in the study and the
control groups. Differences in image noise was discrete but statistically significant in ROI measurements of the vessels, with higher
values in the study group (P ⫽ .02). No significant differences
were found in contrast, SNR, and CNR. The CNRD was not significantly increased using the 70-kV protocol (26.9 ⫾ 15.2
mGy⫺1/2 versus 22.4 ⫾ 17 mGy⫺1/2, P ⫽ .2). A (P ⬍ .001), SD
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(P ⫽ .01), and C (P ⬍ .001) were significantly higher in the 70-kV
subgroup of the control group compared with the 70-kV examinations of all patients of the study group, but differences in SNR
and CNR were nonsignificant. CNRD values were highest in the
70-kV subgroup of the control group (29.7 ⫾ 12 mGy⫺1/2), but
not significantly higher than the CNRD in the study group (P ⫽
.24). A, SD, C, SNR, and CNR in the 80-kV subgroup were comparable with those of the study group, but at the expense of significantly decreased CNRD (19.8 ⫾ 6.7 mGy⫺1/2, P ⫽ .03). Results of the 90-kV subgroup were significantly lower compared
with those of the study group, with an intensive drop in CNRD

FIG 3. CT imaging of a 60-year-old male patient of the control group (BMI 25.7 kg/m2) curved MPR of the right side in 3 planes; 2.5-mm slice
thickness; window level, 900 HU, and center, 200 HU. Intermediate vessel contrast with excellent overall image quality (Likert 4), severe stenosis
of the internal carotid artery (NASCET 3), and artifacts from dental implants not affecting the diagnosis (Likert 2). CTDIvol was 4.01 mGy, and DLP
was 146 mGy ⫻ cm.

(8.8 ⫾ 4.2 mGy⫺1/2, P ⫽ .003). A and SD in the muscles and air
were comparable between both groups, with a significant drop in
Amuscle in the 80-kV subgroup in comparison with the study
group (P ⫽ .02). No significant differences in SNR, CNR, and
CNRD were found for the BMI subgroups of the study group (all,
P ⬎ .1). Detailed results are shown in Table 1.

Subjective Image Quality
Subjective overall image quality was without significant differences between the 2 groups (P ⫽ .56). Also, artifacts were evalu-

ated with no significant differences between the study and control
groups (Fig 1), but slightly higher ratings of artifacts that might
affect the image quality were found in the study group. Mean
ranks of artifacts around the highly concentrated contrast influx
in the height of the subclavian vein were 3.00 in the study group
and 3.18 in the control group (P ⫽ .23); at the shoulder girdle,
they were 2.98 in the study group and 3.00 in the control group
(P ⫽ .36); and at the level of the skull base, they were 2.93 in the
study and 2.96 in the control group (P ⫽ .65). No significant
differences were found for artifacts in the BMI-related subgroup
AJNR Am J Neuroradiol 40:1374 – 82
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FIG 4. CT of a 69-year-old male patient of the control group (BMI, 31.6 kg/m2): curved MPR of the left side in 3 planes; 2.5-mm slice thickness;
window level, 900 HU, and center, 200 HU. Low vessel contrast with excellent overall image quality (Likert 4), moderate stenosis of the internal
carotid artery (NASCET 2), and artifacts from dental implants not affecting the diagnosis (Likert 2). The CTDIvol was 5.74 mGy, and the DLP was
202 mGy ⫻ cm.

analysis of the study and control groups. Interobserver agreement
was 0.93 in evaluating image quality and 0.87 for artifact analysis.
Detailed results are shown in Table 2.
Metal artifacts due to dental implants were found in 31
(69%) subjects in the study group and were rated as follows: 3
(n ⫽ 3; 7%), 2 (n ⫽ 27; 60%), and 1 (n ⫽ 1; 2%). In the control
group, dental implants occurred in 32 (71%) subjects, and they
were rated as 3 (n ⫽ 5, 11%), 2 (n ⫽ 25, 56%), and 1 (n ⫽ 2,
4%).
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Diagnostic Findings
The mean values of the diagnostic evaluation are given in Table 3;
image examples are given in Figs 2– 4. The ratings for pathologic
findings were not significantly different between the study and reference groups (all, P ⬎ .308). Mean subjective confidence was
3.89 (observer 1) and 3.86 (observer 2) in the study group and
3.91 (observer 1) and 3.89 (observer 2) in the control group,
with an overall  value of 0.66. No significant differences were
found.

DISCUSSION
The lowest tube voltages provided a consistent overall image quality with very high dose efficiency in CTA of the carotids. The slight
increase of image artifacts (example in Fig 1) compared with a
protocol with automated individual tube voltage selection was
nonsignificant and did not disturb the vessel reproduction.
Especially in CTA of the carotids, the lowest kilovolt approach
seems promising, and adaptation of the tube voltage to the scout
information may not be necessary in all cases. First, the examined
volume of the head and neck usually does not have the volume
and interindividual differences of, for example, examinations of
the abdomen, where habitus and obesity are more likely to limit
the extent of tube voltage reduction possible.22
Because of the relatively high iodine concentration in angiographic examinations, approaching the mean energy of the radiation spectrum to the k-absorption edge of iodine seems especially advantageous. Providing a strong increase of image contrast
(Figs 2– 4) alleviates the disadvantages of potential elevations in
image noise on the representation of the vessels, especially compared with soft-tissue examinations. Furthermore, radiation-sensitive organs like the thyroid gland and the ocular lenses are included in the exposed volume, so dose optimization should be of
special interest.
In previous studies, higher image-noise levels in low-kilovolt
protocols were described, compensated for by higher attenuation resulting in constant or even improved SNR/CNR in comparison with conservative protocols with fixed kilovolt levels
for various body regions.12,17,20 Our study results showed,
however, that the 70-kV study protocol provided comparable
or even slightly lower image noise than the reference protocol.
The latest high-end scanners are equipped with x-ray tubes
that are optimized for high tube currents, especially at low tube
voltages. The balanced image noise in this study might, therefore, be explained by these technical advantages, compared
with previous studies. Different explanations could be the interindividual differences between the 2 randomized groups or
the rather small ROI measurements due to the small vessel size,
which are more prone to be biased.
The high tube current capacity of the system is also reflected by
the decreased median tube voltage using the automated tube voltage selection algorithm in the reference group (80 kV), compared
with the results of previous scanner generations seen in the literature (100 kV).17 Hence, modern scanners can boost the dose at
very low tube voltages compared with earlier models. CNRD,
which served as a figure of merit for radiation dose effectiveness in
this study, was increased by 20% using the lowest tube voltage
approach. However, these differences were statistically nonsignificant. The highest A, C, and also CNRD values were found in the
70-kV subgroup of the control group, which could be explained
by the automated selection of smaller or thinner patients. This
might also be reflected by the shorter mean volume coverage in
the z-axis (34 cm) compared with the study group (37 cm).
Our results contradict Beitzke et al, 20 who found a significant
reduction of image quality at the level of the shoulder girdle for
patients with a BMI above 27 kg/m2 using 80 kV on a different CT
system. Artifacts in that region did not affect the diagnosis in the
control group and had little impact in the study group. The most

limiting artifacts were reported around the contrast inflow in the
venous system, which was not evaluated in particular in previous
studies. The overall subjective image evaluation and evaluation of
pathologic findings were of comparably high quality in both
groups, without statistically significant differences (Figs 2-4).
Some limitations have to be considered while interpreting our
results. First, optimal timing of the contrast bolus is in direct
relation to the vessel contrast, but the patient’s physiology can
strongly vary interindividually. Therefore, we sought to standardize the bolus timing using a test-bolus technique. The high intensity of artifacts around the contrast inflow could probably be reduced by further optimization of the injection protocols. Second,
a transfer of these results to CTAs of other parts of the body (eg,
aortic imaging) is difficult. The larger soft-tissue diameter of the
chest and abdomen could overstrain the capacities of the x-ray
tubes, resulting in increased image noise and artifacts. Third, our
findings can only represent the evaluated CT system. A transfer to
other tube-detector systems is strongly limited by the dedicated
specifications. Fourth, we were only able to report diagnostic information about stenotic disease and assessment of the side
branches of the external carotid artery. Other pathologies, for
example dissections or aneurysms, should be systematically evaluated in future studies, especially if pooling of the contrast agent is
likely to alter the visualization.

CONCLUSIONS
We demonstrate that the best radiation-dose efficiency in CTA of
the carotids is provided by modern scanners using the lowest
available tube voltage in a broad range of patients. The radiation
dose can be reduced by about 20% in comparison with the stateof-the-art protocols with automated tube voltage adaptation,
while the image quality is comparable.
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HEAD & NECK

Standardization of Temporal Bone CT Planes across a Multisite
Academic Institution
X J.P. Guenette, X L. Hsu, X B. Czajkowski, and X D.B. Nunez

ABSTRACT
BACKGROUND AND PURPOSE: Variable head positioning in the CT gantry results in variable and inconsistent temporal bone imaging
planes. Our aim was to evaluate whether an automated postprocessing algorithm or an educational intervention with postprocessing by
a technologist could result in consistent temporal bone image reformations into planes referenced to the lateral semicircular canal.
MATERIALS AND METHODS: Instructions to reformat small-FOV images in planes referenced to the lateral semicircular canal were
posted at 12 CT scanner consoles and e-mailed to 65 CT technologists at a single multisite institution. Automated reformatted images were
also produced. The angles between the technologist- and automated-reformatted axial image planes and lateral semicircular canal planes
were measured. Group differences were calculated with Mann-Whitney–Wilcoxon tests. Differences in homogeneity of variances were
calculated with Fligner-Killeen tests.
RESULTS: Two hundred ten temporal bones were imaged in 4 months following the intervention. Reformats by technologists were
accurate in 87% of the axial and 81% of the coronal planes, with a trend toward improvement with time. Eighty percent of incorrectly
reformatted images occurred at off-site, inpatient, and emergency department scanners. The error angle was signiﬁcantly lower for
technologist-reformatted images (median, 4.9°) than for acquisition plane images (median, 14.6°; P ⫽ 3 ⫻ 10⫺14) or automated-reformatted
images (median, 13.8°; P ⫽ 9 ⫻ 10⫺13). The angle error variance was signiﬁcantly more homogeneous for technologist-reformatted images
(P ⫽ 3 ⫻ 10⫺8) and automated-reformatted images (P ⫽ 1 ⫻ 10⫺5) than for acquisition plane images.
CONCLUSIONS: Both technologist and automated reformatting of temporal bone images resulted in signiﬁcantly less imaging plane
variance compared with images reformatted in the acquisition plane, but reformatting by technologists remains necessary at our institution given our preference for standardized planes referencing the lateral semicircular canals.

P

atient postural constraints, patient comfort, and technologist’s preference all result in variable head positioning in the
CT gantry. Differences in head positioning result in associated
alterations in temporal bone imaging planes when the imaging
planes are based on the acquisition plane. In our practice, imaging
plane variability has made it difficult to directly compare sequential temporal bone CT examinations. Moreover, imaging plane
variability may interfere with pattern recognition and the ability
to distinguish normal from subtle abnormal findings. However,
standardization of temporal bone imaging planes can be challeng-
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ing in our system of 12 CT scanners, 65 CT technologists, and a
small volume of temporal bone examinations relative to other CT
examinations.
Prior studies have shown that 80% of diagnostic radiology
errors are perceptual: Findings are either missed or not identified
as abnormal.1 For the following reasons, consistency of imaging
planes through the small structures of the temporal bone is likely
important in minimizing perceptual diagnostic errors. The search
patterns of radiologists evolve through training.2 However, search
pattern evolution may be inhibited when the imaging scene varies
from examination to examination. Moreover, expert radiologists
evaluate groups of features rather than individual features.3 This
type of evaluation may be compromised when feature groups are
inconsistently spread across a variable number of images. Finally,
context and structure constrain where we search.4,5 Altering the
scene and context in each imaging examination can potentially
negate normal search constraints and result in a more scattered
search pattern. Similarly, just as chess masters have impairment of
recall when normal chess piece positions are distorted,6 it is reaAJNR Am J Neuroradiol 40:1383– 87
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FIG 1. A 23-year-old woman with a normal right temporal bone. Noncontrast 0.6-mm-thick CT images in bone windows reformatted into an
axial plane through the lateral semicircular canal. Major structures as seen in this plane include the following. A, at the level of the lateral
semicircular canal: lateral semicircular canal (black arrow with white outline), posterior limb of the posterior semicircular canal (white arrow
with black outline), vestibular aqueduct (black arrow), canal of the facial nerve labyrinthine segment (white arrow), and epitympanum/attic
(asterisk). B, slightly inferior to A: the classic ice cream cone appearance of the malleus head (black arrow with white outline) and incus body
(white arrow with black outline), entire length of the facial nerve tympanic segment (black asterisk), vestibule (white asterisk) at the upper
aspect of the oval window, middle turn of the cochlea (white arrow), and upper limb of the posterior semicircular canal (black arrow). C, slightly
inferior to B: the proximal aspect of the facial nerve mastoid segment (black arrow with white outline), round window niche (white arrow with
black outline), basal turn of the cochlea (white arrow), and lower portions of the apical and middle turns of the cochlea (black arrow).

sonable to suspect that radiologists have impairment of normal
anatomy recognition when imaging planes are distorted. If one
assumes that radiologists do not have inherently better visual
skills than nonradiologists,7 each of these search limitations may
render an experienced neuroradiologist not much better than a
novice trainee at rapidly identifying subtle temporal bone abnormalities when the imaging planes are inconsistent.
The optimal planes for temporal bone imaging have been described in one of the primary head and neck imaging textbooks:
an axial plane parallel to the lateral semicircular canal and a coronal plane orthogonal to the lateral semicircular canal.8 This
plane has also been described and used in research studies.9
The specific aim of this intervention and study was to evaluate
whether a new automated postprocessing algorithm or a minor
educational intervention with manual postprocessing procedures
could result in consistent reformatting of temporal bone images
into the previously published optimal planes, even across a large
multisite institution.

MATERIALS AND METHODS
This quality-improvement study was performed and is reported
following the Revised Standards for Quality Improvement Reporting Excellence 2.0 guidelines.10

Context
Before February 13, 2018, all temporal bone helical CT examinations at our institution were manually reformatted at the CT scanner console by the CT technologist into small-FOV images of the
right and left temporal bones. Axial images were reformatted in
the acquisition plane, while coronal images were reformatted perpendicular to the acquisition plane. Sagittal, Stenvers, and Poschl
planes were not part of our routine protocol. The axial and coronal images were, therefore, created in essentially random planes
dependent on patient head positioning, not in the published optimal preferred axial plane of the lateral semicircular canal (Fig 1)
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or the coronal plane orthogonal to the lateral semicircular canal,
as described by Curtin et al.8

Intervention
On February 13, 2018, an instruction form (Temporal Bone Basic
Multiplanar Reformation Guides, On-line Appendix) was posted
at all CT scanner consoles and e-mailed to all 65 CT technologists
at our institution. The instruction form described the following
process for reformatting small-FOV axial images in the plane of
the lateral semicircular canal, performed separately for the right
and left temporal bones: 1) Locate the sagittal reformatted images
on the console; 2) optimize windowing on the console so that the
bony structures can be visualized; 3) identify the anterior and
posterior limbs of the lateral semicircular canal on the sagittal
images; 4) set the plane for the reformatted axial images so that it
intersects both the anterior and posterior limbs of the lateral
semicircular canal; and 5) reformat the axial images. The form
then instructs the technologist to create coronal images in the
same FOV in a plane orthogonal to the axial images.
In collaboration with 2 senior neuroradiologists who have
⬎50 years of combined experience and in collaboration with a
lead CT technologist with ⬎15 years of experience, the reformatting process and instruction form were developed by a neuroradiology trainee. All temporal bone CT examinations were reviewed for adequacy of the reformatted image planes on a
biweekly basis. Any errors by the technologist in choosing the
reformat planes were reviewed with the performing technologist.
Any technologist who did not attempt to follow the process was
instructed to follow the process for all future examinations.

Measures
Each CT examination was reviewed to evaluate the CT technologist’s compliance with the process and the CT technologist’s success in generating the appropriate imaging planes. Axial plane
images were verified to be in the plane of the lateral semicircular

FIG 2. A 55-year-old woman with a normal left temporal bone. Sagittal noncontrast CT images in bone windows at the same location
demonstrate the method of measuring the axial plane error angle. A, The angle between a line drawn by a radiologist at a PACS workstation
through the anterior and posterior limbs of the lateral semicircular canal and a line drawn parallel to the plane chosen by the automation
software (dotted line), which, in this case, is very close to the acquisition plane, is 16°. B, The angle between a line drawn by a radiologist at a PACS
workstation through the anterior and posterior limbs of the lateral semicircular canal and a line drawn parallel to the plane selected by the
technologist (dotted line) at the CT console is 4°.

canal. Coronal plane images were verified by a radiologist to be
perpendicular to the axial plane using electronic cross-reference
lines on the PACS workstation. The lead technologist reviewed
with the performing technologist any examination that was not
performed correctly to ensure improvement with time.
The difference in the angle between the axial reformat plane and
the plane of the lateral semicircular canal was measured by the neuroradiology trainee and confirmed as accurate by the senior neuroradiologist. This angle difference is hereafter termed the “error angle.” The error angle was measured by generating sagittal images and
then using an electronic angle-measurement tool, drawing a first line
along the dashed axial image cross-reference line followed by a second line through the anterior and posterior limbs of the lateral semicircular canal (Fig 2). Sagittal images were generated and angles were
measured with the postprocessing software of our department
(syngo.via; Siemens, Erlangen, Germany).

Analysis
To determine an appropriate sample size, we measured the error
angle for each of the 20 consecutive temporal bones (10 CT examinations) imaged immediately before the intervention. To enable a power calculation, we assumed that an error angle of up to
5° would result in a reasonable viewing plane. The sample size needed
to detect an angle of at least 6° difference, with a known SD of 8.96° in
the 20 temporal bones imaged before the intervention, a significance
level of .05, and a power of 0.80, was calculated to be 36 in each group
for a 2-sample t test. Because nonparametric analyses were planned
due to potential between-group differences in variance, the estimated
necessary sample size was increased to 40.
The error angle was thus measured for the 40 consecutive
postintervention CT examinations (80 temporal bones) for which
axial reformats were correctly performed and for which postprocessing could be performed. In addition, reformatted images of
these 80 temporal bones were created with the automated temporal bone multiplanar reformatting module available with the
postprocessing software of our department (syngo.via), and the
error angle was separately measured for these reformatted images.
The error angle was also measured for the 40 consecutive temporal bone CT examinations (80 temporal bones) performed immediately before the intervention. The preintervention and postintervention groups had no overlapping subjects. The right and left

temporal bones of a single subject were considered independently
because the head is often not positioned straight within the gantry, which would inherently result in different angle errors and
because the right and left sides were processed independently to
achieve the optimal imaging plane for each temporal bone.
Statistical significance was set at .05. Median angle error measurements were compared between the set of subjects in the preintervention group and the separate set of subjects in the postintervention
group with Mann-Whitney U tests. Postintervention technologistreformatted and automated-reformatted median angle error measurements were compared between the same set of subjects in the
postintervention group with paired Wilcoxon signed rank tests. Differences in angle error homogeneity of variances between the preintervention and postintervention angle error and between the postintervention technologist-reformatted and automated-reformatted
angle error were calculated with Fligner-Killeen tests. Boxplots were
created to provide visual comparison of the angle errors by group. All
statistics were performed with R statistical and computing software,
Version 3.5.0 (http://www.r-project.org/).

Ethical Considerations
The retrospective review of medical records, including imaging
examinations, was approved by our institutional review board
with a waiver of informed consent and was performed in compliance with the Health Insurance Portability and Accountability
Act.

RESULTS
During the 16 weeks (4 months) immediately following the intervention, a total of 105 temporal bone CT examinations were performed, for a total of 210 temporal bones imaged at our institution. A total of 183 (87%) axial reformats were correctly created in
the plane of the lateral semicircular canal, and a total of 171 (81%)
coronal reformats were correctly created in the plane perpendicular to the lateral semicircular canal. The percentage of reformats
correctly generated trended higher across time (Table). Fiftythree of the 66 (80%) incorrectly reformatted images occurred at
off-site, inpatient, and emergency department scanners as opposed to hospital-based outpatient scanners.
The mean error angle for the 80 temporal bones imaged immediately before the intervention was 14.6° ⫾ 8.7° with a median
AJNR Am J Neuroradiol 40:1383– 87
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Results of reformatting by a technologist
Total
Axial
Coronal
Total
No. of
Reformat
Reformat
No. of Temporal Plane Correct Plane Correct
Exams
Bones
(No.) (%)
(No.) (%)
Weeks 1–2
9
18
15 (83)
13 (72)
Weeks 3–4
12
24
18 (75)
16 (67)
Weeks 5–6
16
32
26 (81)
22 (69)
Weeks 7–8
21
42
42 (100)
41 (98)
Weeks 9–10
13
26
23 (88)
20 (77)
Weeks 11–12
14
28
22 (79)
22 (79)
Weeks 13–14
13
26
24 (92)
24 (92)
Weeks 15–16
7
14
13 (93)
13 (93)
Total
105
210
183 (87)
171 (81)

FIG 4. A 64-year-old man status post resection of a right vestibular
schwannoma. Right temporal bone noncontrast CT images in bone
windows demonstrate a possible perception error when images are
reconstructed in random planes. A, Axial image in the acquisition
plane obtained before the study intervention with a 29° error angle
shows soft tissue in the Prussak space with a hazy appearance of the
adjacent incus, suggesting possible erosion of the incus (arrow). B,
Axial image in the plane of the lateral semicircular canal as reformatted by a CT technologist 3 months later following the study intervention shows the normal ice cream cone conﬁguration of the malleus
and incus with soft tissue in the Prussak space but no evident erosion
of the incus, consistent with expected postoperative ﬂuid in the middle ear cavity. The ﬂuid had increased between the 2 examinations
(not shown), so the ﬁnding is not a result of decreased ﬂuid but a
result of volume averaging with the incus body projected in an
oblique plane.

acquisition plane (2 ⫽ 19.2, df ⫽ 1, P ⫽ 1 ⫻ 10⫺5). However, the
angle error homogeneity of variance was not significantly different for technologist-reformatted axial images versus images reformatted with the automation software (2 ⫽ 2.7, df ⫽ 1, P ⫽ .099).
There were no unexpected benefits, problems, or failures.

DISCUSSION

FIG 3. Boxplots depicting the difference in angles between the plane
of the lateral semicircular canal and the plane of the temporal bone
images in the preintervention group (image plane ⫽ acquisition
plane), postintervention technologist group (image plane ⫽ plane as
reformatted by a technologist in the clinical setting), and postintervention automated group (image plane ⫽ reformatted by commercially available syngo.via software).

of 13.5°. The mean error angle for the 80 temporal bones imaged
immediately following the intervention and reformatted by the
CT technologists was 4.9° ⫾ 3.8°, with a median of 4°. The mean
error angle for the 80 temporal bones imaged immediately following the intervention and reformatted with the automated tool was
13.8° ⫾ 4.9°, with a median of 14°. Boxplots are provided in Fig 3
for visual comparison of these results.
The angle error was significantly lower for technologist-reformatted axial images than for axial images in the acquisition plane
(W ⫽ 5419.5, P ⫽ 3 ⫻ 10⫺14). The angle error was also significantly lower for technologist-reformatted axial images than for
images reformatted with the automation software (V ⫽ 118, P ⫽
9 ⫻ 10⫺13).
The angle error variance was significantly more homogeneous
for technologist-reformatted axial images than for axial images in
the acquisition plane (2 ⫽ 31, df ⫽ 1, P ⫽ 3 ⫻ 10⫺8) as well as for
automated-reformatted axial images than for axial images in the
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This study demonstrates that there is significantly more variance
in temporal bone imaging planes when those planes are based on
the acquisition scan plane as opposed to when those planes are
reformatted either by a technologist or with automation software.
In addition, this study demonstrates that it is currently necessary
to manually reformat axial and coronal images to obtain consistent and reproducible images in the preferred temporal bone imaging planes referenced to the lateral semicircular canals, as they
have been previously described by Curtin et al.8
A search of MEDLINE demonstrated no prior study designed
to evaluate temporal bone imaging planes, either from a standardization/efficiency standpoint or from the standpoint of which
plane is optimal. The planes chosen for this intervention and
study are based on the planes as standardized and used at one of
the worlds’ leading head and neck imaging centers.8,9 Although
this study demonstrates a reduction in image plane variability
with both manual and automated procedures and provides a standardized plane for performing clinical and research measurements, and although this intervention now allows our neuroradiologists to directly compare findings on sequential temporal bone
CT examinations, further research is needed to clarify whether the
reduced variability does, in fact, improve the expert radiologist
search pattern and whether it reduces perceptual diagnostic errors
(Fig 4). Similarly, comparison of the planes used in this study with
other described planes, such as those referenced to the cochlea,
may be helpful.
This intervention has been favorably viewed by the neurora-

diologists in our group, specifically because they anecdotally report now being more able to compare sequential examinations.
However, the intervention has resulted in slightly more work for
the CT technologists. Some CT technologists have responded favorably, appreciating the opportunity to improve their craft in
generating high-value images, while some others have responded
unfavorably, finding the process an unwelcome additional task.
Ideally, the reformatted images produced by the automated
software system would have produced images in a plane similar to
those produced by a technologist, referenced to the lateral semicircular canal. Unfortunately, the automation algorithm available
to us was based on a plane referenced to the cochlea, and this plane
is, on average, approximately 9° to 10° farther out of plane from
the lateral semicircular canal than the planes manually produced
in this study. Given that the variance of the manual technologist
planes and automated planes was not significantly different, an
automated algorithm that references the lateral semicircular canals should be a feasible option in the near future.
The primary limitation of this study is that it was performed at
a single institution. However, the intervention was applied across
multiple models of CT scanners from 2 different vendors. Additionally, the study was limited by the algorithm of the available
automated postprocessing software, which generates imaging
planes that reference the cochlea. Ideally, the automated software
would have generated images in the plane of the lateral semicircular canal. In that case, a direct comparison of technologist-reformatted and automated image error angles could have been
performed with a goal of adopting automated reformats to reduce
the need for training of technologists and the time the technologists spend on reformatting images. It is very likely that automated postprocessing software will generate similar or better
results than a technologist reformatting the images into the described favored image planes in the near future.

CONCLUSIONS
Both technologist and automated reformatting of temporal bone
images results in significantly less imaging plane variance compared with images reformatted in the acquisition plane, but manual reformatting remains necessary at our institution, given the
preference for standardized planes referencing the lateral semicir-

cular canals. This method of image reformatting is sustainable
within our system but will require continued quality assurance
due to reasonable expectations of personnel changes across time
and to prevent perpetuation of technologists’ errors. Further
study is suggested to evaluate the effects of standardization of the
temporal bone image plane on neuroradiologists’ efficiency and
perceptual errors. Further work is also suggested to automate image reformatting into planes referencing the lateral semicircular
canals.
Disclosures: Jeffrey P. Guenette—UNRELATED: Grants/Grants Pending: American Society of Head and Neck Radiology, Comments: William N. Hanafee 2017 Research
Grant.* *Money paid to institution.
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Prolapse of Orbital Fat through the Inferior Orbital Fissure:
Description, Prevalence, and Assessment of Possible
Pathologic Associations
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ABSTRACT
BACKGROUND AND PURPOSE: A few patterns of orbital fat prolapse have been described. Some are associated with disease, and
others may mimic a neoplasm. We have observed prolapse of orbital fat into the infratemporal fossa via the inferior orbital ﬁssure
on MR imaging. The clinical relevance of this ﬁnding, if any, is unknown. The purposes of this study were to describe the MR imaging
appearance of orbital fat prolapse through the inferior orbital ﬁssure, to estimate the prevalence of this ﬁnding, and to assess
possible pathologic associations.
MATERIALS AND METHODS: For this retrospective study of 228 orbital MR imaging examinations, 3 neuroradiologists independently assessed the presence of prolapse on high-resolution T1-weighted images. Discrepancies were resolved by consensus, and
interobserver agreement was calculated. Patient demographics, indications for imaging, and pertinent clinical history were recorded. One-way analysis of variance and the Fisher exact test were used to assess possible associations between prolapse and
speciﬁc patient characteristics.
RESULTS: Orbital fat prolapse through the inferior orbital ﬁssure was observed in 20/228 patients (9%). This ﬁnding was unilateral in 11
patients (55%) and bilateral in 9 patients (45%). There was no signiﬁcant association with age, sex, obesity, Graves disease, hypercortisolism,
prior orbital trauma, proptosis, or enophthalmos. Interobserver agreement was 90%.
CONCLUSIONS: Prolapse of orbital fat into the infratemporal fossa via the inferior orbital ﬁssure is a relatively common ﬁnding on orbital
MR imaging that has no identiﬁed pathologic association. Neuroradiologists should recognize this ﬁnding so as not to report it as
pathologic.

S

everal patterns of orbital fat prolapse have been previously
described,1-4 some of which are clinically relevant. Intracranial fat prolapse has been associated with optic nerve compression
in thyroid eye disease.1 Subconjunctival fat prolapse can mimic a
neoplasm2; conversely, orbital lymphoma may mimic subconjunctival fat prolapse.5 Also, some data suggest an association
between subconjunctival fat prolapse and thyroid eye disease.6
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Not infrequently, orbital fat prolapse may be posttraumatic.3,4
Orbital fat prolapse may but does not necessarily occur in
the setting of proptosis. In a small study of patients with proptosis with excess orbital fat,7 obesity, Graves disease, and Cushing syndrome were found to represent the underlying disease
processes.
We have observed prolapse of the orbital fat into the infratemporal fossa via the inferior orbital fissure on MR imaging.
The prevalence of this finding and the clinical relevance, if
any, are unknown. We hypothesized that this finding falls
within the range of normal anatomic variations and is not
associated with orbital disorders or systemic diseases with orbital manifestations.
The purposes of this study were to describe the MR imaging
appearance of orbital fat prolapse through the inferior orbital
fissure, to estimate the prevalence of this finding, and to test our
hypothesis that this finding represents a normal variant by assessing possible pathologic associations with aging, obesity, Graves
disease, hypercortisolism (eg, Cushing disease, exogenous steroids), prior orbital trauma, proptosis, and enophthalmos.

FIG 1. Axial (A) and coronal (B) T1-weighted images demonstrate prolapse of the left orbital fat
(white arrows) into the left infratemporal fossa via the left inferior orbital ﬁssure.

spective nature of this study, the typical
examination included sagittal T1, axial
DWI, axial T2, and axial T1 gadoliniumenhanced images of the brain as well as
high-resolution axial T1, coronal T1, coronal STIR, and coronal fat-suppressed T1
gadolinium-enhanced images of the orbits. For high-resolution sequences, the
slice thickness was 3-mm and the acquisition matrix ranged from 300 ⫻ 300 to
415 ⫻ 415.

Reader Assessment
After a training session based on 10 orbital
MR imaging examinations that were not
included in this study cohort, 3 fellowship-trained neuroradiologists (8, 3, and 2
years’ subspecialty expertise) independently reviewed the high-resolution axial
T1-weighted images from the 228 included orbital MR imaging examinations
using the PACS of our institution. When
present, the high-resolution coronal T1FIG 2. Axial T1-weighted image (A) demonstrates septa within the prolapsed orbital fat (circle). weighted images were also reviewed.
Each neuroradiologist recorded the
Coronal STIR image (B) demonstrates faintly increased ﬂuid signal associated with the prolapsed
orbital fat (circle). Axial gadolinium-enhanced T1-weighted image with fat suppression (C) dem- presence or absence of orbital fat proonstrates faint enhancement associated with the prolapsed orbital fat (circle).
lapse for each eye in all patients. The recorded results were compared, and disMATERIALS AND METHODS
crepancies were resolved by a consensus review.
Subjects
Prolapse was defined as present when a discrete, rounded foFor this retrospective, Health Insurance Portability and Accountcus of fat signal intensity could be identified as both distinguishability Act– compliant, institutional review board–approved
able from the normal infratemporal fossa fat and contiguous with
study, all orbital MR imaging examinations performed at Massathe normal orbital fat via the inferior orbital fissure (Fig 1). When
chusetts Eye and Ear between January 1, 2017, and August 1, 2017,
prolapse was present, 1 fellowship-trained neuroradiologist perwere reviewed (n ⫽ 324) by 3 neuroradiologists. Inclusion criteria
formed a long-axis measurement of the prolapsed fat on highwere the following: 1) a high-resolution axial T1-weighted seresolution T1 images. The same neuroradiologist also evaluated
quence through the orbits without gadolinium contrast, and 2) no
the prolapsed fat for associated septa on T1-weighted images,
prior orbital operation. Examinations were excluded if an orbital
fluid signal on STIR images, and enhancement on gadoliniumMR imaging examination had already been included in the study
enhanced T1-weighted images with fat suppression (Fig 2). Addicohort for the same patient or the diagnostic assessment was pretionally, a different neuroradiologist measured the perpendicular
cluded by severe motion artifacts or other artifact degradation. A
distance from the anterior margin of each globe to the interzygototal of 228 orbital MR imaging examinations satisfied these crimatic line with the upper limit of normal defined as 21 mm7 and
teria and formed the study cohort.
the lower limit of normal defined as 12 mm.8

Medical Record Review
Basic patient characteristics including age, sex, and body mass
index were recorded. Pertinent medical history was also recorded,
including a history of orbital trauma and endocrinopathies, including Graves disease and Cushing syndrome. A targeted review
of patient medications was also performed, including the use of
oral steroid medications.

Image Acquisition
All orbital MR imaging examinations were performed on a 3T scanner (Achieva; Philips Healthcare, Best, the Netherlands) using an
8-channel head coil (SENSE Flex M coil; Philips Healthcare). Although there was some variability in the individual sequences included in each orbital MR imaging examination related to the retro-

Statistical Analysis
Absolute and relative frequencies are reported for categoric variables and interobserver agreement. The Fisher exact test was used
to compare proportions, and 1-way analysis of variance was used
to compare continuous variables. The Light  coefficient was calculated to assess interrater reliability. All analyses were performed
with JMP, Version 14 (SAS Institute, Cary, North Carolina), and
a P value ⬍ .05 indicated a statistically significant difference.

RESULTS
Subjects
A total of 324 orbital MR imaging examinations were reviewed
with 72 examinations excluded for lack of a high-resolution axial
AJNR Am J Neuroradiol 40:1388 –91
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Characteristics of the study groupa
Study Group Characteristics
Sex
Male
Female
Age (mean) (SD) (yr)
BMI (mean) (SD)
Obese
Yes
No
Graves
Yes
No
Hypercortisolism
Yes
No
Prior orbital trauma
Documented
None documented
Globe position
Normal
Proptosis
Enophthalmos
Indication (No.)
Diplopia
Vision changes/loss/ﬁeld cut
Mass
Optic neuropathy
Papilledema
Optic neuritis
Various other

DISCUSSION
85 (37%)
143 (63%)
51.2 (19.9)
27.2 (6.2)
51 (28%)
133 (72%)
8 (4%)
220 (96%)
12 (5%)
216 (95%)
3 (1%)
225 (99%)
397 (87%)
37 (8%)
22 (5%)
41
32
28
14
11
10
92

Note:—BMI indicates body mass index.
a
BMI information was not available for n ⫽ 44.

T1-weighted sequence through the orbits without gadolinium
contrast, 22 examinations excluded because of a prior orbital operation, and 2 examinations excluded because an orbital MR imaging examination from the same patient was already included in
the study cohort. This yielded 228 patients who met the inclusion
criteria of this study.
Patient age, sex, body mass index, Graves disease, hypercortisolism, prior orbital trauma, globe position, and study indication
data are provided in the Table.

Reader Assessment
Interobserver agreement was 90.4% among the 3 readers for the
presence or absence of orbital fat prolapse (206 patients without
discrepancy, 22 patients with discrepancy). The Light  coefficient was 0.65, indicating “good” agreement.
Prolapse of orbital fat into the infratemporal fossa via the inferior orbital fissure was observed in 20 patients (9%) ranging in
age from 25 to 79 years. This finding was unilateral in 11 patients
(55%) and bilateral in 9 patients (45%). The measured long axis of
prolapsed fat ranged from 2 to 14 mm (mean, 7 ⫾ 3 mm).
Among instances of prolapsed orbital fat, associated septa
were present in 69%, faintly increased fluid signal was present in
26%, and faint enhancement was seen in 8%. There was no statistically significant association between orbital fat prolapse and age
(P ⫽ .44), sex (P ⫽ 1.00), obesity (P ⫽ .52), Graves disease (P ⫽
1.00), hypercortisolism (P ⫽ .07), prior orbital trauma (P ⫽ 1.00),
proptosis (P ⫽ .61 for both right and left globes), or enophthalmos (P ⫽ .26 for the right globe, P ⫽ 1.00 for the left globe).
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Radiologists’ responsibilities include confidently differentiating
normal anatomy and normal variants from disease. Although the
distinction between normal anatomy and pathology is often relatively straightforward, determining that a finding represents a
normal variant rather than disease can be more problematic. Misdiagnosis of normal variation as pathology can lead to unnecessary additional tests and subject the patient to potentially harmful
procedures. Accordingly, textbooks9,10 and articles11-15 have been
devoted to normal variants that may simulate disease. However,
not infrequently, the evidence underlying the supposition that a
particular finding represents a normal variant rather than pathology is anecdotal or, in some cases, altogether lacking. Because
differentiating normal variants from disease is central to the work
of the radiologist, we believe an evidence-based approach is
worthwhile.
Numerous patterns of orbital fat prolapse have been previously described, many of which are clinically relevant. This study
describes an additional pattern of orbital fat prolapse involving
the inferior orbital fissure with an estimated prevalence of 9%,
which is more commonly unilateral. This study provides evidence
in support of our hypothesis that this finding falls within the range
of normal anatomic variations and is unlikely to be of clinical
significance.
It is unknown whether this pattern of prolapse results from a
structural anomaly of the orbit. A recent case report16 describes
herniation of buccal fat into the orbit through an abnormally
enlarged inferior orbital fissure and postulates that herniation was
possible because of the inferior orbital fissure configuration. It
remains an open question whether prolapse of orbital fat into the
infratemporal fossa via the inferior orbital fissure is associated
with variations in the dimensions of the inferior orbital fissure
from reported norms,17-19 and this question would likely best be
addressed with a future CT-based investigation.
An important limitation of this study is that a restricted number of possible pathologic associations were tested. An additional
limitation is that the electronic medical record was used to determine the presence or absence of the diseases of interest. Relevant
documentation could be incomplete or inaccurate, and it is also
possible that relevant information was overlooked during our
search. Although the literature informed the tested pathologic
associations in this study, it is possible that a pathologic association that was not tested exists. Statistical testing for additional
associations outside those supported by the literature could be
performed but would also increase the risk of a type I error in this
relatively small cohort. Future studies of larger cohorts testing
additional possible associations could mitigate the theoretic risk
of a true pathologic association not detected by the current study.

CONCLUSIONS
Prolapse of orbital fat into the infratemporal fossa via the inferior
orbital fissure is a relatively common finding on orbital MR imaging that is likely a normal anatomic variant of no clinical significance. It is important for practicing neuroradiologists to recognize this finding so as not to mistake it for a pathologic entity, such
as a mass.

Disclosures: Hillary R. Kelly—UNRELATED: Royalties: Elsevier, Comments: Book royalties were earned as editor of textbook on neuroradiology and head and neck
radiology.
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HEAD & NECK

Detection of Local Recurrence in Patients with Head and Neck
Squamous Cell Carcinoma Using Voxel-Based Color Maps of
Initial and Final Area under the Curve Values Derived from
DCE-MRI
X J.Y. Lee, X K.L. Cheng, X J.H. Lee, X Y.J. Choi, X H.W. Kim, X Y.S. Sung, X S.R. Chung, X K.H. Ryu, X M.S. Chung, X S.Y. Kim,
X S.-W. Lee, and X J.H. Baek

ABSTRACT
BACKGROUND AND PURPOSE: Early detection of local recurrence is important to increase the chance of cure because local recurrence
is the main cause of treatment failure in head and neck squamous cell carcinoma. We evaluated the added value of voxel-based color maps
of dynamic contrast-enhanced MR imaging compared with conventional MR imaging alone for detecting local recurrence of head and neck
squamous cell carcinoma.
MATERIALS AND METHODS: We retrospectively enrolled 63 consecutive patients with head and neck squamous cell carcinoma
after deﬁnitive treatment and posttreatment surveillance MR imaging studies that demonstrated focal enhancement at the primary
site. Three independent readers assessed conventional MR imaging and a pair of color maps of initial and ﬁnal 90-second time-signal
intensity areas under the curve from dynamic contrast-enhanced MR imaging. The sensitivities, speciﬁcities, and accuracies of
both conventional MR imaging alone and combined interpretation of conventional and dynamic contrast-enhanced MR imaging
were assessed using the clinicopathologic diagnosis as the criterion standard.  statistics were used to evaluate interreader
agreement.
RESULTS: There were 28 patients with subsequently documented local recurrence and 35 with posttreatment change. Adding dynamic
contrast-enhanced MR imaging to conventional MR imaging signiﬁcantly increased the diagnostic accuracies for detecting local recurrence
(48%–54% versus 87%–91%; P ⬍ .05), with excellent interreader agreement ( ⫽ 0.8; 95% CI, 0.67– 0.92 to  ⫽ 0.81; 95% CI, 0.69 – 0.93). By
all 3 readers, the speciﬁcities were also signiﬁcantly improved by adding dynamic contrast-enhanced MR imaging to conventional MR
imaging (22%– 43% versus 87%–91%; P ⬍ .001) without sacriﬁcing the sensitivities (68%– 82% versus 86%– 89%; P ⬎ .05).
CONCLUSIONS: Adding voxel-based color maps of initial and ﬁnal 90-second time-signal intensity areas under the curve from dynamic
contrast-enhanced MR imaging to conventional MR imaging increases the diagnostic accuracy to detect local recurrence in head and neck
squamous cell carcinoma by improving the speciﬁcity without sacriﬁcing the sensitivity.
ABBREVIATIONS: CI ⫽ conﬁdence interval; CE ⫽ contrast-enhanced; HNSCC ⫽ head and neck squamous cell carcinoma; DCE ⫽ dynamic contrast-enhanced;
FAUC90 ⫽ ﬁnal 90-second time-signal intensity area under the curve; IAUC90 ⫽ initial 90-second time-signal intensity area under the curve; SI ⫽ signal intensity; TSI ⫽
time-signal intensity

L

ocal tumor recurrence is the main cause (25.0%–54.9%) of
treatment failures in head and neck squamous cell carcinoma
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(HNSCC).1-4 Because distant metastasis occurs less frequently
than local recurrence, it is reasonable that posttreatment surveillance should focus on detecting local tumor recurrence to increase
the chance of cure.5 Biopsies can be a dilemma in heavily irradiated tissue because biopsy procedure may increase the risk of superimposed infection, failure to heal, and increased edema.6
Therefore, diagnostic techniques should provide a better estimate
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of the likelihood of a recurrence and thus enable a more reliable selection of patients who should undergo pathologic
examination.
Conventional and advanced imaging techniques, including
diffusion-weighted MR imaging and FDG-PET, have shown
variable results in distinguishing posttreatment change from
recurrent or persistent disease.7 Dynamic contrast-enhanced
(DCE)-MR imaging has emerged as a complementary technique
for the posttreatment surveillance of patients with HNSCC and
has shown promising results for distinguishing benign lesions
from malignancies and predicting future treatment response.8-11
A quantitative DCE-MR imaging study by Ishiyama et al12 demonstrated that posttreatment changes had significantly higher
permeability surface area than newly diagnosed or previously
treated recurrent tumor. In addition to quantitative analysis,
semiquantitative analysis of DCE-MR imaging can also be performed, offering the advantage of easier implementation, because
it does not require the acquisition of baseline T1 mapping or
arterial input function and does not rely on the assumptions of
pharmacokinetic modeling. Regarding semiquantitative analysis,
another previous study showed that benign postradiation changes
had significantly longer time-to-peak and a lower relative washout ratio than recurrent tumors.13 A recent study showed that Kep
(flux rate constant) and area under the gadolinium concentration-time curve were significantly higher in residual tumor, showing the potential of DCE-MR imaging to distinguish benign posttreatment change from residual HNSCC.14 Our recent studies
using semiquantitative analysis of DCE-MR imaging have shown
a significant difference in time-signal intensity (TSI) curve patterns between recurrence and posttreatment change15 and that
histogram analysis of the ratios between the initial and final 90second area under the TSI curve from DCE-MR imaging improves the sensitivity of MR imaging with 11% more recurrent
tumors detected compared with conventional MR imaging without compromising diagnostic specificity.16 However, there are
limitations in using both techniques in clinical practice. Considering that most recurrent tumors are mixed with posttreatment
change, TSI curve analysis averaging dynamic characteristics of
the individual voxels of the entire volume of interest cannot detect
early tumor recurrence or select a proper biopsy site for pathologic confirmation due to loss of anatomic information. Histogram analysis might detect early recurrent tumors mixed with
posttreatment change but cannot provide a visual guide to select a
proper biopsy site either.
To overcome those limitations, we obtained voxel-based color
maps of area under the curve (AUC) values extracted from TSI
curves during the initial and final 90 seconds, to assess the voxelby-voxel difference in signal intensity change according to the
time lag. The study aimed to evaluate the feasibility and added
value of visual assessment of voxel-based color maps using the
initial and final AUC values of TSI curves derived from DCE-MR
imaging to detect local tumor recurrence in patients with HNSCC
after definitive treatment.

MATERIALS AND METHODS
This case-controlled, retrospective cohort was approved by the
institutional review board of Asan Medical Center, and acquisi-

tion of informed consent from patients was waived due to the
retrospective nature of the study.

Study Patients
A review of the data base of our institution revealed 192 consecutive patients with pathologically confirmed HNSCC and surveillance MR imaging after definitive treatment between March 2014
and May 2015. Definitive treatment included curative resection,
an operation and adjuvant radiation therapy, or concurrent
chemoradiation. Among these, we found 135 patients with a focal
moderate to intensely contrast-enhancing lesion at the primary
site on fat-suppressed contrast-enhanced (CE) T1-weighted
MR images and, finally, recruited 68 patients with a final diagnosis
made by pathology or clinicoradiologic follow-up of ⬎12
months. Subsequently, an independent neuroradiologist (J.Y.L.,
with 5 years of experience in head and neck imaging) who was not
involved in the following image interpretation and data processing checked the image quality of DCE-MR imaging and excluded
5 patients with significant metallic artifacts, leaving 63 patients as
a test patient group. Three of 63 patients have been previously
reported.16 This prior article dealt with histogram analysis of
DCE-MR imaging to evaluate local tumor recurrence in HNSCC,
whereas in the current article, we investigated the feasibility of
voxel-based color maps of DCE-MR imaging. Twenty patients
were randomly selected as a separate patient group for a training
session to distinguish among those with an enhancing lesion at
the primary site but not confirmed as either recurrence or posttreatment change, to train readers and to minimize interreader
variability (Fig 1).

MR Imaging Acquisition and Generation of Voxel-Based
Color Maps from DCE-MR Imaging
MR imaging examinations were performed with a 3T MR imaging
scanner (Magnetom Skyra; Siemens, Erlangen, Germany) using a
64-channel head and neck coil. Our MR imaging protocol for
head and neck tumors consists of axial and coronal T1- and T2weighted turbo spin-echo sequences with DCE-MR images. All of
the axial T1- (TR/TE ⫽ 790/11 ms) and T2-weighted images (TR/
TE ⫽ 5470/85 ms) were acquired with an FOV ⫽ 190 ⫻ 190 mm2,
matrix size ⫽ 448 ⫻ 291, and slice thickness ⫽ 3 mm without gap.
DCE-MR imaging was performed in an axial plane with 3D controlled aliasing in parallel imaging results in higher acceleration
(CAIPIRINHA) technique before, during, and after administration of a standard single-bolus administration of 0.1 mmol of
gadoterate meglumine (Dotarem; Guerbet, Aulnay-sous-Bois,
France) per kilogram of patient body weight dose with a rate of 4
mL/s. Dynamic acquisition was performed with a temporal resolution of 3.2 seconds, and contrast was administered after 11 baseline dynamics (total ⫽ 144 dynamics). Axial (TR/TE ⫽ 650/12
ms) and coronal (TR/TE ⫽ 540/11 ms) CE-T1WIs with fat suppression were obtained after DCE-MR imaging. Detailed imaging
parameters for DCE-MR imaging are as follows: slice thickness ⫽
3 mm without gap; 20 slices; z-axis coverage ⫽ 60 mm; spatial
in-plane resolution ⫽ 184 ⫻ 160; TR/TE ⫽ 6.3/3.1 ms; flip angle ⫽ 15°; FOV ⫽ 19 cm; total acquisition time ⫽ 7 minutes 24
seconds.
The DCE-MR imaging data were transferred to a personal
AJNR Am J Neuroradiol 40:1392–1401
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FIG 1. Diagram of study population enrollment.

computer to process perfusion parametric maps with an in-house
plug-in program, which was developed for DCE-MR imaging
data processing by calculating the trapezoidal integration of normalized signal intensity (SI)17 using ImageJ software (National
Institutes of Health, Bethesda, Maryland). The contrast index was
calculated for the voxels on each DCE-MR image using the following formula: Contrast Index ⫽ [SI (Postcontrast) ⫺ SI (Precontrast)] / SI (Precontrast).16 The time course of the contrast
index was plotted to obtain a TSI curve and the initial and final
90-second AUC TSI values (IAUC90 and FAUC90) for each voxel.
IAUC90 was defined as the trapezoidal integration of the normalized TSI curve during the initial 90 seconds from the onset of
contrast enhancement in the contrast-enhancing voxel, indicating a measurement of the initial arrival of contrast agent in the
tissue of interest after intravenous bolus administration that reflects blood flow, vascular permeability, and the fraction of interstitial space.18 FAUC90 was defined as the trapezoidal integration
of the normalized TSI curve during the last 90 seconds in the same
contrast-enhancing voxel, with IAUC90, indicating the amount of
contrast agent leakage within the extravascular extracellular
space.19 The IAUC90 and FAUC90 values were then constructed to
generate voxel-based color maps, which ranged from blue,
green, yellow, to red (Fig 2). The SI of the enhanced tissue was
displayed after normalization, relative to the unaffected prevertebral muscles on baseline images. The signal intensity of
skeletal muscles was coded blue, and the vascular signal intensity exhibiting maximal enhancement was coded red. The av1394

Lee

Aug 2019

www.ajnr.org

erage time for generating a pair of color maps in 1 DCE study
was ⬍2 minutes. Details for the postprocessing of the
DCE-MR imaging data using the in-house-developed plug-in
are described in the On-line Appendix and On-line Figs 1
and 2.

Analysis of Conventional and DCE-MR Imaging
Examinations
After reviewing axial CE-T1WI of 20 patients in the separate patient group to train readers, a neuroradiologist (K.L.C., with 7
years of experience), who was aware of the location of the primary
tumor, constructed a TSI curve of DCE-MR imaging for the focal
masslike enhancing lesion at the primary site using a hand-drawn
ROI with ImageJ software. The ROIs were double-checked and
supervised by another experienced neuroradiologist (J.H.B., with
20 years of experience). All ROIs were free from areas of necrosis
or nontumor macrovessels depicted on structural images. The TSI
curve was interpreted by the neuroradiologist as progressive increment (type 1), plateau (type 2), or washout (type 3). The same
neuroradiologist drew a rectangular ROI on axial CE-T1WIs of
the separate patient group used to train readers and the patient
group to assess the diagnostic accuracy as a guide for visual assessment of voxel-based color maps by different readers.
Three neuroradiologists (J.H.L., Y.J.C., and H.W.K. with 16, 9,
and 5 years of experience in head and neck imaging, respectively)
conducted a visual assessment of voxel-based color maps of the

FIG 2. Illustration of the steps for generating color maps of initial and ﬁnal 90-second AUC values using the TSI curve. A, The time course of the
contrast index was plotted to obtain a TSI curve and the initial and ﬁnal 90-second AUC values for each voxel. IAUC90 (diagonal pattern) and
FAUC90 (dotted pattern) were deﬁned as the trapezoidal integration of the normalized TSI curve during the initial and ﬁnal 90 seconds from the
onset of contrast enhancement in the voxel. B and C, Voxel-based color maps corresponding to IAUC90 and FAUC90 values were constructed
in blue, green, yellow, and red.

separate patient group used to train readers to minimize interreader variability in their interpretation. For each patient, they
assessed each pair of IAUC90 and FAUC90 images and then determined the patterns of the color change as progressive increment
(type 1), plateau (type 2), and washout (type 3). The results were
then correlated with those of the TSI curve-pattern analysis, and
discrepancies were discussed to assess agreement. After the training session, they performed an independent analysis of the patient
group to assess the diagnostic accuracy blinded to the final diagnosis using the same methods. They regarded type 2 (plateau) or
type 3 (washout) as a recurrent tumor and type 1 (progressive
increment) as a posttreatment change.10,15,20,21
All 3 neuroradiologists performed a blinded review of conventional MR images of the patient group to test the diagnostic accuracy to detect recurrent tumor or posttreatment change, and
those results were used to investigate the added value of voxelbased color maps over conventional MR imaging. Image sets
included axial T2-weighted images,T1WIs, fat-suppressed CET1WIs, and coronal fat-suppressed CE-T1WIs. The interpretation of conventional MR imaging was performed according to the
following criteria22-24: Recurrent tumors were defined as a focal
mass discriminated by the surrounding tissue, with intermediate

to slightly high signal intensity on T2WI, low signal on T1WI, and
moderate-to-strong enhancement after gadolinium administration. Degree of enhancement was defined as “moderate” when
enhancement was weaker than mucosal enhancement but greater
than skeletal muscles. “Strong enhancement” was defined when
the degree of enhancement was similar to or stronger than mucosal enhancement. “Posttreatment change” was defined as a fibrous scar on any focal linear or triangular enhancing lesion with
very low signal intensity on T2WIs and low signal intensity on
T1WIs, and “posttreatment inflammation,” as a diffuse hyperintense abnormality on T2WIs with strong contrast enhancement.
Results of conventional MR imaging analysis for the detection of
recurrent tumor were classified into very probable ⫽ 1, somewhat
probable ⫽ 2, somewhat unlikely ⫽ 3, and unlikely ⫽ 4.
Interpretation of both conventional and DCE-MRIs was
conducted with a 1-month interval from the interpretation
session for conventional MR imaging alone. To assess the
added value of DCE-MR imaging, we accepted the result on
DCE-MR imaging with only score 2 or 3 on conventional MR
imaging. Score 1 or 4 on conventional MR imaging was accepted as a final interpretation result regardless of the pattern
on DCE-MR imaging.
AJNR Am J Neuroradiol 40:1392–1401
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Table 1: Clinical characteristics of patients in training and test groupsa
Patient Group to Test Diagnostic Accuracy
Separate Patient

Clinical Characteristics
Male/female ratio
Age (mean) (yr)
Primary site
Nasopharynx
Oral cavity
Oropharynx
Larynx/hypopharynx
PNS
Treatment modality
OP
CCRT
OP ⫹ RT
Mean time interval
(range)b
Final diagnosis
Pathologic exam
Clinical follow-up

Group to
Train Readers
(n = 20)
12:8
55 ⫾ 10
5 (25)
6 (30)
4 (20)
2 (10)
3 (15)

Recurrent
Tumor
(n = 28)
18:10
60 ⫾ 11
6 (21)
11 (39)
5 (18)
3 (11)
3 (11)

Posttreatment
Change
(n = 35)
29:6
58 ⫾ 12

P
Value
.105
.452

9 (26)
11 (31)
5 (14)
4 (11)
6 (17)
.183

10 (50)
8 (45)
2 (10)
28 (12–35)

13 (46)
13 (46)
2 (7)
27 (12–60)

12 (34)
16 (45)
7 (20)
24 (10–41)

.518

The Cohen  coefficient was used to
measure interreader agreement of the
results of DCE-MR imaging voxel-based
color maps among 3 readers and agreement of the results between the TSI
curve pattern and voxel-based color
maps in the training session. All statistical analyses were performed using MedCalc for Windows, Version 13.0 (MedCalc Software, Mariakerke, Belgium)
and SAS 9.4 software (SAS Institute,
Cary, North Carolina). The significance
threshold for the differences was set at a
P value ⬍ .05.

RESULTS

The patient group to test the diagnostic
accuracy included 47 men (mean age,
18
7
59 years; range, 25– 84 years) and 16
10
28
women (mean age, 59 years; range,
Note:—CCRT indicates concurrent chemoradiation therapy; NA, not applicable; OP, operation; PNS, paranasal sinus;
33–79 years) with a mean age of 59 years
RT, radiation therapy.
a
range, 25– 84 years). There were 35 paNumbers in parentheses are percentages except where noted.
b
Mean time interval is expressed as months and the period between the end of treatment and MR imaging.
tients (male/female ratio ⫽ 29:6) with
posttreatment change and 28 (male/feTable 2: Results of analysis of conventional MRI alone and combined interpretation of
male ratio ⫽ 18:10) with local tumor reconventional and DCE-MRI for detecting local tumor recurrence
currence. All cases with local recurrence
Recurrent
Posttreatment
Tumor
Change
were located at the area of the primary
site. Local tumor recurrence was conTP
FN
FNR (%)
TN
FP
FPR (%)
firmed by pathologic examination (n ⫽
Reader 1
Conventional MRI
21
7
25
8
27
77
18, 64%) or size increase during folConventional and DCE-MRI
25
3
11
32
3
9
low-up (n ⫽ 10, 36%). Posttreatment
Reader 2
change was confirmed by pathologic exConventional MRI
19
9
32
15
20
57
amination (n ⫽ 7, 20%) or a decrease or
Conventional and DCE-MRI
23
5
18
32
3
9
no growth of the abnormal enhancing
Reader 3
Conventional MRI
23
5
18
10
25
71
lesion without any treatment by at least
Conventional and DCE-MRI
24
4
14
32
3
9
12-month follow-up imaging (n ⫽ 28,
Note:—FN indicates false-negative; FNR, false-negative rate; FP, false-positive; FPR, false-positive rate; TN, true80%). The median time interval benegative; TP, true-positive.
tween the end of definitive treatment
and the detection of an enhancing lesion
Statistical Analysis
in
the
primary
site
was
26.3
months (range, 12– 60 months) for all
Pathology or clinicoradiologic follow-up for at least 12 months
patients in the test group, 27.0 months (range, 12– 60 months) for
was the diagnostic reference standard for interpretation of conthe posttreatment-change group, and 24.0 months (range, 10 – 41
ventional MR imaging and voxel-based color maps of DCE-MR
months) for the recurrence group, respectively. All enhancing leimaging. To compare clinical characteristics between groups, we
sions were detected during routine imaging surveillance in
conducted the 2 or Fisher exact test for categoric variables. Stuasymptomatic patients. There was no significant difference in dedent t and the Mann-Whitney U test were performed for the comparison of continuous variables after checking the normality with
mographic data or treatment modalities between the 2 subgroups.
the Kolmogorov-Smirnov test. The sensitivity, specificity, posiDescriptive statistics regarding the demographic and clinical data
tive and negative predictive values, and accuracies of the convenobtained in both test and training groups are summarized in
tional MR imaging alone and the combined interpretation of conTable 1.
Among the separate patient group to train readers, TSI curve
ventional and DCE-MRIs were calculated for differentiation of
patterns were classified into type 1 in 12 (60%), type 2 in 5 (25%),
recurrent tumor and posttreatment change, with score 1 on conand type 3 in 3 (15%) patients. Voxel-based color maps were
ventional MR imaging or score 2 on conventional MR imaging
classified into type 1 in 11 (55%), type 2 in 6 (30%), and type 3 in
with either type 2 or 3 on DCE-MR imaging being considered
recurrence. Comparison of the sensitivity, specificity, positive
3 (15%) patients by visual assessment. Agreement between the
predictive value, negative predictive value, and accuracy of conTSI curve pattern and visual assessment of voxel-based color
ventional MR imaging alone and the combined interpretation of
maps was excellent ( ⫽ 0.96; 95% CI, 0.89 – 0.98; P ⬍ .001).
conventional MR imaging and color maps of DCE-MR imaging
Table 2 shows the detailed results of analysis of conventional
was performed using a generalized estimating equation model.
MR imaging and the combined approach of conventional MR
1396

Lee

Aug 2019

www.ajnr.org

Table 3: Diagnostic accuracies of conventional MRI alone and combined interpretation of conventional and DCE-MRI for detecting local
tumor recurrencea
PPV
NPV
Sensitivity
Speciﬁcity
Accuracy
Reader 1
57 (32–80)b
79 (66–90)
22 (11–32)b
48 (35–61)b
Conventional MRI
45 (39–51)b
b
b
b
Conventional and DCE-MRI
89 (74–96)
91 (79–97)
89 (72–98)
91 (77–98)
91 (80–96)b
Reader 2
63 (38–75)b
68 (54–81)
43 (25–49)b
54 (41–67)b
Conventional MRI
49 (39–58)b
Conventional and DCE-MRI
82 (67–91)b
91 (79–97)b
88 (70–98)
87 (71–76)b
87 (77–91)b
Reader 3
67 (42–86)b
82 (69–93)
29 (18–37)b
52 (39–65)b
Conventional MRI
48 (40–54)b
b
b
b
Conventional and DCE-MRI
89 (73–96)
89 (76–95)
86 (67–96)
91 (77–98)
89 (78–95)b
Note:—NPV indicates negative predictive value; PPV, positive predictive value.
a
Numbers in parentheses are 95% conﬁdence intervals.
b
Statistical difference between conventional MRI and combined interpretation of conventional and DCE-MRI (P ⬍ .05).

FIG 3. A 53-year-old man after hemiglossectomy for squamous cell carcinoma of the oral tongue 12 months previously (T2N0M0; depth of
invasion, 10 mm). A and B, T2-weighted and contrast-enhanced fat-suppressed T1-weighted images show an ill-deﬁned enhancing lesion at the
operative bed of the oral tongue (arrows). C and D, IAUC90 and FAUC90 images of DCE-MR imaging show contrast washout at the corresponding
area. E, The time-signal intensity curve obtained from the enhancing area using a hand-drawn ROI also shows contrast washout. This lesion was
conﬁrmed as recurrent tumor on subsequent surgical excision.

imaging and DCE-MRI for detection of local tumor recurrence
after evaluation of the patient group to test diagnostic accuracy. False-positive and false-negative rates from Table 2 were
57%–77% and 18%–32% for conventional MR imaging and
9% and 11%–18% for the combined interpretation of conventional and DCE-MRI by 3 readers, respectively. There was a
48 – 68 percentage point and 4 –14 percentage point reduction
in both false-positive and false-negative rates by combined interpretation compared with conventional MR imaging alone.
Agreement between the TSI curve pattern and visual assessment of voxel-based color maps was excellent among 3 readers
in the patient group to test diagnostic accuracy ( ⫽ 0.86; 95%
CI, 0.75– 0.96 to  ⫽ 0.87; 95% CI, 0.77– 0.97). Interreader

agreement for interpretation of voxel-based color maps of
DCE-MR imaging was also excellent ( ⫽ 0.80; 95% CI, 0.67–
0.92 to  ⫽ 0.81; 95% CI, 0.69 – 0.93).
Table 3 summarizes diagnostic accuracies of conventional MR
imaging alone and combined interpretation of conventional and
DCE-MRIs. Diagnostic accuracies of conventional MR imaging
by all 3 readers were significantly increased from 48%–54% to
87%–91% by adding DCE-MR imaging to conventional MR imaging in all patients (P ⬍ .05). The specificities were also significantly improved by adding DCE-MR imaging to conventional
MR imaging (22%– 43% versus 87%–91%; P ⬍ .001) without
sacrificing the sensitivities (68%– 82% versus 86%– 89%; P ⬎
.05). Figures 3–5 are representative cases.
AJNR Am J Neuroradiol 40:1392–1401
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FIG 4. A 40-year-old female patient after wide excision for buccal cancer 36 months previously (T1N0M0). T2-weighted image shows a low signal
intensity lesion in the right retroantral region (A) with heterogeneous contrast enhancement on contrast-enhanced fat-suppressed T1-weighted
imaging (B) (arrows). IAUC90 (C) and FAUC90 (D) images of DCE-MR imaging show a progressive increment pattern. Time-signal intensity curve
obtained at the enhancing portion also shows a progressive increment pattern (E). This lesion was conﬁrmed as ﬁbrosis at excisional biopsy.

DISCUSSION
Differentiating residual or recurrent tumor from posttreatment
change is a clinically challenging decision, resulting in high falsepositive rates (26%– 46%) using conventional MR imaging criteria.25,26 FDG-PET has also been widely used to detect recurrent
tumor due to its low false-negative rates and high negative predictive values for local tumor recurrence.27 However, low specificity
might be a problem of PET/CT due to posttreatment granulation
tissue and inflammatory changes.27
In this study, we demonstrated that visual assessment of voxelbased color maps of DCE-MR imaging is both feasible and technically valid for detecting local tumor recurrence at the primary
site in patients with HNSCC during surveillance. When conventional MR imaging showed low specificity for distinguishing recurrence from posttreatment change, there was significant improvement of the specificity and accuracy without sacrificing
sensitivity when conventional and DCE-MRIs were interpreted
together. Hence, we conclude that voxel-based color maps of
DCE-MR imaging might be useful to rule out the probability of
local tumor recurrence as a complementary tool to conventional
MR imaging during posttreatment surveillance. We believe that
this technique has the potential to reduce unnecessary biopsy or
imaging studies and to lead to a more targeted diagnostic and
therapeutic approach with reduced complications by improving
the diagnostic accuracy of conventional MR imaging.
Previous studies on the diagnostic performance of conventional MR imaging for local tumor recurrence showed a wide
variation in the diagnostic sensitivity (84%; 95% CI, 72%–92%)
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and specificity (82%; 95% CI, 72%– 89%), according to a recent
meta-analysis.28 In our study, the specificity of conventional MR
imaging was relatively low, which might be attributable to our
strict interpretation criteria: We considered any focal enhancement inconsistent with posttreatment scar or inflammatory
change as recurrent tumor. In contrast, DCE-MR imaging has the
potential of low sensitivity compared with conventional MR imaging due to the relatively low signal-to-noise ratio and the spatial
resolution of the color maps and the variable degree of enhancement from posttreatment change. However, our results demonstrated that morphologic information with conventional MR imaging and functional information with color maps of DCE are
complementary and might contribute in different ways to improvement of overall diagnostic performance. Therefore, combined interpretation of conventional and DCE-MRIs might be
more practical and accurate during posttreatment surveillance of
patients with HNSCC.
DCE-MR imaging has been useful in differentiating recurrent
tumor from posttreatment change in head and neck cancer as well
as in other anatomic areas. Previous studies revealed that enhancement patterns after gadolinium contrast injection differed
between malignant and benign lesions: Early enhancement and
washout corresponded to recurrence, while a progressive enhancement pattern corresponded to benign lesions, including fibrosis.10,29,30 Our study used the same methodology as the previous studies and revealed the feasibility and repeatability of using
voxel-based color maps of IAUC90 and FAUC90 values from
DCE-MR imaging in differentiating recurrent tumor from post-

FIG 5. A 48-year-old female patient after wide excision and ﬂap reconstruction for right-tongue cancer 13 months previously (T1N0M0).
T2-weighted image (A) shows a slightly high signal intensity lesion posterolateral to the reconstructed ﬂap with moderate contrast enhancement on the T1-weighted image (B, arrows). IAUC90 (C) and FAUC90 (D) images of DCE-MR imaging show a prolonged enhancement pattern. The
time-signal intensity curve obtained at the enhancing portion also shows a prolonged enhancement pattern (E). This lesion was conﬁrmed as
dense ﬁbrosis at excisional biopsy.

treatment change in HNSCC. Increased IAUC90 values in recurrent tumors are a reflection of increased blood flow and contrast
agent leakage to the extravascular extracellular space, related to
the hypervascularity and neoangiogenesis of malignant tumor. A
progressive increase in FAUC90 in posttreatment change is due to
increased retention of contrast agent in the extravascular extracellular space due to low cellularity.19
On DCE-MR imaging, model-based pharmacokinetic DCE
parameters are quantitative, having the potential to measure
“true” physiologic mechanisms such as blood flow and permeability. However, model-based DCE parameters is difficult to apply
in clinical practice for several reasons, including arterial input
function measurement and model fit instability.31 AUC during a
given time is a model-free parameter that describes the uptake of
the contrast agent in a tissue of interest. It has advantages over the
model-based approach because it does not require arterial input
function measurement and does not need complex postprocessing pharmacokinetic modeling.18 In addition, the model-free
technique is more robust, is unlikely to be influenced by scan
sequence variation, and is easier and more reproducible compared with the model-based method.32
The current study emphasizes the usefulness of visual assessment of voxel-based color maps. Many recurrent tumors occur
intermixed with posttreatment changes. Because the TSI curve
itself has averaged hemodynamic characteristics of the entirety of

voxels in the ROI, the TSI curve has inherent limitations. If there
is only a small focal area of recurrent tumor showing washout or a
plateau pattern within the entire enhancing lesion, TSI curve
analysis may overlook a small focus of viable tumor. To overcome
this limitation, histogram-based assessment can be an alternative
method because it allows comprehensive evaluation of an entire
lesion volume. However, both time and effort to obtain the histogram parameters are required for all patients during daily practice. Voxel-based color maps may compensate for the drawbacks
of TSI curve-pattern analysis and histogram analysis. While TSI
curve analysis and histogram analysis need an ROI segmentation
to extract a TSI curve or AUC-derived parameters, voxel-based
color maps can provide simple and visually intuitive images and
can help radiologists differentiate recurrent tumor from posttreatment change.
Our study has several limitations. In addition to the retrospective nature, the small sample size may diminish the statistical validity of the results. Future research with a large prospective cohort could further validate the methodology. Second, our study
did not investigate any difference in the TSI curve pattern according to the status of human papillomavirus or Epstein-Barr virus,
histologic tumor grade, or lesion volume. Given that these factors
might affect the TSI curve pattern on DCE-MR imaging, the use
of a fixed time interval on the TSI curve for voxel-based color
maps can be another limitation. Again, additional investigation
AJNR Am J Neuroradiol 40:1392–1401
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with a larger sample size may be necessary to verify the preliminary results of the study. Third, our study included patients with
various tumor locations, which could present different natural
histories. However, we believe that the coherent results of our
study reflect the histologic consequences of an operation or
chemoradiation that are common (granulation tissue and fibrosis), irrespective of the tumor location. Further studies might be
necessary to evaluate any difference in the dynamic features of
DCE-MR imaging according to a specific tumor subsite.

CONCLUSIONS
We demonstrated that adding visual assessment of voxel-based
color maps of IAUC90 and FAUC90 derived from DCE-MR
imaging is both a technically valid and reliable method for detecting local tumor recurrence at the primary site in patients with
HNSCC during surveillance. Combined interpretation of both
conventional and DCE-MRIs can be useful in ruling out the probability of a locally recurrent tumor by improved diagnostic specificity without sacrificing sensitivity.
Disclosures: Jung Hwan Baek—UNRELATED: Consultancy: RF Medical and StarMed
since 2017.
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Prevalence of Spontaneous Asymptomatic Facial Nerve Canal
Meningoceles: A Retrospective Review
X J.C. Benson, X K. Krecke, X J.R. Geske, X J. Dey, X M.L. Carlson, X J. Van Gompel, and X J.I. Lane

ABSTRACT
BACKGROUND AND PURPOSE: The prevalence of patent facial nerve canals and meningoceles along the facial nerve course is unknown.
This study aimed to assess the frequency of such ﬁndings in asymptomatic patients.
MATERIALS AND METHODS: A retrospective review was completed of patients with high-resolution MR imaging of the temporal bone
whose clinical presentations were unrelated to facial nerve pathology. Facial nerve canals were assessed for the presence of ﬂuid along
each segment and meningoceles within either the labyrinthine segment (ﬂuid-ﬁlled distention, ⱖ1.0-mm diameter) or geniculate ganglion
fossa (ﬂuid-ﬁlled distention, ⱖ2.0-mm diameter). If a meningocele was noted, images were assessed for signs of CSF leak.
RESULTS: Of 204 patients, 36 (17.6%) had ﬂuid in the labyrinthine segment of the facial nerve canal and 40 (19.6%) had ﬂuid in the geniculate
ganglion fossa. Five (2.5%) had meningoceles of the geniculate ganglion fossa; no meningoceles of the labyrinthine segment of the canal
were observed. No signiﬁcant difference was observed in the ages of patients with ﬂuid in the labyrinthine segment of the canal or
geniculate ganglion compared with those without ﬂuid (P ⫽ .177 and P ⫽ .896, respectively). Of the patients with a meningocele, one had
a partially empty sella and none had imaging evidence of CSF leak or intracranial hypotension.
CONCLUSIONS: Fluid within the labyrinthine and geniculate segments of the facial nerve canal is relatively common. Geniculate ganglion
meningoceles are also observed, though less frequently. Such ﬁndings should be considered of little clinical importance without radiologic
evidence of CSF otorrhea, meningitis, or facial nerve palsy.

M

eningoceles of the facial nerve canal are a rare cause of CSF
leak, with 15 reported cases in the literature.1-4 CSF leak in
the context of facial nerve canal meningoceles occurs when the
bony remodeling leads to dehiscence into the middle ear.5,6 Patients may present with symptomatic unilateral conductive hearing loss, middle ear fluid, otorrhea, rhinorrhea (from CSF flow
through the Eustachian tube), or facial nerve paresis.7,8 Commonly, patients are misdiagnosed with a middle ear effusion and
are ultimately found to have a CSF leak when persistent clear
otorrhea is noted after myringotomy.1 If otorrhea is present, preoperative meningitis has been reported in approximately half of
patients.1 Imaging of facial nerve canal meningoceles typically
demonstrates smooth bony enlargement of the geniculate gan-

glion fossa with internal signal that is isointense to CSF on all
sequences; bony dehiscence may or may not be present.5,9
Observation of fluid or a meningocele within the facial nerve
canal is a potential source of consternation to radiologists. No
prior studies, to our knowledge, have described the incidence of
such findings within the facial nerve canal in asymptomatic patients; the existing literature has focused on either microscopic
analyses or meningoceles with bony dehiscence leading to symptomatic CSF leakage. Hence, this retrospective study sought to
establish the prevalence of fluid or meningocele in the facial nerve
canal in a cohort of patients asymptomatic for CSF leak, meningitis, or facial nerve palsy.

MATERIALS AND METHODS
Patient Selection
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Institutional review board approval was obtained for this study. A
retrospective review was completed of all patients at our institution who underwent internal auditory canal protocol MR imaging
between January 1, 2017, and June 30, 2018. Only patients with
thin-slice (0.5-mm thickness with differing in-plane resolutions)
T2-weighted axial images were included. Such thin-slice T2 images were completed using sampling perfection with application-

optimized contrasts by using different flip angle evolutions
(SPACE; Siemens, Erlangen, Germany), (CISS; Siemens), or
FIESTA sequences. Patients were excluded for the following reasons: 1) the images were judged to be prohibitively degraded by
artifacts (eg, motion), 2) imaging was obtained as part of a
work-up for symptomatic otorrhea, or 3) imaging was performed
to assess clinically suspected abnormalities of the seventh cranial
nerve.

Imaging and Electronic Medical Record Review
Two neuroradiologists and a neuroradiology fellow reviewed MR
images for the presence or absence of fluid within the labyrinthine, geniculate, and tympanic segments of the facial nerve canal
and the presence or absence of meningoceles within the same
locations. Meningoceles were defined as CSF-intensity fluid
within a portion of the facial nerve canal that was widened on the
basis of size criteria: ⱖ1.0-mm diameter of the labyrinthine segment of the facial nerve canal and ⱖ2.0-mm diameter of the
geniculate ganglion fossa.10-12 Size criteria were based on mean ⫾
2 SDs of normal labyrinthine size based on a study by Shin et al10
and on analyses of the geniculate ganglion fossa by Gacek11 and Mu
et al.12 In patients determined to have meningoceles, images were
secondarily assessed for imaging evidence of dehiscence and/or CSF
(eg, middle ear effusion). If ⱖ1 meningocele was detected, images
were also assessed for the following: 1) secondary signs of CSF leak
(eg, middle ear effusion, obvious bony dehiscence), 2) evidence of
prior trauma or an operation, and 3) intracranial pathology that may
have caused or suggested elevated intracranial pressure (eg, empty or
partially empty sella, abnormal fluid within the optic nerve sheaths,
tortuosity of the optic nerves, or slit-like ventricles). The body mass
index of all patients was obtained via a retrospective review of the
electronic medical record.

Statistical Analysis
Proportions of men and women with fluid in the specific anatomic compartments were compared using 2 tests. Association
of both age and body mass index with the presence or absence of
fluid was tested using t tests. Experiment-wide ␣ was set at .05.
Statistical analyses were performed using SAS (Version 9.4; SAS
Institute, Cary, North Carolina).

RESULTS
Patient Characteristics and Presence of Fluid in the Facial
Nerve Canal
Two hundred four patients (408 temporal bones) were included
in the study cohort with 107 women (52.5%). The mean age was
53.3 ⫾ 10.1 years (1 SD). CSF was present in the labyrinthine
segment of the facial nerve canal in 36/204 patients (17.6%) and
was present in the geniculate ganglion fossa in 40/204 patients
(19.6%). No patients had CSF or meningoceles in the tympanic
segment of the facial nerve canal. There was no significant difference in the ages of patients with fluid in the labyrinthine segment
of the canal compared with those without fluid (55.4 ⫾ 10.3 versus 52.9 ⫾ 10.1 years, respectively; P ⫽ .177), nor was there a
significant difference in the ages of patients with fluid in the geniculate ganglion fossa compared with those without (53.1 ⫾ 10.5
versus 53.4 ⫾ 10.1 years, respectively; P ⫽ .896).

Incidence of facial nerve canal ﬂuid/meningocelea
None
Unilateral
(No.)
(No.)
Labyrinthine segment ﬂuid 168 (82.4%)
22 (10.8%)
Geniculate ganglion fossa
164 (80.4%)
21 (10.3%)
ﬂuid
Geniculate ganglion fossa
199 (97.5%)
5 (2.5%)
meningocele

Bilateral
(No.)
14 (6.9%)
19 (9.3%)
0 (0.0%)

a

Incidence of ﬂuid signal in the facial nerve canal on 3D fast spin-echo T2 sequences
in 204 patients. Meningoceles were deﬁned on the basis of size criteria: ⱖ1.0-mm
diameter of the labyrinthine segment of the facial nerve canal, and ⱖ2.0-mm diameter of the geniculate ganglion fossa. No meningoceles were observed within the
labyrinthine segment.

FIG 1. A 55-year-old woman who presented with persistent dizziness.
From inferior to superior, axial T2 SPACE images demonstrate ﬂuidﬁlled remodeling/expansion of the right geniculate ganglion fossa
(straight arrows), compatible with a meningocele (A–C). The labyrinthine segment of the facial nerve canal (curved arrow) is 0.9 mm in
diameter, which is at the upper limit of normal but does not meet the
deﬁned size criteria for a meningocele. The normal left side is shown
for comparison (D).

Facial Nerve Canal Fluid Location, Laterality, and
Meningoceles
Location and laterality of fluid within the facial nerve canal are presented in the Table. Labyrinthine segment fluid was unilateral in
22/36 (61.1%) patients and on the right in 12/22 (54.5%). Geniculate
ganglion fossa fluid was unilateral in 21/40 (52.5%) patients and on
the left in 11/21 (52.4%). In 21/40 (52.5%) patients with fluid in the
geniculate ganglion fossa, the finding was isolated, with no fluid in
the labyrinthine segment or meningocele observed. No significant
difference was observed between the rate of patients with fluid in the
labyrinthine segment of the facial nerve canal based on sex (P ⫽
.681). However, females were significantly more likely to have fluid in
the geniculate ganglion fossa segment of the facial nerve canal than
men (26.2% versus 12.4%, respectively; P ⫽ .013).
Five patients within the cohort (2.5%) had meningoceles, all of
which were located in the geniculate ganglion fossa (Figs 1–3).
Four of 5 (80%) meningoceles were located on the right side. All
AJNR Am J Neuroradiol 40:1402– 05
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DISCUSSION
This study set out to describe the prevalence of asymptomatic fluid and meningoceles within the facial nerve canal. We
found that fluid is commonly present
in the facial nerve canal in asymptomatic
patients, occurring with near-equal incidence in the labyrinthine segment and
geniculate ganglion fossa. To our knowledge, this is the first report of the inciFIG 2. A 45-year-old woman who underwent imaging to follow up a known right vestibular dental presence of fluid or meningocele
schwannoma. Axial T2 SPACE images demonstrate ﬂuid within the geniculate ganglion of the
left facial nerve canal, with dilation measuring up to 2.7 mm, compatible with a meningocele in the facial nerve canal on MR imaging.
(long arrows, A and B). Fluid is also seen tracking along the expected course of the proximal Our results suggest that these are normal
left greater superﬁcial petrosal nerve (short arrow, B). The known vestibular schwannoma is variants and should not be considered
seen in the contralateral right internal auditory canal, extending through the porus acusticus
an unexpected or actionable finding.
(curved arrow, C).
According to multiple authors, CSF
is prevented from flowing into the facial nerve canal in healthy
patients by 2 anatomic barriers: An arachnoid sheath at the meatal
foramen (the anatomic proximal end of the facial nerve canal)
seals the facial nerve in the canal, and the facial nerve nearly fills
the entire diameter of the relatively small osseous canal, thereby
excluding CSF flow.1,13-15 However, a large histologic study of
temporal bones by Gacek11 found at least some extension of the
subarachnoid space along the labyrinthine segment of the facial
nerve canal in 88% of patients. Most of the remaining patients
who had subarachnoid space extension to, or past, the geniculate
ganglion in that study had intracranial pathology that may have
been associated with intracranial hypertension.11 In our study,
the incidence of fluid within the labyrinthine segment of the facial
nerve canal is much lower than that observed by Gacek. Although
the disparity between the study by Gacek and the current study is
unknown, it is likely that the spatial and contrast resolution of MR
imaging is less sensitive to fluid than histologic analysis. In the
current study, only 1 patient had a partially empty sella without
clinical evidence of pseudotumor cerebri; there was otherwise no
imaging evidence of intracranial hypertension among patients
FIG 3. A 64-year-old woman who presented with bilateral sensorineural hearing loss. Axial T2 SPACE imaging demonstrates ﬂuid-ﬁlled
with meningoceles. Furthermore, it is possible that both fluid and
dilation of the right geniculate ganglion fossa, compatible with a memeningoceles within the facial nerve canal represent sequelae of
ningocele (solid straight arrow, A and B). Fluid is seen in the left
mild or compensated intracranial hypertension, similar to pelabyrinthine (curved arrow, C) and geniculate (dashed straight arrow,
C and D) segments of the left facial nerve canal without remodeling/
trous apex cephaloceles and arachnoid granulations.5,16
dilation of the osseous canal.
Although it is unknown why fluid along the labyrinthine
and/or geniculate segments of the facial nerve was observed in
spontaneous cases, it is possible that either congenital enlarge(100.0%) patients with meningoceles had fluid within the ipsilatment of the facial nerve canal or increased intracranial pressure
eral labyrinthine segments and geniculate ganglion fossa. None of
contributed to the findings.17 Even slight congenital enlargement
the patients with meningoceles had evidence of bony dehiscence.
of the facial nerve canal could allow the subarachnoid space, and
No patients had meningoceles of the labyrinthine or tympanic
thereby CSF, to extend along the course of the facial nerve. Pressegments of the facial nerve canal. None of the patients with mesure and repetitive pulsations related to CSF could lead to remodningoceles had secondary intracranial findings to suggest clinieling of the osseous canal and dehiscence/fistulization into adjacally occult CSF leak or intracranial hypotension, nor did these
cent structures such as the middle ear.13 It is notable that while
patients have imaging evidence of prior trauma or an operation.
meningoceles were observed in the geniculate ganglion fossa,
Of the patients with meningoceles, one had a contralateral vestibnone were seen in the labyrinthine segment of the facial nerve
ular schwannoma. One patient with a meningocele had a partially
canal. It is possible that the architecture of the geniculate fossa is
empty sella. There was no significant difference in the body mass
more susceptible to bony remodeling related to high-pressure enindexes among patients with fluid in the facial nerve canal or
geniculate ganglion fossa versus those without fluid (P ⫽ .584 and
vironments in accordance with Bernoulli’s principle: Fluid within
P ⫽ .688, respectively), nor was there a difference between paa system is at higher pressure as the diameter of the canal intients with meningoceles and those without (P ⫽ .566).
creases, and the geniculate ganglion fossa is larger than the laby1404
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rinthine segment of the facial nerve canal. It is also possible that
geniculate ganglion dehiscence plays a role; a prior study by Isaacson and Vrabec18 found geniculate ganglion dehiscence to be a
common radiographic finding, present in 14.5% of all patients.
This study has limitations shared by any retrospective review.
Determination of CSF within the facial nerve canal was based on
imaging tools with intrinsic (spatial and contrast resolution) and
situational (bone-air interface artifacts) shortcomings compared
with the histologic standard; laboratory analysis would be required to confirm that the observed fluid was CSF. Next, although
the differentiation between CSF within the facial nerve canal and
meningocele was sharply defined in this study based on canal
diameter, the 2 entities likely exist on a spectrum; a patent facial
nerve canal allows CSF flow, which may cause bony remodeling
and hence meningocele formation across time—again, in accordance with Bernoulli’s principle. Also, the opening CSF pressure
was not available for review, limiting the ability of this study to
correlate any findings with intracranial hyper- or hypotension.
Finally, as stated above, the patient population of the study had
dedicated internal auditory canal protocol MR imaging, limiting
the ability to assess evidence of or pathology potentially related to
intracranial hypertension.

4.

5.

6.

7.

8.

9.
10.

11.
12.

CONCLUSIONS
Fluid in the labyrinthine and geniculate segments of the facial
nerve canal is a relatively common incidental finding on temporal
bone MRIs and presumably represents CSF. Meningoceles of the
geniculate ganglion fossa, too, are observed in asymptomatic patients, though less frequently. In the absence of clinical or radiologic evidence of associated CSF otorrhea, these findings should
be considered incidental variants.

13.

14.

15.

16.
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Evaluating Tissue Contrast and Detecting White Matter Injury
in the Infant Brain: A Comparison Study of Synthetic PhaseSensitive Inversion Recovery
X D.Y. Kim, X W.S. Jung, X J.W. Choi, X J. Choung, and X H.G. Kim

ABSTRACT
BACKGROUND AND PURPOSE: Synthetic MR imaging enables the acquisition of phase-sensitive inversion recovery images. The aim of
this study was to compare the image quality of synthetic phase-sensitive inversion recovery with that of other sequences in infants.
MATERIALS AND METHODS: Brain MR imaging with 3D T1-weighted fast-spoiled gradient recalled, synthetic T1WI, and synthetic phasesensitive inversion recovery of 91 infants was compared. Contrast between unmyelinated WM and myelinated WM and between unmyelinated WM and cortical GM was calculated. Qualitative evaluation of image quality and myelination degree was performed. In infants
with punctate white matter injuries, the number of lesions was compared.
RESULTS: The contrast between unmyelinated WM and myelinated WM was higher in synthetic phase-sensitive inversion recovery
compared with fast-spoiled gradient recalled or synthetic T1WI (P ⬍ .001). Compared with synthetic T1WI, synthetic phase-sensitive
inversion recovery showed higher gray-white matter differentiation (P ⬍ .001) and myelination degree in the cerebellar peduncle (P ⬍ .001).
The number of detected punctate white matter injuries decreased with synthetic phase-sensitive inversion recovery compared with
fast-spoiled gradient recalled sequences (1.2 ⫾ 3.2 versus 3.4 ⫾ 3.6, P ⫽ .001).
CONCLUSIONS: Synthetic phase-sensitive inversion recovery has the potential to improve tissue contrast and image quality in the brain
MR imaging of infants. However, we have to be aware that synthetic phase-sensitive inversion recovery has limited value when assessing
punctate white matter injuries compared with 3D fast-spoiled gradient recalled imaging.
ABBREVIATIONS: CP ⫽ cerebellar peduncle; FSPGR ⫽ fast-spoiled gradient recalled; GM-WM ⫽ gray-white matter differentiation; mWM ⫽ myelinated white
matter; PSIR ⫽ phase-sensitive inversion recovery; uWM ⫽ unmyelinated white matter

N

umerous biologic changes occur in the brain tissue of infants. The brain continues myelination and vascularization
before and after birth and eventually develops neurons and dendritic connections.1 Various imaging modalities have been used
to depict this brain maturation in infants. MR imaging has been
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recognized as the most practical technique to do so by means of
T1WI and T2WI.2,3 Several quantitative markers are widely accepted for this assessment, including T1 and T2 relaxation times4
and diffusion anisotropy.5 Yet, qualitative assessment of brain
maturation is just as important as quantitative assessment in clinical practice.
One of the MR imaging sequences used for myelination assessment is phase-sensitive inversion recovery (PSIR). PSIR image
reconstruction provides higher resolution by increasing graywhite matter differentiation (GM-WM) and the overall signal-tonoise ratio.6,7 In past studies, PSIR also enabled superior detection of focal lesions in adult patients with progressive multiple
sclerosis or with cerebral autosomal-dominant arteriopathy with
subcortical infarcts and leukoencephalopathy.8,9 In infants, another study concluded that PSIR images correlated well with the
chronology of brain maturation and provided adequate information about brain injuries.1
There has been much effort to make MR imaging clinically
more feasible for children and especially to resolve issues with its
long acquisition time.2,10 The recently developed synthetic MR

imaging is a multiparametric quantitative MR imaging that can
generate multiple sequences by manipulating TR, TE, and TI.2,11
This technique has reduced scanning times in pediatric brain MR
imaging.2 With synthetic MR imaging, we are able to obtain not
only synthetic T1WI, T2WI, and proton-density images but also
synthetic PSIR images.9
To the best of our knowledge, there has been no study conducted on synthetic PSIR in the assessment of brain maturation in
infants. In previous studies, synthetic T1WI or T2WI showed
lower or equivalent image quality compared with conventional
T1WI or T2WI.2,10,12 However, the brain MR imaging protocol of
infants frequently includes 3D-T1WI instead of 2D.13 The role of
thin-slice images from 3D acquisition is important because it allows detection and quantification of WM injuries from perinatal
insult, which predict the outcome in infants.14 Thus, the image
quality of synthetic images and conventional 3D-T1WI needs to
be compared before synthetic MR imaging can be implemented in
infants. Therefore, the aim of our study was to compare tissue
contrast, image quality, myelination degree, and the number of
punctate white matter lesions assessed with synthetic PSIR in infants with those assessed with synthetic T1WI, conventional 3DT1WI, and conventional T2WI.

FIG 1. Representative synthetic PSIR image showing the drawn ROI
along with cortical GM (A), uWM (B), and mWM (C).

after multiparametric quantitative MR imaging and were displayed on the PACS.

MATERIALS AND METHODS
Patients
The institutional review board of Ajou University Hospital approved this retrospective study. We reviewed the brain MR imaging of infants obtained from July 2016 to October 2017 using a 3T
scanner (Discovery 750W; GE Healthcare, Milwaukee, Wisconsin). During the study period, the routine MR imaging protocols
of infants included 3D-T1WI fast-spoiled gradient recalled
(FSPGR) and multiparametric quantitative MR imaging, with or
without the axial T2WI fast spin-echo sequence. With multiparametric quantitative MR imaging, synthetic T1WI and synthetic
PSIR images were generated and automatically loaded on a PACS
system. Demographic information and indications for MR imaging were collected through a review of the medical records. We
also further classified a subgroup of infants with punctate white
matter injuries.

Image Acquisition
The parameters for FSPGR were the following: TR ⫽ 9 ms, TE ⫽
3 ms, slice thickness ⫽ 1 mm, NEX ⫽ 1, and FOV ⫽ 22 ⫻ 22 cm
(scanning time ⫽ 3 minutes 6 seconds). Multiparametric quantitative MR imaging was performed using 4 saturation delays of
130, 500, 1370, and 2970 ms, and the TR was 4452 ms. The TR
included 2 TEs of 22 and 128 ms. Each acquisition created 8 images per section (scanning time ⫽ 5 minutes). Slice thickness was
3 mm, and the FOV was 20 ⫻ 20 cm.3 For synthetic T1WI, the
parameters were TR ⫽ 550 ms and TE ⫽ 10 ms. For synthetic
PSIR, the parameters were TR ⫽ 6000 ms, TE ⫽ 10 ms, and TI ⫽
500 ms. The parameters for synthetic PSIR were the default setting
of the MR imaging scanner. The parameters for T2WI were the
following: TR ⫽ 6000 ms, TE ⫽ 151 ms, slice thickness ⫽ 3 mm,
NEX ⫽ 2, and FOV ⫽ 18 ⫻ 18 cm (scanning time ⫽ 3 minutes 18
seconds). Synthetic T1WI and PSIR were automatically generated

Image Analysis
For quantitative analysis, ROIs were manually drawn and the
mean signal intensities of unmyelinated white matter (uWM),
myelinated white matter (mWM), and cortical GM were measured on the images (Fig 1). The ROIs were drawn using PACS of
our hospital. The contrast between uWM and mWM and between
uWM and GM was measured using the Michelson contrast equation. In this equation, the contrast is the difference between the
maximal and minimal intensities divided by the sum of the maximal and minimal intensities.2
For qualitative analysis, 2 radiologists with 8 years of experience in pediatric neuroradiology (radiologist 1) and 6 years of
experience in neuroradiology (radiologist 2) performed the visual
assessment. Images of 26 infants without visual abnormalities
were analyzed blindly and independently in random order. The
qualitative analysis was composed of 2 assessments, 1 for image
quality and 1 for myelination degree. Image quality was evaluated
by diagnostic quality and GM-WM. Both parameters were graded
as follows: 1 ⫽ poor, 2 ⫽ moderate, and 3 ⫽ good. Myelination
degree was evaluated in the cerebellar peduncle (CP), posterior
limb of internal capsule, anterior limb of the internal capsule, and
frontal and occipital WM. The myelination degree of each anatomic region was scored as follows: 1 ⫽ unmyelinated, 2 ⫽ intermediate, and 3 ⫽ fully myelinated.
For the subgroup with punctate white matter injuries, the injuries were shown as focal lesions with increased T1 signal intensity.15 The total number of lesions in each sequence was counted
by the radiologist with 8 years of experience in pediatric neuroradiology. Then, using the coronal images of 3D-FSPGR, we measured the cranial-to-caudal diameters of lesions that were not detectable with synthetic PSIR.
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Table 1: Contrast comparison of the FSPGR, synthetic T1WI, and synthetic PSIR sequences (n ⴝ 91)a
FSPGR vs T1WIb
T1WIb vs PSIRb
FSPGR
T1WIb
PSIRb
P Value
(P Values)
(P Values)
uWM-mWM
0.249 (0.101)
0.182 (0.062)
0.506 (0.211)
⬍.001
⬍.001
⬍.001
uWM-GM
0.124 (0.117)
0.099 (0.067)
0.393 (0.309)
⬍.001
.454
⬍.001
a
b

FSPGR vs PSIRb
(P Values)
⬍.001
⬍.001

Data are median (interquartile range) unless otherwise indicated.
Synthetic images.

Statistical Analysis
In quantitative analysis, the Friedman test was used to compare
the first 3 sequences, which were FSPGR, synthetic T1WI, and
synthetic PSIR. Two of the 3 sequences were compared using the
Wilcoxon signed rank test, and Bonferroni correction was applied
to reduce errors associated with multiple comparison. The Wilcoxon signed rank test was also used to compare tissue contrast
between synthetic PSIR and T2WI. In qualitative analysis, Cochran-Mantel-Haenszel statistics were used to compare the image
quality and myelination degree of the 3 sequences. To compare 2
among the 3 sequences, we performed the 2 test after reclassifying image quality and myelination degree into 2 categories (1 or 2
versus 3). To compare the number of punctate WM lesions detected on the 3 sequences, we used the Friedman test. The mean
relative comparison for synthetic PSIR versus FSPGR and synthetic PSIR versus synthetic T1WI was expressed as a percentage
of FSPGR and T1WI, respectively. A positive relative comparison
value means a gain in the number of lesions detected using PSIR,
and a negative value indicated a loss. Statistical analyses were performed with SAS, Version 4.9 (SAS Institute, Cary, North Carolina) and R statistical and computing software, Version 3.5.0
(http://www.r-project.org/), and P values ⬍ .05 were considered
statistically significant.

RESULTS
Patient Information
A total of 91 infants (58 boys and 33 girls) were included in this
study. The age range of the infants was from 1 to 180 days, and the
mean corrected gestational age at MR imaging was 42.1 ⫾ 11.1
weeks. The infants underwent brain MR imaging for various indications, with prematurity and intracranial hemorrhage being
the most common. Other indications included an apnea event,
seizure, suspicion of hydrocephalus, minor head trauma, and history of meningitis. The T2WI sequence was performed in 86 of 91
infants. The age range of infants with T2WI was from 1 to 175
days, and the mean corrected gestational age of these infants was
42.9 ⫾ 10.4 weeks. There were 10 infants with punctate white
matter injuries.

Contrast Comparison of the FSPGR, Synthetic T1WI, and
Synthetic PSIR Sequences
Contrast observed with FSPGR, synthetic T1WI, and synthetic
PSIR was compared, and the comparison results are summarized
in Table 1. For the contrast between uWM and mWM, there were
significant differences among the 3 sequences. When 2 of the 3
sequences were compared, PSIR (0.506) showed higher contrast
compared with FSPGR (0.249, P ⬍ .001) and synthetic T1WI
(0.182, P ⬍ .001). FSPGR showed significantly higher contrast
compared with synthetic T1WI (P ⬍ .001). For the contrast between uWM and GM, there were also significant differences
1408
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Table 2: Contrast comparison between the T2WI and synthetic
PSIR sequences (n ⴝ 86)a
T2WI
PSIRb
P Value
uWM-mWM
0.226 (0.106)
0.516 (0.214)
⬍.001
uWM-GM
0.176 (0.081)
0.386 (0.327)
⬍.001
a
b

Data are median (interquartile range) unless otherwise indicated.
Synthetic image.

among the 3 sequences. Again, synthetic PSIR (0.393) showed the
highest contrast compared with FSPGR (0.124, P ⬍ .001) and
synthetic T1WI (0.099, P ⬍ .001). There was no significant difference between FSPGR and synthetic T1WI (P ⫽ .454).

Contrast Comparison between the T2WI and PSIR
Sequences
Contrast observed with T2WI and synthetic PSIR was compared,
and the comparison results are summarized in Table 2. Compared
with T2WI, synthetic PSIR showed significantly higher contrast
between uWM and mWM (0.516 versus 0.226, P ⬍ .001). For the
contrast between uWM and GM, synthetic PSIR showed significantly higher contrast compared with T2WI (0.386 versus 0.176,
P ⬍ .001).

Assessment of Image Quality and Myelination Degree
The qualitative comparison of the 3 sequences is summarized in
Table 3, and representative images are shown in Fig 2. For image
quality, diagnostic quality and GM-WM assessed by radiologist 1
and GM-WM assessed by radiologist 2 showed significant differences among the 3 sequences. When 2 of the 3 sequences were
compared by radiologist 1, synthetic PSIR showed significantly
higher diagnostic quality (synthetic PSIR versus FSPGR, P ⫽ .023;
synthetic PSIR versus synthetic T1WI, P ⫽ .002) and GM-WM
(synthetic PSIR versus FSPGR, P ⫽ .002; synthetic PSIR versus
synthetic T1WI, P ⬍ .001) compared with the other 2 sequences.
When 2 of the 3 sequences were compared by radiologist 2, synthetic PSIR showed significantly higher GM-WM compared with
synthetic T1WI (P ⬍ .001) but not compared with FSPGR (P ⬎
.999).
Myelination degree in the CP assessed by radiologist 1 and that
in the CP and posterior limb of the internal capsule assessed by
radiologist 2 showed significant differences among the 3 sequences. When 2 of the 3 sequences were compared by radiologist
1, the CP showed a significantly higher myelination degree with
synthetic PSIR compared with FSPGR (P ⫽ .023) and synthetic
T1WI (P ⬍ .001). When 2 of the 3 sequences were compared by
radiologist 2, synthetic PSIR showed a significantly higher myelination degree in the CP compared with synthetic T1WI (P ⬍
.001), but not compared with FSPGR (P ⬎ .999). The posterior
limb of the internal capsule showed significantly higher myelination degree with synthetic PSIR compared with FSPGR (P ⫽ .049)
and synthetic T1WI (P ⬍ .001) by radiologist 2. Myelination de-

Table 3: Image quality and myelination degree assessment by the 2 radiologistsa
Radiologist 1
Image quality
Diagnostic quality
GM-WM
Myelination
CP
PLIC
ALIC
Frontal WM
Occipital WM

Radiologist 2

FSPGR

T1WIb

PSIRb

P Value

FSPGR

T1WIb

PSIRb

P Value

0/6/20
0/9/17

0/9/17
0/16/10

0/0/26
0/0/26

.006
⬍.001

0/1/25
0/3/23

0/0/26
1/23/2

0/1/25
0/2/24

.603
⬍.001

0/6/20
2/16/8
21/0/5
22/4/0
21/5/0

0/20/6
3/18/5
21/5/0
26/0/0
22/4/0

0/0/26
2/15/9
21/0/5
22/4/0
21/5/0

⬍.001
.452
.513
.111
.918

0/1/25
1/22/3
22/4/0
24/2/0
21/5/0

2/21/3
1/22/3
22/4/0
24/2/0
21/5/0

0/0/26
0/1/25
21/1/4
21/4/1
21/0/5

⬍.001
⬍.001
.460
.421
.549

Note:—ALIC indicates anterior limb of the internal capsule; PLIC, posterior limb of the internal capsule.
a
Number of cases graded in 3-point scale are presented in order: Image quality, 1 ⫽ poor, 2 ⫽ moderate, and 3 ⫽ good; myelination, 1 ⫽ unmyelinated, 2 ⫽ intermediate, and
3 ⫽ fully myelinated.
b
Synthetic image.

2.89, P ⫽ .002) and synthetic PSIR (1.2 ⫾ 3.24, P ⫽ .001). The
mean relative differences in the numbers of lesions for synthetic
PSIR versus FSPGR and synthetic PSIR versus T1WI were
⫺67.2% and 0%, respectively. The mean of the cranial-to-caudal
diameters of punctate WM lesions that were not detectable on
synthetic PSIR was 1.57 ⫾ 0.27 mm.

DISCUSSION

FIG 2. A 30-day-old neonate. There is limited myelination at the
posterior limb of the internal capsule (arrow), showing higher signal
intensity on the FSPGR (A), synthetic T1WI (B), and synthetic PSIR (C)
images compared with the uWM regions. D, On the T2WI, the myelinated posterior limb of internal capsule (arrow) shows lower signal
intensity compared with the uWM regions.

grees in other regions (anterior limb of the internal capsule, frontal WM, and occipital WM) were not significantly different.

Punctate WM Lesions
The number and location of the WM lesions found in the 10
infants using the 3 sequences are summarized in Table 4. Several
lesions that appeared on FSPGR were not detectable on the synthetic PSIR images (Fig 3). Among the 10 infants with punctate
WM injuries, FSPGR revealed a total of 67 lesions, whereas both
synthetic T1WI and PSIR revealed 24 lesions. The number of lesions detected using FSPGR (3.35 ⫾ 3.62) was significantly higher
than the number of lesions detected using synthetic T1WI (1.2 ⫾

In this study, we found that synthetic PSIR could be a practical
imaging sequence for assessing brain maturation both quantitatively and qualitatively in infants. Synthetic PSIR showed significantly higher tissue contrast compared with conventional 3DT1WI, synthetic T1WI, and T2WI. In our qualitative assessment,
synthetic PSIR showed comparable or higher image quality or
myelination degree than 3D-T1WI or synthetic T1WI. On the
other hand, punctate WM injuries were better detected with 3DT1WI than with synthetic PSIR.
Synthetic MR imaging is a time-efficient imaging technique
that can generate multiple synthesized images at a single acquisition.2,16,17 A few studies have shown that synthetic MR imaging
can be used in children2,10,18 as well as in adults.12,19 However,
while one of these previous studies did compare the value of synthetic T1WI, T2WI, and FLAIR with conventional sequences,2 the
value of synthetic PSIR has not been evaluated in any study that
we know of.
In our study, tissue contrast was superior with synthetic PSIR
compared with synthetic T1 or FSPGR, and this result is consistent with those of a previous study using conventional PSIR.20
The previous study compared contrast between GM and WM but
did not compare contrast between uWM and mWM. PSIR provides a greater range of signal intensity compared with FSPGR and
T1WI with conventional magnitude reconstruction, resulting in
higher tissue contrast.21 This is possible by additively combining
positive and negative longitudinal magnetization in PSIR images,
in contrast to magnitude images without any directional component of magnetization.
According to our results, synthetic PSIR showed higher tissue
contrast than conventional T2WI. This is in line with the previous
qualitative comparison study that showed higher contrast with
the PSIR sequence compared with the T2 spin-echo sequence.20
With a decrease in water content and an increase in lipids and
protein levels, mWM appears to be hyperintense compared with
AJNR Am J Neuroradiol 40:1406 –12

Aug 2019

www.ajnr.org

1409

facilitated by the introduction of MR
imaging, and there have been many attempts to evaluate myelination in infants
Rt Lobe
Lt Lobe
more noninvasively and accurately. The
high signal intensity observed on PSIR
12
9
with neural development reflects the
0
0
shorter longitudinal relaxation times of
0
0
water protons in mWM. Water content
0
0
0
0
decreases in mWM, and this may induce a
0
0
decrease in the relaxation times of the wa0
1
ter protons.25 Conversely, lipid and pro0
0
tein levels increase in mWM. These
1
1
changes in the developing brain result in
0
0
24
signal intensity changes on MR imaging.22
1.20 (3.24)
Therefore, the assessment of myelination degree in our study reflects the
ability to find clinically relevant features
using different sequences. In a past study
with children, myelination patterns observed with synthetic T1WI were compared with those observed with conventional T1WI, and the estimated age
based on myelination degree was found to be similar between
both sequences.10 Our qualitative results regarding myelination
degree were superior with synthetic PSIR in the CP or posterior
limb of the internal capsule. There was no significant difference in
myelination degree in the anterior limb of the internal capsule,
frontal WM, and occipital WM. This is probably because myelination was limited in those regions as our subjects were young,
with a mean corrected gestational age of 42 weeks. If a larger
group of subjects with older ages were included, there might have
been significant differences in the above-mentioned regions as
well. Synthetic MR imaging may not only allow quantitative assessment3 but also enhance the qualitative assessment of myelination degree in children.
As a subgroup analysis, we evaluated the potential of synthetic
PSIR to detect punctate WM injuries. Reports have shown that
most preterm neonates have abnormal neuroimaging findings
such as parenchymal volume loss, cystic change, or enlargement
of ventricles.13,14 Among such abnormal findings in preterm neonates, WM signal abnormalities are referred to as “periventricular white matter injuries of prematurity.” Because tissue contrast
comparisons showed higher contrast with synthetic PSIR images,
we expected the periventricular WM lesions to appear more
prominently on synthetic PSIR than on FSPGR images. However,
periventricular WM lesions were more readily and sensitively detected using FSPGR rather than synthetic PSIR imaging. We speculate that this finding is most likely due to higher spatial resolution in 3D-FSPGR compared with 2D synthetic PSIR sequences.
This is because the mean cranial-to-caudal diameter of lesions
that were not detectable with synthetic PSIR (1.57 mm) was
smaller than the slice thickness of 2D synthetic images (3 mm) but
larger than that of 3D FSPGR (1 mm). In addition, the number of
lesions detected with synthetic T1WI and PSIR imaging were the
same. Another possible reason is the pathologic characteristics of
punctate WM lesions, which are different from normal brain
tissue. The high T1 signal intensities of punctate WM lesions in-

Table 4: Number of punctate WM lesions detected on FSPGR, synthetic T1WI, and synthetic
PSIR in the 10 patients
FSPGR
T1WIa
PSIRa
Patients
1
2
3
4
5
6
7
8
9
10
Total
Mean No. of lesions
detected (SD)

Rt Lobe

Lt Lobe

Rt Lobe

Lt Lobe

12
2
1
2
2
4
5
3
4
0

13
1
0
0
3
6
5
0
3
1

12
0
0
0
0
0
1
0
1
0

6
0
0
0
0
1
2
0
1
0

67
3.35 (3.62)

24
1.20 (2.89)
P Values
.002
.001
⬎.999

FSPGR vs T1WIa
FSPGR vs PSIRa
T1WIa vs PSIRa
Note:—Rt indicates right; Lt, left; SD, standard deviation.
a
Synthetic image.

FIG 3. A 7-day-old neonate who underwent brain imaging due to an
apnea event. There are multifocal high signal intensity lesions in
the WM, which are readily detectable on both the FSPGR (A) and
synthetic PSIR (B) images (short arrows). However, some of the lesions only appear on the FSPGR (long arrow) and not on the synthetic
PSIR image.

uWM or GM on T1WI, while mWM on T2WI shows decreased
signal intensities.1,22,23 In addition, the milestones of normal
maturation are different between T1WI and T2WI.23 Therefore, a
direct comparison of contrast between T2WI and PSIR images has
limited value.
We also showed that for image quality, synthetic PSIR showed
the highest level of qualitative GM-WM among the 3 sequences.
Recently, conventional and synthetic PSIR were compared for the
detection of cortical lesions in patients with multiple sclerosis.16
In that study, synthetic PSIR showed similar sensitivity to conventional PSIR.16 We did not acquire conventional PSIR, so we could
not compare its performance with that of synthetic PSIR in the
infant brain. A prospective study on this subject is needed in the
future.
Assessing myelin development can be crucial in infants. This is
because many disorders are associated with delayed or abnormal
myelination, and early detection is essential for early treatment
and better prognostication.24 Myelination assessment has been
1410
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dicate focal necrosis with macrophages and foci of activated microglia.26 In addition, hemorrhagic components commonly accompany punctate WM injuries.27,28 Because the lesions have
shorter T1 values than surrounding normal WM, if we applied an
optimal null point of normal WM (ie, optimal TI value), a higher
sensitivity for detecting WM lesions might be possible. Future
studies comparing the contrast of WM lesions and surrounding
normal WM lesions between synthetic PSIR and other sequences
would also be helpful. Because neonatal MR imaging plays a role
in predicting neurodevelopmental outcomes and the detection of
periventricular WM lesions is one such marker, radiologists have
to be aware that 2D synthetic PSIR imaging has limited value
when detecting punctate WM lesions.
This study has some limitations. First, the study group included
infants and neonates with brain abnormalities. Although we included subjects without visual abnormalities for qualitative comparison, these subjects cannot reflect a healthy population. Myelination
degree of the abnormal brain such as in hydrocephalus is noticeably
different from that of the normal brain.29 Therefore, the 4 sequences
we compared in this study do not reflect the myelination of the
healthy population. Second, 2 radiologists with different degrees of
experience in pediatric neuroradiology performed the qualitative assessment. Inter- and intraobserver variability was not evaluated, and
differing experience levels in pediatric neuroradiology may have
caused the discordant results between the 2 radiologists. Third, we
did not optimize TR, TE, and TI for infants when generating synthetic PSIR from synthetic MR imaging. With synthetic MR imaging,
we can create multiple different contrast images combining distinctive TR, TE, and TI.30 Future studies with optimized TR, TE, and TI
could further improve the image quality of synthetic PSIR in the
infant population.

CONCLUSIONS
Synthetic PSIR has the potential to improve tissue contrast, image
quality, and myelination degree assessment when evaluating the
brains of infants compared with conventional sequences and
other synthetic images, despite being of limited value when evaluating punctate WM injuries.
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Comparison of CSF and MRI Findings among Neonates and
Infants with E coli or Group B Streptococcal Meningitis
X S.F. Kralik, X M.K. Kukreja, X M.J. Paldino, X N.K. Desai, and X J.G. Vallejo

ABSTRACT
BACKGROUND AND PURPOSE: Group B Streptococcus and Escherichia coli (E coli) are the 2 most common causes of bacterial meningitis
in neonates. The purpose of this study was to determine whether CSF and/or MR imaging ﬁndings differ between infants with group B
streptococcal or E coli meningitis.
MATERIALS AND METHODS: A retrospective review was performed among neonates (younger than 28 days) and infants (younger than
120 days) with proved group B streptococcal (n ⫽ 57) or E coli meningitis (n ⫽ 50). A CSF or blood culture positive for Streptococcus or E
coli and an elevated CSF white blood cell count were used as the criterion standard. Independent, blinded review of brain MRIs obtained
within 21 days of presentation were performed by 2 board-certiﬁed neuroradiologists. CSF laboratory values and MR imaging ﬁndings were
compared between the groups.
RESULTS: There was no statistically signiﬁcant difference between the mean age at presentation for patients with group B streptococcal
(40 days; range, 2–111 days) versus patients with E coli meningitis (31 days; range, 12–115 days) (P ⫽ .18). There was no statistically signiﬁcant
difference in the CSF white blood cell count, glucose, or protein. There was a signiﬁcant difference between group B streptococcal and E
coli meningitis in the frequency of hydrocephalus (0% versus 22%, P ⫽ .001) and infarct (40% versus 14%; P ⫽ .038), respectively. There was
no statistically signiﬁcant difference in leptomeningeal enhancement, cerebritis, ventriculitis, abscess/granuloma, subdural effusion,
extra-axial purulent material, intraventricular purulent material, hemorrhage, and sinus thrombosis.
CONCLUSIONS: Although neonates and infants with group B streptococcal or E coli meningitis had similar age and CSF laboratory values,
patients with group B streptococcal meningitis more frequently demonstrated infarcts, while those with E coli meningitis more frequently
had early onset of hydrocephalus.
ABBREVIATIONS: GBS ⫽ group B Streptococcus; WBC ⫽ white blood cell

B

acterial meningitis is an inflammation of the meninges affecting the pia, arachnoid, and subarachnoid space in response to
bacteria and bacterial products. Despite an array of antibiotics,
neonatal meningitis remains a devastating disease. In developed
countries, the incidence of culture-proved neonatal meningitis is
estimated at 0.3 per 1000 live births.1 In the modern era, the mortality is approximately 10%, and survivors remain at high risk for
neurologic sequelae.2,3 In neonates, the most common pathogens
are group B Streptococcus (GBS) and Escherichia coli (E coli).2,4,5

Received March 20, 2019; accepted after revision June 17.
From the Department of Radiology (S.F.K., M.K.K., M.J.P., N.K.D.), Texas Children’s
Hospital, Houston, Texas; Indiana University Riley Children’s Hospital (S.F.K.), Indianapolis, Indiana; and Department of Pediatrics (J.G.V.), Baylor College of Medicine,
Houston, Texas.
Please address correspondence to Stephen F. Kralik, MD, Department of Radiology, Texas Children’s Hospital, 6701 Fannin St, Suite 470, Houston, TX, 77030;
e-mail: steve.kralik@gmail.com
http://dx.doi.org/10.3174/ajnr.A6134

Although early-onset GBS meningitis has decreased by two-thirds
following the institution of intrapartum antibiotic prophylaxis,
late-onset GBS remains a major cause of bacterial meningitis in
infants.6
Neonates and infants may present with a wide range of nonspecific clinical symptoms of meningitis, including fever, hypothermia, irritability, poor feeding, bulging fontanelle, and seizure.
A lumbar puncture is necessary for definitive diagnosis of bacterial meningitis. Typical CSF findings in bacterial meningitis include elevated white blood cell (WBC) count, predominance of
polymorphonuclear leukocytes, reduced glucose levels, and elevated protein levels.7
Neonates with bacterial meningitis will routinely have an MR
imaging of the brain to assess complications, which can include
abscess, empyema, infarct, and hydrocephalus. Detection of
complications from meningitis is necessary in the management
of these patients to assess the need for abscess or empyema
AJNR Am J Neuroradiol 40:1413–17
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drainage and ventricular shunting as well as for assessment of
parenchymal injury.
A previous report on infants with meningitis indicated a potential trend for different complications depending on the pathogen.8 The purpose of this research was to determine whether CSF
and/or MR imaging findings differ between neonates and infants
with GBS or E coli meningitis.

MATERIALS AND METHODS
Following institutional review board approval from Texas Children’s Hospital and Indiana University Riley Children’s Hospital,
a multicenter retrospective review was performed from 2011 to
2018 among neonates (younger than 28 days) and infants
(younger than 120 days) with culture-confirmed GBS (n ⫽ 57) or
E coli meningitis (n ⫽ 50). Diagnosis of GBS or E coli meningitis
was determined by a CSF culture positive for either Streptococcus
or E coli, or a blood culture positive for Streptococcus or E coli
combined with an elevated CSF WBC count (⬎20 WBC/L for
neonates younger than 30 days of age, ⬎9 WBC/L for 30 –90
days of age, and ⬎6 WBC/L for older than 90 days of age).9
The CSF WBC count per L, corrected WBC count per L,
red blood cell (RBC) count per L, glucose (mg/dL), and total
protein (mg/dL) obtained within 7 days of presentation were recorded. Corrected WBC count was obtained by dividing the red
blood cell count by 500 and subtracting this value from the WBC
count. Patients with immunodeficiency, malignancy, or intracranial shunt were excluded. The electronic medical record was reviewed to determine patient age at presentation, duration from
presentation to initial CSF obtained by lumbar puncture, duration from presentation to initial MR imaging, prematurity (⬍37
weeks’ gestation), and history of a ventriculoperitoneal shunt
procedure.
MR imaging of the brain was performed in all patients on 1.5 T
and 3T MR imaging scanners using precontrast axial and sagittal
T1-weighted turbo spin-echo, axial FLAIR, axial and coronal T2weighted, axial gradient-echo, axial diffusion-weighted, and postcontrast axial and coronal T1-weighted turbo spin-echo imaging.
Retrospective independent blinded reviews of brain MRIs
were performed within 21 days of presentation by 2 board-certified neuroradiologists (S.F.K., M.K.K.) with 7 and 9 years of experience, respectively, for the presence of the following: leptomeningeal enhancement, cerebritis, ependymal enhancement,
hydrocephalus, abscess/granuloma, subdural effusion, infarct,
hemorrhage, extra-axial purulent material, intraventricular purulent material, and sinus thrombosis. The neuroradiologist reviewed the MRIs of the brain with the clinical indications of possible meningitis but was blinded to the CSF laboratory results and
pathogen diagnosis.
Leptomeningeal enhancement was defined as abnormal contrast enhancement of the leptomeninges on postcontrast T1weighted imaging. Ependymal enhancement was defined as enhancement of the ependymal surface of the ventricles on
postcontrast T1-weighted imaging. Abscess was defined as a peripherally enhancing intraparenchymal lesion on postcontrast
T1-weighted imaging with or without associated diffusion restriction. Granuloma was defined as a homogeneously enhancing
parenchymal lesion on postcontrast T1-weighted imaging. Cere1414
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britis was defined as superficial brain parenchymal diffusion restriction, enhancement on postcontrast T1-weighted imaging, or
T2-weighted/FLAIR hyperintense signal. Infarct was defined as
diffusion restriction or T2-weighted hyperintense signal in either
a wedge-shaped cortical distribution or a lacunar type distribution. Hemorrhage was defined as abnormal hypointense signal on
gradient-echo or T1-weighted hyperintense signal. Subdural effusion was defined as a subdural fluid collection without diffusion
restriction or hemorrhage indicated by a lack of susceptibility
artifacts or T1-weighted shortening. Extra-axial purulent material
was defined as extra-axial (subarachnoid, subdural, or epidural
space) diffusion restriction not caused by hemorrhage. Intraventricular purulent material was defined as diffusion restriction
within the ventricles not caused by hemorrhage. Sinus thrombosis
was defined as abnormal loss of T2-weighted flow void and loss of
venous sinus contrast enhancement. Hydrocephalus was defined
subjectively as disproportionate enlargement of the ventricles relative to cerebral sulci with reduced subarachnoid spaces in the
sulci or cisterns.
Following determination of a statistically significant difference in hydrocephalus between groups, the reviewers subsequently reviewed all sonography, CT, and MRIs of the brain performed in the clinical care of the patients in inpatient and
outpatient setttings in all patients to determine the time from
presentation to development of hydrocephalus on imaging.
For all patients in whom there was a discordant MR imaging
finding, the reviewers performed a combined review and reached
a consensus on the MR imaging finding, and this consensus was
used as the final diagnosis. Interobserver agreement for individual
MR imaging findings was calculated using the  statistic. A  value
of 0.81–1.0 indicated excellent agreement, 0.61– 0.80 indicated
good agreement, 0.41– 0.60 indicated moderate agreement, 0.21–
0.40 indicated fair agreement, and 0 – 0.20 indicated slight
agreement.
A Fisher exact test and an unpaired t test were used when
appropriate to compare differences between patients with GBS
meningitis and those with E coli meningitis for patient age at presentation, prematurity, duration from presentation to initial CSF
collection, duration from presentation to MR imaging, duration
from presentation to development of hydrocephalus on imaging,
ventriculoperitoneal shunt procedure, CSF laboratory values
(corrected WBC count, glucose and protein levels), and MR imaging findings (leptomeningeal enhancement, cerebritis, ependymal enhancement, hydrocephalus, abscess/granuloma, subdural
effusion, infarct, hemorrhage, extra-axial purulent material, intraventricular purulent material, and sinus thrombosis). A Bonferroni correction was used to adjust for multiple comparisons for
CSF and MR imaging findings between groups (n ⫽ 14), and a
final P value ⬍ .05 was considered statistically significant.

RESULTS
A total of 57 patients with GBS meningitis and 50 with E coli
meningitis were included. There was no significant difference for
positive CSF culture detection of meningitis for GBS meningitis
patients (46/57; 81%) compared to E Coli meningitis patients (35/
50; 70%) (P ⫽ .26). There was no significant difference in the
frequency of positive blood cultures between patients with GBS

Comparison of CSF and MRI ﬁndings in patients with GBS and E coli meningitisa
Finding
GBS (n = 57)
E coli (n = 50)
CSF corrected WBC count (cells/L)
3116 ⫾ 5058
4770 ⫾ 12684
CSF glucose (mg/dL)
35.2 ⫾ 21.8
34.0 ⫾ 24.6
CSF total protein (mg/dL)
517.8 ⫾ 867.0
910.7 ⫾ 1414.2
Leptomeningeal enhancement
49%
46%
Cerebritis
21%
7%
Ependymal enhancement
7%
28%
Abscess/granuloma
2%
2%
Subdural effusion
49%
26%
Hemorrhage
33%
46%
Extra-axial purulent material
37%
38%
Intraventricular purulent material
9%
22%
Sinus thrombosis
11%
4%
Hydrocephalus
0%
22%
Infarct
40%
14%
a
b

CSF values are listed as mean ⫾ SD.
P value is adjusted for multiple comparisons (n ⫽ 14).

FIG 1. A 12-day-old neonate with GBS meningitis. Axial DWI demonstrates multifocal areas of diffusion restriction (ADC not shown) in
the parenchyma, consistent with infarcts and cerebritis.

meningitis (46/57; 81%) and those with E coli meningitis (44/50;
88%) (P ⫽ .43).
There was no statistically significant difference between the
mean age at presentation for patients with GBS meningitis (40
days; median interquartile range, 38.3 days) versus the mean age
for those with E coli meningitis (31 days; median interquartile
range, 34.0 days) (P ⫽ .18). There was no significant difference in
the history of prematurity in patients with GBS meningitis (10/57;
18%) compared with those with E coli meningitis (15/50; 30%)
(P ⫽ .17).
There was excellent interobserver agreement for all MR imaging findings as follows: leptomeningeal enhancement 0.84 (95%

CI, 0.74 – 0.95); cerebritis 0.87 (95% CI,
0.74 – 0.99); ependymal enhancement
0.93 (95% CI, 0.83–1.0); hydrocephalus
0.95 (95% CI, 0.84 –1.0); abscess 1.0
(95% CI, 1.0 –1.0); effusion 0.83 (95%
CI, 0.71– 0.94); infarct 0.93 (95% CI,
0.84 –1.0); hemorrhage 0.92 (95% CI,
0.84 –1.0); extra-axial purulent material
0.92 (95% CI, 0.84 –1.0); intraventricular purulent material 0.96 (95% CI,
0.89 –1.0); and sinus thrombosis 0.93
(95% CI, 0.79 –1.0).
Comparison of CSF and MR imaging
findings between groups is found in the
Table. There was no statistically significant difference between patients with
GBS and E coli meningitis in the mean
duration from presentation to the date of the initial CSF laboratory study (0.65 versus 1.57 days; P ⫽ .06). There was no statistically significant difference in the CSF corrected WBC count and
glucose levels or total protein levels between groups.
There was no statistically significant difference between
groups for the duration from presentation to the date of MR imaging (10.1 versus 12.8 days, P ⫽ .08). There was a significant
difference between GBS and E coli meningitis for acute development of hydrocephalus (0% versus 22%, P ⫽ .001). Ultimately,
7% (4/57) of patients with GBS meningitis required ventriculoperitoneal shunting compared with 18% (9/50) of patients with E
coli meningitis (P ⫽ .14). There was a shorter mean time to development of hydrocephalus among patients with E coli meningitis
compared with those with GBS meningitis (18 versus 92 days; P ⫽
.006). There was a significant difference between GBS and E coli
meningitis for the development of infarct (40% versus 14%; P ⫽
.038). There was no statistically significant difference between
GBS and E coli groups for leptomeningeal enhancement, cerebritis, ependymal enhancement, abscess/granuloma, subdural effusion, hemorrhage, extra-axial purulent material, intraventricular
purulent material restriction, or sinus thrombosis. Representative
examples of patients with GBS and E coli meningitis are seen in
Figs 1 and 2.
b

P Value
1.00
1.00
1.00
1.00
.77
.063
1.00
.24
1.00
1.00
.84
1.00
.0014
.038

DISCUSSION
The results of this study demonstrate that neonates and infants
with GBS meningitis more frequently develop infarcts, while patients with E coli meningitis more frequently develop early onset
of hydrocephalus. Some patients with GBS meningitis may ultimately develop hydrocephalus requiring shunting, but there was a
shorter duration from presentation to the development of hydrocephalus in patients with E coli meningitis. While CSF remains
necessary to obtain a definitive pathogen, no differences in corrected CSF WBC count and protein or glucose levels were detectable between groups. These findings suggest that neurologic complications of meningitis may differ by causative pathogen.
Cerebral infarcts and hydrocephalus are common complications of bacterial meningitis in neonates and infants, found in
28%– 43% and 20%–25%, respectively, which is similar to our
results.2,5 Despite both of these complications being relatively
AJNR Am J Neuroradiol 40:1413–17
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FIG 2. A 19-day-old neonate with E coli meningitis. A, Axial T2-weighted image demonstrates disproportionate enlargement of the lateral
ventricles relative to the sulci, consistent with hydrocephalus. B, Axial DWI demonstrates areas of diffusion restriction (ADC not shown) in the
ventricles (arrows), consistent with intraventricular purulent material. C, Axial T1-weighted postcontrast image demonstrates abnormal ependymal enhancement along the lateral ventricles (arrows).

common, it is interesting that a significant difference in these
complications in the acute setting was detected between GBS and
E coli meningitis. Our results are similar to those of Jaremko et al,8
who, in a smaller series of neonates and infants with meningitis,
compared all streptococcal pathogens with E coli pathogens and
found that infarcts were more common with streptococcal pathogens compared with E coli meningitis (59% versus 27%), while
hydrocephalus was more common with E coli compared with
streptococcal pathogens (64% versus 22%). These results are different from the results of Chang et al,10 who demonstrated no
difference in GBS compared with E coli meningitis for the presence of infarcts. This discrepancy may reflect methodologic differences in Chang et al, including a different definition for the
diagnosis of bacterial meningitis, a different patient population
(Taiwanese), patient collection during a 16-year period, and the
use of CT or MR imaging to detect infarcts. The results of our
study were obtained during a shorter timeframe and used the gold
standard of MR imaging for the diagnosis of infarcts. A longer
timeframe in the study of Chang et al may also introduce unknown factors of patient management affecting patient care.
Neonates with bacterial meningitis who develop infarcts have
poor outcomes.10,11 Infarcts can occur with other pathogens, particularly Streptococcus pneumoniae so that detection of infarcts on
MR imaging is not specific for GBS meningitis.11 The pathogenesis of infarcts from bacterial meningitis is likely related to vasculopathy induced by bacterial products and host inflammatory response.12 Among the bacterial factors, GBS ␤-hemolysin/
cytolysin is directly cytotoxic to the brain endothelium, triggers
the endothelium to generate an inflammatory response, and induces macrophage production of inducible nitric oxide synthetase and generation of nitric oxide.13,14 Nitric oxide plays a major
role in regulating cerebral blood flow and autoregulation and
plays a role in neurotoxicity in the developing brain.15 In addition
to infarcts being more frequently identified with GBS compared
with E coli, the frequency of cerebritis in patients with GBS meningitis was 3 times greater than in those with E coli meningitis, a
finding that could reflect cytotoxicity on a microvascular level.
1416
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Conversely, E coli is capable of entering the central nervous system
through the cerebral vasculature without altering the microvascular endothelium or permeability; this feature may partially
explain differences in development of infarcts between GBS and E
coli.16
Hydrocephalus may result from purulent exudates in the subarachnoid spaces and/or ependymal surface, resulting in impaired
CSF flow or impaired absorption of CSF by the arachnoid villi.
Hydrocephalus has been associated with motor disability in neonates with bacterial meningitis.7 In addition to early hydrocephalus being more frequently identified with E coli, our results
indicated a 4-fold increase in the frequency of ependymal enhancement and a greater than 2-fold increase in the frequency of
intraventricular purulent material with E coli meningitis. These
factors may account for the more rapid development of hydrocephalus with E coli compared with GBS. Therefore, differences in
the inflammatory response may partially explain the differences
in hydrocephalus observed in these patients. These results also
provide the clinically important information that patients with
GBS meningitis may develop hydrocephalus at a much longer
time duration from presentation. Finally, because both infarcts
and hydrocephalus can result in injury to the brain parenchyma,
these findings are important for patient prognosis and indicate
the need for imaging to detect these complications.
Limitations of this study include the retrospective nature of
the study and the low number of patients. The small sample size
may limit our ability to confirm statistically significant differences
in the longer term requirement for intracranial shunt. Although
there was greater than twice the frequency of patients with E coli
meningitis than with GBS meningitis who ultimately required an
intracranial shunt, this determination may require an even larger
sample size. Despite the low number of patients, this remains the
largest series comparing CSF and MR imaging findings in infants
with GBS and E coli meningitis. This study was limited to patients
who had MR imaging. At our institution, it has become the standard of care for these patients to undergo MR imaging of the
brain, so it is unlikely to result in a selection bias. We acknowledge

that CT and sonography can also be used for detection of complications of meningitis such as hydrocephalus, but they are less
sensitive and specific for the other findings used in this study.17
Another potential limitation of this study is the subjectivity in
the determination of individual MR imaging findings. This subjectivity was mitigated by independent imaging reviews by 2 neuroradiologists, consensus diagnosis in discordant findings, and
calculation of interobserver agreement. We observed excellent interobserver agreement for all MR imaging findings. Although
there are various ventricular measurements that can be performed to assess hydrocephalus, these are uncommonly required
in clinical practice. Lastly, this study used a gold standard diagnosis of meningitis to be either a positive CSF culture or positive
blood culture with elevated CSF WBC count. Patients with a positive blood culture and normal CSF WBC count were therefore
excluded from this study.

CONCLUSIONS
Although infants with GBS and E coli meningitis may have similar
ages and CSF laboratory values, MR imaging findings may differ
between the groups. Patients with GBS meningitis more frequently demonstrate infarcts, while those with E coli meningitis
more frequently have early onset of hydrocephalus. These findings suggest that neurologic complications of meningitis may reflect the specific causative pathogen.
Disclosures: Nilesh K. Desai—UNRELATED: Expert Testimony: multiple legal ﬁrms,
Comments: expert review of cases. Jesus G. Vallejo—UNRELATED: Royalties: Wolters Kluwer, Comments: UptoDate chapters.
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4. Chávez-Bueno S, McCracken GH. Bacterial meningitis in children.
Pediatr Clin North Am 2005;52:795– 810, vii CrossRef Medline
5. Oliveira CR, Morriss MC, Mistrot JG, et al. Brain magnetic resonance imaging of infants with bacterial meningitis. J Pediatr 2014;
165:134 –39 CrossRef Medline
6. Baker CJ, Byington CL, Polin RA; Committee on Infectious Diseases,
Committee on Fetus and Newborn. Policy statement: recommendations for the prevention of perinatal group B streptococcal (GBS)
disease. Pediatrics 2011;128:611–16 CrossRef Medline
7. Lin WL, Chi H, Huang FY, et al. Analysis of clinical outcomes in
pediatric bacterial meningitis focusing on patients without cerebrospinal fluid pleocytosis. J Microbiol Immunol Infect 2016;49:
723–28 CrossRef Medline
8. Jaremko JL, Moon AS, Kumbla S. Patterns of complications of neonatal and infant meningitis on MRI by organism: a 10-year review.
Eur J Radiol 2011;80:821–27 CrossRef Medline
9. Kestenbaum LA, Ebberson J, Zorc JJ, et al. Defining cerebrospinal
fluid white blood cell count reference values in neonates and young
infants. Pediatrics 2010;125:257– 64 CrossRef Medline
10. Chang CJ, Chang WN, Huang LT, et al. Cerebral infarction in perinatal and childhood bacterial meningitis. QJM 2003;96:755– 62
CrossRef Medline
11. Katchanov J, Heuschmann PU, Endres M, et al. Cerebral infarction
in bacterial meningitis: predictive factors and outcome. J Neurol
2010;257:716 –20 CrossRef Medline
12. Iijma S, Shirai M, Ohzeki T. Severe, widespread vasculopathy in
late-onset group B streptococcal meningitis. Pediatr Int 2007;49:
1000 – 03 CrossRef Medline
13. Doran KS, Liu GY, Nizet V. Group B streptococcal beta-hemolysin/
cytolysin activates neutrophil signaling pathways in brain endothelium and contributes to development of meningitis. J Clin Invest
2003;112:736 – 44 CrossRef Medline
14. Doran KS, Nizet V. Molecular pathogenesis of neonatal group B
streptococcal infection: no longer in its infancy. Mol Microbiol 2004;
54:23–31 CrossRef Medline
15. Garry PS, Ezra M, Rowland MJ, et al. The role of the nitric oxide
pathway in brain injury and its treatment: from bench to bedside.
Exp Neurol 2015;263:235– 43 CrossRef Medline
16. Kim KS. Current concepts on the pathogenesis of Escherichia coli
meningitis: implications for therapy and prevention. Curr Opin Infect Dis 2012;25:273–78 CrossRef Medline
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Human Parechovirus Meningoencephalitis: Neuroimaging in
the Era of Polymerase Chain Reaction–Based Testing
X A. Sarma, X E. Hanzlik, X R. Krishnasarma, X L. Pagano, and X S. Pruthi

ABSTRACT
SUMMARY: Human parechovirus infection is an increasingly recognized cause of neonatal meningoencephalitis. We describe characteristic clinical features and brain MR imaging abnormalities of human parechovirus meningoencephalitis in 6 infants. When corroborated by
increasingly available polymerase chain reaction– based testing of the CSF, the distinctive MR imaging appearance may yield a speciﬁc
diagnosis that obviates costly and time-consuming further clinical evaluation. In our study, infants with human parechovirus presented in
the ﬁrst 35 days of life with seizures, irritability, and sepsis. MR imaging consistently demonstrated low diffusivity within the thalami, corpus
callosum, and subcortical white matter with a frontoparietal predominance. T1 and T2 shortening connoting white matter injury along the
deep medullary veins suggests venous ischemia as an alternative potential pathogenetic mechanism to direct neuroaxonal injury.
ABBREVIATIONS: HPeV ⫽ human parechovirus; PCR ⫽ polymerase chain reaction

H

istorically, many cases of neonatal meningoencephalitis have
had no specific identifiable cause.1-10 Human parechovirus
(HPeV) is an increasingly recognized cause of neonatal meningoencephalitis in the era of rapid polymerase chain reaction (PCR)based assays for CSF.7 HPeV is a single-stranded ribonucleic acid
virus from the family Picornaviridae. Among 19 identified genotypes, HPeV-3 is most commonly identified in severe infection of
young infants and CNS infection.10,11 Infection occurs via a respiratory or gastrointestinal route with hematogenous dissemination.10 Cases usually occur with seasonal outbreaks in summer
and autumn with biannual cycles.10 Common reported clinical
manifestations in minor infection include gastroenteritis and respiratory symptoms. Similar to enterovirus, typical clinical presentation in young infants with severe CNS infection includes
fever, rash, irritability, and features of sepsis with rare CSF
pleocytosis. Children younger than 2 years of age are at greatest
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risk, and illness is especially severe in children younger than 6
months.10
Because of its noninflammatory CSF profile, HPeV meningoencephalitis has likely been under-recognized. Indeed, since the
recent advent of PCR-based assays, HPeV has been identified as
the second most common causative pathogen after enterovirus in
infants younger than 2 months of age.10 Multiple case reports and
small case series suggest a distinctive clinical and imaging presentation.12-15 However, few descriptions exist within the radiology
literature.12 This report provides detailed clinical and radiologic
description of 6 infants with HPeV meningoencephalitis with a
current literature review.

Case Series
No institutional review board approval was required for this retrospective series. Six cases were identified between October 2016
and September 2018 at Monroe Carell Jr. Children’s Hospital at
Vanderbilt and Boston Children’s Hospital.
Electronic medical record review yielded birth history and gestational age, age at presentation, presenting symptoms, length of
hospital and intensive care unit stay, CSF analysis (cell count,
glucose, protein, viral PCR analysis, FilmArray meningoencephalitis panel, BioFire Diagnostics, Salt Lake City, Utah; and qualitative PCR assay for HPeV, ARUP Laboratories, Salt Lake City,
Utah), electroencephalography reports and descriptions of seizures, and the status of the patient at discharge and follow-up.
All patients underwent brain MR imaging. Two of 6 underwent sonography, and 2 underwent CT before MR imaging. The
MR imaging technique varied by institution. All patients at Mon-

roe Carell Jr. Children’s Hospital at Vanderbilt were scanned on a
1.5T MR imaging unit (Phillips Achieva 3T, Phillips Healthcare,
Best, the Netherlands), and all patients at Boston Children’s Hospital were scanned on a 3T MR imaging unit (Siemens Skyra 3T,
Siemens, Erlangen, Germany). Sequences included 3D T1weighted MPRAGE, T2-weighted DWI, gradient recalled-echo
(3/6), SWI (3/6), postgadolinium T1-weighted (1/6), time-offlight MRA (1/6), time-of-flight MRV (2/6), and multivoxel MR
spectroscopy (3/6). Three-month follow-up MR imaging was
performed in 1/6. All MR imaging studies were retrospectively
reviewed by 2 fellowship-trained pediatric neuroradiologists.
Clinical data are summarized in the On-line Table. Six patients
presented from 6 to 35 days of life with irritability (n ⫽ 4), poor
feeding (n ⫽ 5/6), and fever (n ⫽ 6/6). Multifocal seizures were

present in 5/6. Four full-term neonates presented in the first 10
days of life, and 2 premature neonates (33 and 35 weeks’ gestational age) presented on days of life 20 and 35. CSF showed no
pleocytosis and was culture negative for bacterial pathogens and
HSV with PCR-based testing positive for HPeV in 5/6. In 1 case,
HPeV was detected in serum and stool samples.
Head sonography in 2/6 and head CT in 1/6 had normal findings. Head CT in 1/6 showed parieto-occipital hypoattenuation
and loss of gray-white differentiation.
The most characteristic finding in all cases was diffuse/multifocal frontal-predominant subcortical white matter and callosal
involvement with associated low diffusivity (Fig 1). The thalami
were involved in all cases to varying degrees. The 2/6 with striking
occipital involvement were also the only cases with cortical signal
abnormality (also in the occipital lobe). No cases exhibited signal
abnormality within the basal ganglia, hippocampi, brain stem,
and cerebellum. Branching T1 and T2 shortening along the distribution of the deep medullary veins was noted in 4/6 (Fig 2). In
2/6, these foci were identified on either T1- or T2-weighted imaging but not both. One patient (patient 4, Fig 2) had mild diffuse
white matter T2 prolongation, even considering the premature
myelination pattern. Scant susceptibility foci consistent with
hemorrhage or mineralization were noted in the periatrial white
matter in 1/6. Of the 3/6 who underwent MR spectroscopy, only
one had elevated lactate in the basal ganglia. Postcontrast, MRA,
and MRV results were normal.

DISCUSSION

FIG 1. Axial diffusion-weighted images in patients 1– 6 (infants with
HPeV infection) demonstrate low diffusivity variably involving the
periventricular white matter with frontoparietal predominance and
also involving the corpus callosum, thalami, and internal and external
capsules. Patients 3 and 4 exhibit greater involvement of the occipital
white matter and the occipital cortex. Patient 5 shows more conﬂuent involvement of the subcortical white matter.

This series describes 6 infants with HPeV meningoencephalitis
and characteristic MR imaging findings that rapidly yielded a diagnosis in conjunction with PCR testing of the CSF.
Distinctive supratentorial white matter and callosal diffusion
abnormality on MR imaging is shared between ours and other
published series.3,12,13,15-17 Thalamic involvement and sparing of
the posterior fossa structures have been reported variably but
were universally present in our cases.12,18 T1- and T2-shortening
foci branching along the distribution of the deep medullary veins

FIG 2. Axial 3D T1-weighted MPRAGE images (upper row) and axial T2-weighted images (lower row) in patients 1– 6 (infants with HPeV infection)
demonstrate foci of T1 and/or T2 shortening following the distribution of the deep medullary veins (arrows).
AJNR Am J Neuroradiol 40:1418 –21

Aug 2019

www.ajnr.org

1419

is consistent with examples presented by Belcastro et al13 and
Verboon-Maciolek et al9 but has not been consistent across studies. Occipital white matter and cortical involvement in 2/6 cases is
also dissimilar to previous descriptions and may be explained by
hypoglycemia in one and transient hypoglycemia or, alternatively, a seizure-related or vascular phenomenon such as posterior
reversible encephalopathy syndrome in the other.
The pathophysiology of CNS injury in HPeV infection is not
well-understood. The pattern of MR imaging signal abnormality
preferentially affecting the supratentorial white matter tracts in
our cases could suggest neuroaxonal tropism; however, signal
abnormality along the course of the deep medullary veins on T1and T2-weighted imaging in 5/6 cases suggests perivenular invasion or venous ischemia as a potential alternative etiology. Supporting the first hypothesis, a study of patients with clinical CNS
infection and stool samples positive for HPeV-3 showed faster
replication in a cultured neural cell line.19 Verboon-Maciolek et
al9 and Volpe20 reported that the HPeV RNA activates toll-like
receptors in microglia, resulting in the release of inflammatory
substances that injure preoligodendrocytes and axons as part of
an innate immune response, as well as toll-like receptors in neurons and growing axons, resulting in direct injury. Alternatively,
supporting the venous ischemia hypothesis, a postmortem examination study of 2 premature neonates (33 and 34 weeks gestational age) with fatal HPeV infection by Bissel et al11 demonstrated severe inflammatory changes of the periventricular white
matter with macrophage infiltration and astrocytosis. While
HPeV-3 RNA probes hybridized with abundant viral particles
within brain meningeal cells and blood vessel walls, they did not
reveal the presence of HPeV within parenchymal cells. The authors therefore hypothesized that parenchymal injury is a consequence of vascular compromise rather than direct infection. Low
diffusivity of the corpus callosum may result from seizure activity
and/or Wallerian degeneration, given the relative resistance of the
corpus callosum to ischemic insults. Low diffusivity in the thalamus may be due to some combination of venous ischemia and
seizure activity.
While the clinical and imaging characteristics of HPeV meningoencephalitis are characteristic in a neonate with sepsis and
seizures, there is a differential diagnosis. Distinction from enterovirus, rotavirus, and chikungunya infection may not be possible.21,22 In contradistinction to neonates with hypoxic-ischemic
injury, neonates with HPeV infection lack a history of a sentinel
event. Frontoparietal white matter–predominant low diffusivity
and sparing of the basal ganglia favor HPeV encephalitis over
hypoxic-ischemic injury.12 Isolated sulfite oxide deficiency and
molybdenum cofactor deficiency can present in the neonatal period; however, the basal ganglia are usually affected.
Reported long-term outcomes are variable, with limited available data, but overall suggest adverse developmental outcomes in
patients with encephalitis and abnormal MR imaging findings. In
a study comparing longitudinal gross motor development between infants with HPeV infection and those with no pathogen
found, a statistically significant difference was noted at 6 months,
but not at 24 months.23 In a study in which 6 patients with clinically diagnosed HPeV encephalitis underwent MR imaging during both acute illness and follow-up developmental assessment at
1420
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FIG 3. Axial T2-weighted image (A) and sagittal T1-weighted image (B)
obtained in patient 1 approximately 3 months after acute HPeV infection show new diffuse enlargement of the extra-axial spaces and
thinning of the corpus callosum, suggesting volume loss.

12 months, Britton et al15 reported concern for abnormal development in all 6. Verboon-Maciolek et al9 found that in the 50%
(5/10) of patients in their cohort who had a developmental disability, the severity of imaging abnormalities correlated with neurodevelopmental outcome. Two patients in our cohort have been
noted to be clinically well at 6- to 8-week follow-up; however,
long-term follow-up data are not yet available.
A few reports have described long-term imaging follow-up,
with mixed results. Pariani et al24 and Amarnath et al12 had resolution of imaging abnormalities at 2-month and 1-year follow-up,
respectively. In 3 patients, Verboon-Maciolek et al9 reported variable degrees of visible white matter injury at 3-month-to-7-year
follow-up, with abnormalities ranging from mild periventricular
gliosis to extensive white matter volume loss and cystic encephalomalacia. Brownell et al16 described a patient with severe white
matter injury at day 3, with only mild white matter signal abnormality and callosal thinning at 1 year. On the contrary, Belcastro
et al13 described the development of extensive cystic leukomalacia
at 4-month follow-up in 1 patient. Some data suggest that preterm
infants are at higher risk for severe cystic leukoencephalomalacia.9-11 One patient in our study had a 3-month follow-up MR
imaging showing diffuse parenchymal volume loss (Fig 3). Further study will help to correlate the severity of clinical and imaging
findings with long-term outcomes.
Current study limitations include the retrospective design and
small number of cases. Viral genotyping was not performed, and
this study did not determine imaging characteristics that distinguish among viral genotypes. Furthermore, imaging techniques
varied. Referral to imaging may not be performed in less severe
cases, biasing MR imaging requests toward patients with severe
clinical presentation. An additional limitation is limited clinical
and imaging follow-up, which warrants further study. Finally,
findings in patients with less severe disease are currently not wellestablished and could also be determined by future study.
The stereotypical MR imaging appearance correlated with
molecular testing in our patients yielded a specific diagnosis of
HPeV meningoencephalitis, resulting in a less extensive metabolic and genetic work-up than would have been undertaken otherwise. Knowledge of the distinctive imaging findings in young
infants with HPeV meningoencephalitis thus has potential for
substantial cost- and time-savings.

CONCLUSIONS
HPeV infection is an increasingly recognized cause of neonatal
sepsis or meningoencephalitis, often presenting with seizures, and
MR imaging is an essential component of the clinical evaluation
of seizures in neonates. DWI is of paramount importance in making the diagnosis and shows distinctive low diffusivity of the supratentorial white matter with frontoparietal predominance, with
involvement of the corpus callosum and thalami and sparing of
the basal ganglia, brain stem, and cerebellum.
Disclosures: Asha Sarma—UNRELATED: Royalties: Cambridge University Press, Comments: textbook previously published on a different topic.
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The Complex Spine in Children with Spinal Muscular Atrophy:
The Transforaminal Approach—A Transformative Technique
X R. Towbin, X C. Schaefer, X R. Kaye, X T. Abruzzo, and X D.J. Aria

ABSTRACT
BACKGROUND AND PURPOSE: Spinal muscular atrophy, a genetic disease resulting in loss of motor function, presents from in utero to
adulthood. Depending on progression and secondary scoliosis, spinal stabilization may be necessary. When planning intrathecal access in
these patients, spinal anatomy is the most important factor. Therefore, when planning intrathecal nusinersen injections, we subdivided
patients with spinal muscular atrophy into simple-versus-complex spine subgroups. Our purpose was to present our experience with our
ﬁrst 42 transforaminal intrathecal nusinersen injections.
MATERIALS AND METHODS: We reviewed 31 consecutive patients with spinal muscular atrophy types 1–3 who presented for intrathecal
nusinersen injections from March 2017 to September 2018. Nine children had complex spines (ie, spinal instrumentation and/or fusion) and
required preprocedural imaging for route planning for subarachnoid space access via transforaminal or cervical approaches.
RESULTS: A total of 164 intrathecal nusinersen injections were performed in 31 children 4 –226 months of age, with 100% technical success
in accessing the subarachnoid space. Nine patients with complex spinal anatomy underwent 45 intrathecal nusinersen injections; 42 of 45
procedures were performed via a transforaminal approach with the remaining 3 via cervical techniques. There were no complications.
CONCLUSIONS: Our initial experience has resulted in a protocol-driven approach based on simple or complex spinal anatomy. Patients
with simple spines do not need preprocedural imaging or imaging-guided intrathecal nusinersen injections. In contrast, the complex spine
subgroup requires preprocedural imaging for route planning and imaging guidance for therapy, with the primary approach being the
transforaminal approach for intrathecal nusinersen injections.
ABBREVIATIONS: ITNI ⫽ intrathecal nusinersen injection; SMA ⫽ spinal muscular atrophy; TF ⫽ transforaminal

S

pinal muscular atrophy (SMA) is the result of a deletion at
exon 7 on the short arm of chromosome 5 and may present
from in utero (type 0) to adulthood (type 4). Across time, there is
a loss of motor neurons in the anterior horn of the spinal cord,
resulting in weakness and muscular imbalance. These patients
often develop progressive scoliosis. The spinal deformity may further stress individuals with respiratory challenges due to their
underlying muscular weakness. Depending on the rapidity of the
progression of the spinal curvature and its severity, spinal stabilization with rods and spinal fusion may be necessary. Nusinersen
is currently the only FDA-approved drug for the treatment of
SMA and is administered intrathecally. The dosing protocol for
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nusinersen administration is divided into induction and maintenance phases. The induction phase consists of 3 doses administered 14 days apart followed by a fourth dose given 30 days later.
The maintenance phase lasts indefinitely, with dose administration at 4-month intervals. Children with types 1 and 2 SMA may
not require spine instrumentation until they are about 6 years of
age.1 However, older individuals often require rods and/or spinal
fusion.
When planning the route to the intrathecal space in patients
with SMA, it seems that the status of the spine is the most important factor. Therefore, instead of using the SMA typing system
(types 0 – 4) to plan the procedure, we subdivide patients into
simple and complex spine subgroups to plan their therapeutic
approach. Clinical history, physical examination findings, and radiographs, if available, are reviewed. For procedural planning,
spines of individuals, regardless of age or SMA type, who do not
have rods or spinal fusion have been termed “simple spines.”
Spines of those with instrumentation (ie, spinal rods) and/or fusion are deemed “complex spines”.2

FIG 1. A view illustrating some of the components of the thoracic
intervertebral foramina including the following: 1) segmental spinal
nerve/dorsal root ganglion, 2) sinuvertebral nerves and rami communicantes, 3) spinal branch of segmental arteries, and 4) intervertebral
veins.3

The purpose of this article was to present our experience with
our 42 transforaminal (TF) intrathecal nusinersen injections
(ITNIs). To our knowledge, this is the largest reported series of TF
nusinersen therapy for SMA.

MATERIALS AND METHODS
Our entire patient population from the initiation of intrathecal
therapy with nusinersen was examined. We reviewed all patients
with SMA who were referred for ITNIs between March 2017 and
September 2018 at Phoenix Children’s Hospital. Thirty-one children with SMA were treated. Of these, 9 children had complex
spines and were the focus of this presentation. Patients with complex spines required preprocedural spinal radiographs and lumbar spine CT and imaging-guided ITNIs. 3D reformatting was
performed as needed. All ITNIs were performed in an interventional radiology suite equipped with an AlluraClarity FD Biplane
Angiography System (Philips Healthcare, Best, the Netherlands),
regardless of whether fluoroscopic or conebeam CT guidance (Allura Xper FD system; Philips Healthcare) was used. Four pediatric
interventionalists, with experience ranging from 4 to 38 years (4,
10, 26, and 38 years, respectively) performed all procedures. Fluoroscopy times were recorded when fluoroscopic guidance was
used.
All procedures were performed using a sterile technique with
needle selection dependent on patient body habitus and operator
preference. The needles of choice were 22-ga, ranging from 3.5 to
7 inches and, in almost all instances, were the Quincke type. On
occasion, Whitacre needles (Becton, Dickinson, and Company)
were used, particularly if there was a history of a spinal headache.
In obese patients, a coaxial technique may be used to minimize
needle tracking. Coaxial needle insertion consisted of an 18-ga
10-cm Chiba Biopsy needle (Cook Medical, Bloomington, Indiana) as a guide with an inner 22-ga 7-inch lumbar puncture needle. Needle tip position was confirmed by the acquisition of CSF.
All children who received ITNIs were followed clinically by their
referring neurologist and physical medicine and rehabilitation
teams. All untoward effects were identified and reviewed.

Transforaminal Puncture Technique
Before considering the TF approach, one must understand the
anatomy of the neural foraminal space. The neurovascular bundle
is located within the upper half of the neural foraminal space.
Therefore, the lower half of the neural foraminal space is targeted,
with the posterior-inferior quadrant the ideal location (Fig 1).3
The lumbar entry level and sidedness are selected after reviewing

the lumbar spine CT. When needed, a 3D reconstruction is used
to better understand the pathologic anatomy and anticipated needle course.
In all cases, the procedure was performed with the patient
under general anesthesia. The child is placed in the decubitus
position with the convex side of the scoliotic curvature at the
planned lumbar entry level directed toward the ceiling. This positioning allows the ostial plane of the neural foramina to be perpendicular to the radiation beam, optimizing visualization of the
neural foraminal space. In children with complex spines, it is
commonly not feasible to position the entire spine in an ideal position visualizing multiple neural foraminal levels. Therefore, we focus
on positioning only the previously determined target level in the projection maximizing the visibility of the target neural foramina. Also,
many of these children have severe osteopenia, making it challenging
to distinguish the vertebral body from superimposed bowel gas. The
needle tip is positioned over the posterior-inferior quadrant of the
neural foramina. When the operator is looking down the hub of the
puncture needle, he or she can be confident that the needle angle is
appropriate. A 5- or 7-inch needle is used due to the longer distance
to the intrathecal space from a paraspinal approach. In our early
experience, conebeam CT and XperCT navigation (Philips Healthcare) and guidance (Allura Xper FD System) were used to assist needle placement (Fig 2).4 As we became more comfortable and experienced with the TF approach, we substituted fluoroscopic guidance as
our first option (Fig 3).

Cervical Puncture Technique
When a cervical approach is considered, additional preprocedural
imaging is performed. In this subgroup, limited cervical MR imaging is obtained for assessing the CSF space posterior to the spinal cord. Depending on operator preference, the patient may be
positioned in the prone, supine, or decubitus position. It is our
preference to use the decubitus position because it maximizes
access to the craniocervical junction region, especially in smaller
children. The preferred skin-entry site is at C1–2 with the needle
positioned about midway between the flare point5 anteriorly that
approximates the posterior border or the spinal cord and the spinal laminar line posteriorly that approximates the margin of the
subarachnoid space (Fig 4). A 3.5-inch needle is used, and under
continuous biplane fluoroscopic guidance, the needle tip is positioned in the midline, confirmed on the frontal projection. If C1–2
access cannot be achieved, alternative approaches include the C1 cisterna magna and suboccipital approaches. Successful needle position
is confirmed by acquisition of CSF or contrast injection.
All technical details, including fluoroscopy time, anesthetic
type, procedural details, and untoward events, were documented.

RESULTS
A total of 164 ITNIs were performed in 31 children with simple and
complex spines, 4 –226 months of age, with a mean age of 97.9
months at the time of initial therapy. Of these, 9 children had complex spines and underwent a total of 45 ITNIs. There was 100% technical success in accessing the subarachnoid space in a single session.
Each child had 4 – 6 procedures with a mean of 5.0 injections. Of
these 9 patients, there were 5 girls and 4 boys who ranged in age from
119 to 216 months, with a mean age of 173.8 months. The subgroup
AJNR Am J Neuroradiol 40:1422–26
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FIG 2. A, A 14-year-old girl with SMA type 2 and an abdominal radiograph demonstrating thoracolumbar spinal rods extending to the sacrum with posterior spinal osseous fusion. B, Conebeam
CT using XperCT guidance software (Philips Healthcare) (green dashed line) to access the thecal
sac via a right L3–L4 transforaminal approach. C, XperCT ﬂuoroscopic overlay “progress” view
used to determine needle tip position depth in the thecal sac.

FIG 3. A, A 15-year-old boy with SMA type 3. Frontal abdominal radiograph demonstrates diffuse
spinal fusion extending to the sacrum. B, With the patient in the left lateral decubitus position, a
true-lateral radiograph at the L3–L4 level demonstrates the spinal needle positioned over the
posteroinferior aspect of the right neural foramina. C, With the orthogonal view, the spinal
needle tip is centered in the thecal sac.

Almost all children had their ITNIs
performed in the decubitus position.
Fourteen procedures were performed
with the patient in the right lateral decubitus position; 28, in left lateral decubitus;
and 3, with the patient prone for navigation and XperCT guidance. Cervical spine
puncture was used in 3 procedures, all performed with the patient in the left decubitus position. The skin-entry site levels varied minimally with 1 at the C1 cisterna
magna, 2 at C1–2, one at L2–3, thirtyseven at L3– 4, and 4 at L4 –5. As experience was gained with the TF approach, the
cervical approach was abandoned. In our
practice, the first option is the TF approach with cervical approaches considered if the TF approach fails.
Forty-one of the 45 procedures used a
5- or 7-inch needle. The remaining 4 injections used a 3.5-inch needle, of which 3
were for cervical approaches. For fluoroscopically guided TF access, fluoroscopy
times ranged from 48 seconds to 4 minutes 54 seconds with a mean of 2.0 minutes. Conebeam CT– guided TF injections
averaged 4 minutes 6 seconds, with the
C1–2 puncture taking 4 minutes 54 seconds and the C1 cisterna magna puncture taking 14 minutes 30 seconds, for a
mean of 8 minutes 6 seconds for both
cervical routes. Room times varied, with
a range of 27– 89 minutes, with a mean
time of 50 minutes 18 seconds. There
were no immediate or reported shortterm complications.

DISCUSSION
In reviewing our data, we strongly believe that our 100% technical success
rate in obtaining intrathecal access was
aided by preprocedural imaging. Because all children with complex spinal
anatomy underwent lumbar CT for
FIG 4. A, A 14-year-old boy with SMA type 3 and diffuse osseous spinal fusion. With the patient route planning of ITNIs, we were able to
in lateral decubitus position, lateral ﬂuoroscopic image demonstrates the spinal needle superim- identify patent access routes to the intraposed over the C1–C2 interspace. B, The orthogonal view is used for monitoring progress of the
thecal space before procedural schedulneedle tip position to midline.
ing. In our experience, the diagnostic
technique of choice is lumbar CT, with 3D reconstructions as
was composed of 6 children with type 2 SMAs who had an age range
needed, because it allows assessment of TF (and even interspiof 119 –201 months and a mean age of 175.2 months, and 3 children
nous) approaches at all lumbar levels. Once the intrathecal access
with type 3 SMA with an age range of 168 –226 months and a mean of
route is identified, patient positioning needs can be relayed to the
193.1 months. All 9 patients had both spinal rods and long-segment
anesthesiologist involved in the procedure, thereby reducing the
spinal fusion.
need for repositioning and extended room and general anesthesia
All 45 procedures were performed with the patient under general
times. Also, if needed, the lumbar CT data can be transferred to
anesthesia, though the anesthesiologist’s method of ventilation varthe CT navigation system in the interventional radiology suite for
ied. Of the 45 ITNIs, a laryngeal mask airway was used in 40 cases;
endotracheal intubation, in 2; and mask ventilation, in 3.
imaging guidance.
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in case fluoroscopic guidance should
fail. However, an interventional radiology suite with conebeam CT navigational guidance available is helpful in 2
ways: First, the interventional radiology
suite serves as a central location where
all necessary guidance tools are available, avoiding patient transportation
and traveling concerns; and second, it
offers the most sophisticated setting for
maximizing the likelihood for technical
success.
Historically, the TF approach has
been used for epidural steroid injections7 and for myelography, with an
excellent safety and technical success
history, specifically when image guidance is used.6 The primary risks of the
TF approach include nerve and vascular injury, potential bleeding, and spinal cord injury. Transgression of the
kidney is possible, but preprocedural
lumbar CT helps plan a route that
avoids the kidney, as does patient positioning with the convex side of the
spinal curvature toward the ceiling.
Targeting the lower half of the neural
foramina is key to avoiding neurovasFIG 5. An algorithmic approach to ITNIs in patients with spinal muscular atrophy.
cular injury. In our experience, no
complications occurred, while prior
Although all of our TF ITNIs were performed with the patient
reports indicated occasional minor complications.4,6 Collecunder general anesthesia, the method of ventilation varied. Children
tively, all TF ITNIs were technically successful.
with SMA commonly have compromised pulmonary function due
When caring for pediatric patients specifically, being aware and
to scoliosis, spinal fusion, and weakened chest wall musculature.
considerate of fluoroscopy time and radiation exposure is a high priTherefore, minimizing respiratory strain on the patient with SMA is
ority. Most interesting, our experience with the fluoroscopically
important in their management. Because our preferred position for
guided TF approach revealed an unexpected observation. Although
the TF approach is left- or right-sided lateral decubitus, there is a
we anticipated that our fluoroscopically guided TF fluoroscopy times
reduced need for endotracheal intubation compared with the prone
(mean, 2 minutes) would compare favorably with the cervical (mean,
position. In our population, general anesthesia via an endotracheal
8 minutes 6 seconds) and CT-guided TF (mean, 4 minutes 6 seconds)
tube was used in only 2 of 42 TF procedures. The avoidance of endoapproaches, we did not expect the times to be similar to those that we
tracheal intubation leads to a shorter postprocedural recovery time
commonly see with the midline interspinous lumbar approach
compared with the laryngeal mask airway or mask ventilation ap(mean, 2 minutes). Given the longer trajectory to the intrathecal
proaches and a decreased risk of prolonged intubation, which is
space via the TF approach, as confirmed with the predominant use of
significantly higher in patients with SMA than in the general
5- or 7-inch spinal needles, the probability of needle deflection inpopulation.
creases and may increase fluoroscopy time or decrease the success of
As our experience with the TF approach to ITNIs evolved, the
intrathecal access. These untoward effects may have been minimized
use of CT-guided navigation ceased. In fact, the use of CT guidwith the use of a coaxial needle technique as discussed previously.
ance was limited to 3 early TF ITNIs compared with 39 subseLast, in 2 children with SMA with complex spines, 3 cervical
quent fluoroscopically guided TF ITNIs. Previously, the literature
punctures were performed because we were not yet using the TF
almost exclusively reported using CT guidance for the TF apapproach. Although cervical approaches were successful without
proach.4,6 Despite our transition to a rotating fluoroscopic C-arm
complications, the TF approach is preferred because of the lower
for guidance, given the advanced technology in our interventional
risk profile and the extended fluoroscopy times encountered with
radiology suite with both fluoroscopic and CT navigation guidthe cervical routes. In both patients, the TF approach was subseance available, we suggest the interventional radiology suite as the
quently used for future ITNIs.
ideal setting for the procedure. At practices or institutions where
The limitations of this study include its small number of transCT guidance is not available in the interventional radiology suite,
foraminal injections and its lack of comparison with other metha diagnostic CT scanner is a viable second option for imaging
guidance and should be reserved before beginning the procedure
ods and techniques. A variety of alternative needle approaches to
AJNR Am J Neuroradiol 40:1422–26
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the subarachnoid space has been described, including transforaminal, interlaminar, cervical, and suboccipital into the cisterna
magna, sacral canal, and sacral foramina. In addition, there are
other considerations such as surgical or percutaneous access with
device implantation and/or creation of bone windows. In our series, we explored the cervical and TF approaches but did not use
implanted devices or bone windows.

CONCLUSIONS
Our initial experience has led us to create a protocol-driven approach to guide our technical choices based on the patient’s spinal
anatomy, whether simple or complex. Patients with simple spines
without instrumentation generally do not need preprocedural
imaging to assess spinal anatomy, and most do not need imaging
guidance. In contrast, the complex spine group requires preprocedural imaging and imaging guidance with the primary approach being the TF approach. With the evolution of the interventionalists’ experience, fluoroscopically guided transforaminal
ITNIs should be the preferred method. Figure 5 presents our algorithmic approach to these patients.
Disclosures: Richard Towbin—UNRELATED: Expert Testimony: medicolegal, primarily pediatric brain injury; Royalties: Halyard Health.
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ORIGINAL RESEARCH

SPINE

MRI Predictors of Recurrence and Outcome after Acute
Transverse Myelitis of Unidentiﬁed Etiology
X E. Bulut, X T. Shoemaker, X J. Karakaya, X D.M. Ray, X M.A. Mealy, X M. Levy, and X I. Izbudak

ABSTRACT
BACKGROUND AND PURPOSE: The early prediction of recurrence after an initial event of transverse myelitis helps to guide preventive
treatment and optimize outcomes. Our aim was to identify MR imaging ﬁndings predictive of relapse and poor outcome in patients with
acute transverse myelitis of unidentiﬁed etiology.
MATERIALS AND METHODS: Spinal MRIs of 77 patients (mean age, 36.3 ⫾ 20 years) diagnosed with acute transverse myelitis were
evaluated retrospectively. Only the patients for whom an underlying cause of myelitis could not be identiﬁed within 3 months of symptom
onset were included. Initial spinal MR images of patients were examined in terms of lesion extent, location and distribution, brain stem
extension, cord expansion, T1 signal, contrast enhancement, and the presence of bright spotty lesions and the owl’s eyes sign. The relapse
rates and Kurtzke Expanded Disability Status Scale scores at least 1 year (range, 1–14 years) after a myelitis attack were also recorded.
Associations of MR imaging ﬁndings with clinical variables were studied with univariate associations and binary log-linear regression.
Differences were considered signiﬁcant for P values ⬍ .05.
RESULTS: Twenty-seven patients (35.1%) eventually developed recurrent disease. Binary logistic regression revealed 3 main signiﬁcant
predictors of recurrence: cord expansion (OR, 5.30; 95% CI, 1.33–21.11), contrast enhancement (OR, 5.05; 95% CI, 1.25–20.34), and bright spotty
lesions (OR, 3.63; 95% CI, 1.06 –12.43). None of the imaging variables showed signiﬁcant correlation with the disability scores.
CONCLUSIONS: Cord expansion, contrast enhancement, and the presence of bright spotty lesions could be used as early MR imaging
predictors of relapse in patients with acute transverse myelitis of unidentiﬁed etiology. Collaborative studies with a larger number of
patients are required to validate these ﬁndings.
ABBREVIATIONS: BSL ⫽ bright spotty lesion; EDSS ⫽ Expanded Disability Status Scale; LETM ⫽ longitudinally extensive transverse myelitis; NMOSD ⫽ neuromyelitis optica spectrum disorder

I

n the initial evaluation of acute transverse myelitis, a specific
underlying cause of the immunologic attack cannot be determined in many circumstances. The early prediction of recurrence
in such cases helps to guide preventive treatment, which, in turn,
may improve long-term prognosis. Alternatively, features that favor monophasic disease may save the patients from unnecessary
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long-term immunosuppression. Accordingly, several independent demographic and laboratory risk factors for recurrent disease after acute transverse myelitis have been determined, including female sex, African American race, vitamin D insufficiency,
and serum antibodies such as anti-aquaporin 4 antibodies, antiRo/SS-A antibodies, and a high (ⱖ1:160) antinuclear antibody
titer.1 Previous studies also suggested clinical factors associated
with poor functional recovery, such as symmetric motor dysfunction at onset, sphincter dysfunction, and spinal cord shock-like
symptoms.2,3
Unlike previously established clinical variables, imaging
predictors of relapse and poor outcome after acute transverse
myelitis of unidentified etiology have not been comprehenPlease address correspondence to Elif Bulut, MD, Hacettepe University Faculty
of Medicine, Department of Radiology, Sihhiye Ankara, Turkey; e-mail:
drelifbulut@yahoo.com
Indicates open access to non-subscribers at www.ajnr.org
http://dx.doi.org/10.3174/ajnr.A6121

AJNR Am J Neuroradiol 40:1427–32

Aug 2019

www.ajnr.org

1427

FIG 1. Flow chart of patients who met the inclusion/exclusion criteria
for the study population.

sively studied to date. Longitudinally extensive lesions extending ⱖ3 vertebral lengths have been associated with the relapsing
myelitis diseases, neuromyelitis optica, and myelin oligodendrocyte
glycoprotein antibody disease.1 In addition, there are other MR
imaging features that could be used to predict relapse or outcome, including contrast enhancement, expansion, bright
spotty lesions, and T1 hypointensity, that have not been assessed in this patient population. Therefore, we aimed to identify spinal MR imaging findings at onset that are associated
with an increased risk of recurrence and poor outcome.

MATERIALS AND METHODS
An institutional review board–approved data base search was performed using the keywords “myelitis” and “myelopathy” in spine
MR imaging reports dictated at Johns Hopkins Hospital from
January 1, 2005, to January 1, 2017. The acquired MR imaging
reports were reviewed with clinical data to identify patients referred for the diagnosis of acute transverse myelitis. The inclusion
criteria were as follows: 1) fulfillment of diagnostic criteria established by the Transverse Myelitis Consortium Working Group
2002 for acute transverse myelitis4; 2) patients whose initial evaluation (within 3 months of symptom onset) could not yield sufficient information to identify a specific underlying disorder (eg,
aquaporin-4 antibody testing negative for neuromyelitis optica);
and 3) patients whose spinal MR imaging studies were obtained
within 1 month of symptom onset.5 The patients with technically
inadequate scans or having MR imaging findings of a compressive
etiology or abnormal flow voids on the cord surface, consistent
with vascular myelopathy, were excluded (Fig 1).
Patient demographics, serologies, and relapse rates were
recorded. The Kurtzke Expanded Disability Status Scale
(EDSS) scores6 at least 1 year (range, 1–14 years) after the first
attack were assigned retrospectively using clinical documentation. Relapsing disease was defined as a clinical relapse with a
change on neurologic examination and a report of a new lesion
on spine MR imaging. Patients with short clinical follow-up
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(⬍1 year) and/or insufficient information for calculating the
EDSS were further excluded from the study (Fig 1).
Spinal cord MR imaging studies were performed at presentation, before treatment (mean, 10 days after symptom onset; range,
1–30 days) either on 1.5T or 3T magnets from different manufacturers: Achieva (Philips Medical Systems, Best, the Netherlands),
Signa Excite (GE Healthcare, Milwaukee, Wisconsin), and Aera,
Avanto, Verio, Skyra and Trio (Siemens, Erlangen, Germany).
For some patients, the initial MR imaging study was performed at
an outside institution before the transfer to our medical center.
Spinal MR imaging protocol included sagittal T1-weighted, sagittal and axial T2-weighted, sagittal STIR, and contrast-enhanced
sagittal and axial T1-weighted imaging (n ⫽ 76). The details of the
acquisition parameters are provided in Table 1.
Image analysis was performed in consensus by 2 neuroradiologists (E.B. and I.I.) blinded to the clinical outcome. T2-hyperintense spinal cord lesions were evaluated in terms of the
following: 1) extent, 2) location, 3) distribution, 4) brain stem
extension, 5) cord expansion (ie, swelling), 6) T1 signal, and 7)
contrast enhancement.
The extent of involvement, lesion distribution, and cord expansion were evaluated from sagittal T2-weighted images. The
lesions were grouped as either longitudinally extensive or shortsegment lesions according to the number of the vertebral bodies
spanned. The lesions extending at least 3 vertebral levels were
considered longitudinally extensive lesions. According to the cord
segments involved, lesion distribution was grouped as cervical,
cervicothoracic, thoracic, or confined to the conus. Lesion location was determined from axial T2-weighted images and classified
as lesions confined to gray matter, confined to white matter, or
involving both gray and white matter. Lesions involving ⱖ50% of
the spinal cord area were also noted, as were multiple lesions with
no radiologically detectable continuity. The presence of bright
spotty lesions (lesions similar to or higher in signal intensity than
CSF) and the owl’s eyes sign (Fig 2)7 were also assessed from axial
T2-weighted images. The presence and pattern of contrast enhancement were assessed on both axial and sagittal postcontrast
images of available examinations.
When available, brain MR imaging examinations performed
at the same time or within 1 month of the spine MR imaging were
also reviewed. The brain MR imaging protocol included T1weighted images, fast spin-echo T2-weighted images, FLAIR images, diffusion-weighted images, and postcontrast T1-weighted
images. The brain MR imaging findings were classified as either
normal/insignificant or abnormal. The findings were classified as
“abnormal” in the following circumstances: multiple (ⱖ2) nonspecific lesions not fulfilling the 2017 McDonald MR imaging
criteria; extensive cerebral lesions with or without contrast enhancement; findings suggestive of neuromyelitis optica spectrum
disorder (NMOSD) but not sufficient to fulfill the diagnostic criteria, such as lesions located in the hypothalamus or area postrema; and leptomeningeal enhancement.

Statistical Analysis
Demographic data, serologies, and MR imaging findings were analyzed for associations with recurrence and EDSS. EDSS scores of
patients with longitudinally extensive transverse myelitis (LETM)

Table 1: Imaging parameters used in spinal MRI
Sequence
TR/TI (ms)
TE (ms)
T1WI sagittal
397–562
8.7–11
T2WI sagittal
2340–4070
96–109
STIR sagittal
3210–4610/150–220
42–79
T2WI axial
2874–4100
98–109
T1WI axial
400–654
8.4–9.7

Matrix Size
256–384 ⫻ 256–288
256–384 ⫻ 256–288
256–384 ⫻ 256–288
256–320 ⫻ 192–280
256–320 ⫻ 192–280

FOV (mm)
25–32 ⫻ 35.3–45.2
25–32 ⫻ 35.3–45.2
25–32 ⫻ 35.3–45.2
18–20 ⫻ 25.4–28.3
18–20 ⫻ 25.4–28.3

Section Thickness/Spacing (mm)
3–3.5/3.3–4.3
3–3.5/3.3–4.3
3–3.5/3.3–4.3
3–4/3.3–5
3–4/3.3–5

Using the logistic models, we calculated ORs and their respective
95% confidence intervals.

RESULTS

FIG 2. Spine MR images of a 13-year-old female patient with monophasic idiopathic transverse myelitis. The sagittal T2-weighted image
(A) shows a longitudinally extensive, minimally expansile hyperintense
lesion at the distal spinal cord. The axial T2-weighted (B) and postcontrast T1-weighted (C) images show central involvement with the owl’s
eyes sign (arrows in B) and no discernible contrast enhancement of
the lesion.

were also compared with those having short-segment lesions involving ⱕ50% of the transectional area of the cord and with those
of patients having short-segment lesions confined to the white
matter. All analyses were performed with the SPSS (Version 23.0;
IBM, Armonk, New York) statistical package program. Numeric
variables were evaluated for normality of data distribution using the Kolmogorov-Smirnov test. Descriptive statistics were
expressed as mean ⫾ SD or median (minimum-maximum),
according to the assumption of normal distribution for quantitative variables. Qualitative variables were given as proportions (percentages). An independent-samples t test was performed to compare the means of 2 independent groups. For
non-normally distributed data, the Mann-Whitney U test was
used to compare the 2 groups. The 2 (continuity correction or
Fisher exact test) was used to compare differences among
groups for categoric variables. A P value ⬍ .05 was accepted as
statistically significant.
Logistic regression analysis was performed to determine important risk factors for developing recurrent myelitis. Binary logistic regression with a backward stepwise method was used to
evaluate which independent imaging variables were statistically
significant predictors of the binary dependent variable (relapse).

Initial inquiry of spine MR imaging reports containing the terms
“myelitis” or “myelopathy” yielded 814 MR imaging scans. After
we applied inclusion and exclusion criteria, 77 patients (female/
male ratio, 46:31; mean age, 36.4 ⫾ 20 years) were enrolled in the
study. The clinical characteristics of the patients are provided in
Table 2. Twenty-seven patients (35.1%) eventually developed recurrent disease. The mean time to relapse was 17.3 months (range,
3–117 months). Time to relapse was ⱕ1 year in 21 patients (77%).
Eighteen (66.6%) patients had ⬎1 relapse (mean, 3.05; range, 2–5
relapses). Age at presentation did not differ between patients with
monophasic and recurrent disease (P ⫽ .2). There were higher
ratios of female (P ⫽ .03) and African American patients (P ⫽ .02)
in the recurrent group, as expected. Among the 27 patients who
relapsed, 8 patients (29.6%) eventually seroconverted for the antiaquaporin 4 antibody after initially testing negative, all of whom
presented with LETM at onset. Four patients with relapse were
ultimately diagnosed with aquaporin 4 seronegative NMOSD, 3
with multiple sclerosis, 1 with acute disseminated encephalomyelitis, 1 with neurosarcoidosis, 1 with systemic lupus erythematosus, and the other 9 (33%) were diagnosed with recurrent transverse myelitis of unknown etiology. The mean time to diagnosis
was 23.2 months (range, 3.2–108 months) for the 18 patients with
recurrence and specific diagnoses. For the 9 patients with recurrent transverse myelitis of unknown etiology, the mean follow-up
time was 45.2 months (range, 13.5–169 months), which was much
longer than the mean time to diagnosis in patients with specific
diagnoses.
The frequencies of spinal cord MR imaging findings and associations with monophasic/relapsing disease are outlined in Table
3. Imaging findings of LETM, brain stem extension, cord expansion, bright spotty lesions (BSLs), and contrast enhancement were
higher among patients who relapsed (Fig 3). When binary logistic
regression with the backward stepwise method was used, findings
of cord expansion, BSLs, and contrast enhancement were calculated to be significant predictors of recurrent disease (Table 4).
Thirteen (48%) of the patients having BSLs on their spinal MR
imaging were ultimately diagnosed with NMOSD. Multiple sclerosis (n ⫽ 1), acute disseminated encephalomyelitis (n ⫽ 1), and
neurosarcoidosis (n ⫽ 1) were other entities with BSLs. Additional MR imaging features of the NMOSD cohort included cord
expansion and brain stem extension.
Brain MR imaging was available in 63 patients, of whom 17
had abnormal findings not necessarily suggestive of a specific diagnosis, except for 1 patient with NMOSD who had a lesion in the
area postrema. Two patients had cerebral leptomeningeal enhancement without a discernible parenchymal lesion.
AJNR Am J Neuroradiol 40:1427–32

Aug 2019

www.ajnr.org

1429

Table 2: The clinical characteristics of 77 patients who presented with acute transverse myelitis
Monophasic
Recurrent
Characteristics
(n = 50)
(n = 27)
Age at initial manifestation (mean) (yr)
34.2 ⫾ 20.6
40.4 ⫾ 18.5
Female (n) (%)
25 (50%)
21 (77.8%)
Ethnicity
African American (n) (%)
10 (20%)
10 (37%)
Caucasian (n) (%)
38 (76%)
12 (44.4%)
Asian American (n) (%)
1 (2%)
3 (11%)
Hispanic (n) (%)
1 (2%)
2 (7.4%)
Seropositivity for anti-AQP4 Ab
1 (2%)
8 (29.6%)
Mean follow-up time (yr)
2.4 ⫾ 1.7
3.8 ⫾ 3.8
Mean EDSS score
4.2 ⫾ 2.1
3.3 ⫾ 1.8
Patients with follow-up spine MRIs (n) (%)
16 (32%)
27 (100%)
Use of immunosuppressive/immunomodulatory
9 (18%)
18 (66.7%)
treatment (n) (%)

P
Values
.196
.033
.020

.003
.023
.064
⬍.001
⬍.001

Note:—AQP4 Ab indicates aquaporin 4 antibody.

Table 3: The frequencies of spinal MRI ﬁndings and associations with monophasic/relapsing disease
Monophasic Disease
Recurrent Disease
MRI Findings
(n = 50) (n) (%)
(n = 27) (n) (%)
LETM (n ⫽ 42) (54.5%)
22 (44%)
20 (74.1%)
Multifocal lesions (n ⫽ 16) (22.5%)
9/44 (20.5%)
7 (25.9%)
Distribution
Cervical (n ⫽ 21) (27.3%)
14 (28%)
7 (25.9%)
Cervicothoracic (n ⫽ 14) (18.2%)
6 (12%)
8 (29.6%)
Thoracic (n ⫽ 35) (45.5%)
25 (50%)
10 (37%)
Holocord (n ⫽ 7) (9.1%)
5 (10%)
2 (7.4%)
Brain stem extension (n ⫽ 5) (6.5%)
1/46 (2.2%)
4/25 (16%)
Location
Gray matter (n ⫽ 3) (3.9%)
3 (6%)
0
Gray ⫹ white matter (n ⫽ 65) (84.4%)
42 (84%)
23 (85.2%)
White matter (n ⫽ 9) (11.7%)
5 (10%)
4 (14.8%)
⬎1/2 of the cord area (n ⫽ 55) (71.4%)
33 (66%)
22 (81.5%)
Cord expansion (n ⫽ 48) (62.3%)
26 (52%)
22 (81.5%)
T1 hypointensity (n ⫽ 23) (30.3%)
11/49 (22.4%)
12 (44.4%)
BSLs (n ⫽ 27) (35.1%)
12 (24%)
15 (55.6%)
Owl’s eyes sign (n ⫽ 2) (2.6%)
2 (4%)
0
Enhancement (n ⫽ 48) (62.3%)
26 (52%)
22/26 (84.6%)
Brain involvement (n ⫽ 17) (27%)
11/43 (25.6%)
6/20 (30%)
a

P
Value
.022a
.808
.304

Unadjusted
OR (95% CI)
3.63 (1.30–10.14)
1.36 (0.44–4.21)

.049a
.521

8.57 (0.90–81.46)

.242
.021a
.089
.012a
.539
.011a
.950

2.26 (0.73–7.04)
4.06 (1.32–12.42)
2.76 (1.01–7.61)
3.95 (1.45–10.74)
0.58 (0.06–5.88)
5.07 (1.52–16.87)
1.24 (0.38–4.04)

Signiﬁcant.

There was no significant correlation between recurrent disease
and EDSS scores of the patients (P ⫽ .14), though there was an
unexpected trend for recurrent cases to end up with better EDSS
scores, at least early in their disease course. Also, none of the
imaging variables analyzed for association with recurrent disease
showed significant correlation with EDSS scores. We could not
find a significant difference between EDSS scores of the patients
with LETM and scores of patients having short-segment lesions
involving ⱕ50% of the transectional area of the cord or confined
to white matter.

DISCUSSION
Spinal cord MR imaging is essential in the evaluation of acute
transverse myelitis because MR imaging features, including location, distribution and extent of the lesions, and enhancement pattern could narrow the differential diagnosis considerably. Identification of MR imaging features predictive of relapsing disease
may also prompt clinical decision-making in favor of empiric
treatment with immunosuppression. These patients also could be
considered candidates for more frequent follow-up within the
first year of the initial attack with repeat serologic testing. This
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consideration is because titers of specific antibodies, such as the
anti-aquaporin 4 antibody, may fluctuate and retesting may reveal sufficient levels to confirm a diagnosis of NMOSD.
There was a significantly higher rate of recurrent myelitis in female and African American patients in our cohort. This finding was
similar to findings in the previous report of Kimbrough et al,1 and
most likely reflects a higher incidence of NMOSD in these demographic groups. Although it is often associated with NMOSD, LETM
has a wide range of differential diagnoses, including parainfectious
myelitis, systemic autoimmune disease–related myelitis, and idiopathic transverse myelitis.8 A significantly higher proportion of patients with recurrent disease in our cohort had LETM, which was
compatible with the previous reports noting the increased risk of
developing recurrent disease in LETM.1,9
As distinctive features of our study, cord expansion, BSLs, and
enhancement were also found promising for predicting relapse
after acute transverse myelitis at initial evaluation. Cord expansion was previously suggested to be specific to NMOSD and useful
in differentiating it from longitudinally extensive lesions of
MS.10-12 On the other hand, cord expansion did not significantly

ported as specific to NMOSD.10,12 Similarly, most of our patients (75%) with
brain stem extension had a final diagnosis of NMOSD. Although it was found to
increase the risk of recurrence in univariate analysis, adjusted odds ratios were
not significant. This is probably due to
its low frequency, which could affect the
statistical analysis.
Although it partially defines acute attacks of inflammatory myelitis, contrast
enhancement on MR imaging could also
occur in other etiologies, including dural arteriovenous fistula and spondylotic
myelopathy.8 It was reported to be more
frequent in multiple sclerosis and other
autoimmune etiologies compared with
idiopathic myelitis in a previous study.14
Contrast enhancement, regardless of its
pattern, was also found to be significantly
higher in NMOSD compared with the
other causes of LETM.5 It was a frequent
finding in our cohort, with a wide range of
patterns, from patchy or nodular to ring
enhancement. We found a significant correlation between contrast enhancement
and the risk of developing relapse, reflecting the greater incidence of contrast enFIG 3. Spine MR images of a 29-year-old female patient with recurrent transverse myelitis. The hancement in disease entities associated
sagittal T2-weighted image (A) shows a longitudinally extensive, expansile hyperintense lesion at with increased relapse rates. Our result is
the cervical spine. The axial T2-weighted (B) and postcontrast T1-weighted (C) images show gray different from those in previous reports
and white matter involvement with bright spotty lesions (arrows in B) and ring enhancement of
that could not find a significant associathe lesion. The patient was diagnosed with NMOSD later at follow-up.
tion between enhancement and recurTable 4: Adjusted ORs for associations of imaging variables/age
rence. This difference could be explained by small cohort size9 and
Adjusted
P
differences in case selection3 in those studies.
Variable
ORs
Value
95% Cl
Brain MR imaging features could give a clue to recognize a
Cord expansion
5.30
.018
1.33–21.11
specific
etiology in an acute transverse myelitis attack. For examBSLs
3.63
.040
1.06–12.43
ple,
brain
lesions localized at sites rich in aquaporin 4 expression
Enhancement
5.05
.023
1.25–20.34
Age
1.03
.084
0.99–1.061
such as the area postrema are highly suggestive of NMOSD. Brain
Constant
0.01
.00
MR imaging findings either nonspecific or suggestive of a specific
etiology were not frequent in our cohort, probably due to preclusion of patients who could be diagnosed at initial evaluation. The
distinguish neuromyelitis optica from other causes of LETM in
5
low frequency of brain lesions could negatively affect the statistianother recent study. Most cases showing cord expansion were
cal power of its association with recurrence or outcome.
non-NMOSD in our cohort. This could be explained by the low
Recurrent disease was not associated with poor outcome in
number of previously diagnosed cases of acute NMOSD in our
our study, similar to a previous study that analyzed prognostic
study, which were excluded.
factors in LETM.9 This finding is probably due to the relatively
BSLs are defined as hyperintense small lesions on T2-weighted
13
short mean follow-up in both studies, because in another study3
images, similar to or higher in signal intensity than CSF. They
with longer follow up (mean, 6.2 years), relapsing disease was
have been previously suggested as a highly distinctive feature of
found to be a predictor of worse outcome.
NMOSD and infrequently noted in multiple sclerosis and other
Previous studies yielded conflicting results regarding the assocauses of LETM.5,13 Similarly, a large number of our patients with
ciation of LETM and functional outcome.2,9,14,15 Contrary to the
BSLs (48%) were later diagnosed with NMOSD, though cases that
studies of Carnero Contentti et al,2,15 LETM did not predispose to
remained idiopathic were also represented. The predictive value
poor functional outcome in our cohort. This variation may be due
of both bright spotty lesions and cord expansion is likely driven by
to differences in patient groups. The partial lesions defined in the
their association with NMOSD.
study of Carnero Contentti et al,15 which are frequently associated
Brain stem extension was an infrequent finding (n ⫽ 5) in our
cohort. Although infrequent, brain stem extension has been rewith multiple sclerosis, were uncommon (n ⫽ 8) in our study.
AJNR Am J Neuroradiol 40:1427–32
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Additionally, the mean follow-up period of our study is much
longer than those in 2 previous studies (3 and 3– 6 months). Our
results were similar to those in prior studies with longer follow-up
periods.9,14
Other spinal MR imaging features that we analyzed (distribution, T1 signal, extension in a transverse section, multiplicity, and
contrast enhancement) were also evaluated in a previous study in
which no association could be found with clinical outcome after
acute transverse myelitis.16 Our study supports these findings,
though more studies with large numbers of cases are needed for
confirmation.
This retrospective study has several limitations. Most important, the follow-up periods varied widely, and we cannot rule out a
future relapse in all of the patients who are currently monophasic.
Additionally, most patients with monophasic disease in our
cohort did not receive preventive immunosuppression treatment
during follow-up; therefore, the effects of those therapies on outcome could not be estimated. Other limitations were related to
image acquisition. As a retrospective study, MR images were obtained from scanners with different magnet strengths and different sequence parameters. Also, postcontrast images were not acquired in a patient. All of these limitations could affect the
sensitivity of image evaluation.

CONCLUSIONS
MR imaging findings of cord expansion, BSLs, and contrast enhancement could be used as early imaging predictors of relapse in acute
transverse myelitis of unidentified etiology. Collaborative studies
with larger number of patients are required to validate these findings.
Disclosures: Michael Levy—RELATED: Grant: Transverse Myelitis Association, Comments: grant to study genetics of transverse myelitis*; UNRELATED: Board Membership: Genentech, Alexion Pharmaceuticals, and Viela Bio; Consultancy: Genentech,
Alexion Pharmaceuticals, and Viela Bio, Gerson Lehrman Group; Expert Testimony:
various legal ﬁrms; Grants/Grants Pending: National Institutes of Health, Alexion
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BRIEF/TECHNICAL REPORT

SPINE

CT-Guided Block and Radiofrequency Ablation of the C2
Dorsal Root Ganglion for Cervicogenic Headache
X J.L. Chazen, X E.J. Ebani, X M. Virk, X J.F. Talbott, and X V. Shah

ABSTRACT
SUMMARY: The purpose of this report is to describe the technical aspects of CT-guided C2 dorsal root ganglion diagnostic block and
radiofrequency ablation for refractory cervicogenic headache. CT guidance allows precise and safe positioning of a needle adjacent to the
C2 dorsal root ganglion. At-risk neural and vascular structures can be avoided with CT, and it can provide a thorough understanding of
upper cervical neuroanatomy.
ABBREVIATIONS: DRG ⫽ dorsal root ganglion; RF ⫽ radiofrequency

C

ervicogenic headache is defined as pain referred to the head
from the cervical spine or nerve roots. Clinical features are
inadequate to isolate the cervical spine as a source of headache,
and imaging in conjunction with diagnostic injections is required
for a definitive diagnosis.1 Osteoarthritis of the lateral atlantoaxial
joints is an important consideration in refractory cases resulting
from irritation of the C2 dorsal root ganglion (DRG). Unlike the
lower cervical roots, the C2 nerve root has only sensory components and arborizes to both the greater and lesser occipital
nerves.2 Patients presenting with pain in the posterior scalp radiating to the vertex may be incorrectly diagnosed with primary
occipital nerve entrapment.3 Clinical and imaging work-up may
reveal irritation of the C2, C3, or C4 nerve roots, resulting in
occipital distribution pain. Herein, we describe the technical considerations of a C2 dorsal root ganglion nerve block and radiofrequency (RF) ablation using CT guidance. Image-guided pulsed or
thermal RF ablation of the C2 DRG has been described with high
response rates4,5; however, the CT-guided technique has not been
previously reported, to our knowledge.
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Patient Selection
Complete patient selection criteria are beyond the scope of this
technical report; suggested indications and contraindications are
outlined in the Table. Briefly, patients should be considered for
C2 DRG RF ablation if they present with occipital-distribution
pain of a cervicogenic origin and have failed conservative therapy,
including medication and physical therapy. An occipital nerve
block is often performed initially to exclude a peripheral occipital
nerve entrapment. CT and/or MR imaging of the cervical spine
should be performed to evaluate the upper cervical nerve roots
and facet joints. Classically, an asymmetric pattern of C1–C2 facet
osteoarthrosis is seen with loss of cartilage and subchondral sclerosis (Fig 1). Posterior osteophyte formation may narrow the
C1–C2 foramen and impinge on the C2 DRG, resulting in occipital neuralgia. Corresponding subarticular bone marrow edema
may further suggest the C1–C2 joint as the pain generator (Fig 1).

Technique
Patients should be placed head first on the CT gantry table in the
supine or prone position with the head in neutral alignment facing the ceiling or in slight rotation away from the painful side.
Moderate sedation may be offered for patient comfort; however,
it is important that the patient remain awake for RF ablation sensory testing. Scout topograms of the craniocervical junction are
acquired in the frontal and lateral planes. An axial CT stack can
then be prescribed from the skull base through C3. The C2 dorsal
root ganglion can be visualized in the axial plane just dorsal to the
C2 lateral mass (Fig 2). An adequate CT dose is necessary for
visualization, and the authors recommend 120 kV and 100 –200
mA (diagnostic dose) at 2.5 mm (reconstructed to 0.625-mm
bone and standard algorithms) for the initial preprocedural planning scan. The dose may be reduced to 10 –50 mA for subsequent
AJNR Am J Neuroradiol 40:1433–36

Aug 2019

www.ajnr.org

1433

Suggested indications and contraindications for the C2 nerve block and RFA procedure
Indications
Contraindications
Occipital neuralgia for ⬎6 weeks
Coagulopathy (INR ⬎ 1.5, platelets ⬍50)
Ipsilateral arthrosis of the lateral C1–C2
Known vertebral artery variant crossing at C1–C2
facet joint on CT and/or MR imaging
along the needle trajectory
with C1–C2 foraminal stenosis
Lack of response to conservative
Contrast allergya
management (medication and/or
occipital nerve block)
Note:—RFA indicates radiofrequency ablation; INR, international normalized ratio.
a
Relative contraindication because preoperative noncontrast MRA may be performed.

plexus surrounding the C2 DRG; a small
volume (0.2– 0.3 mL) of iohexol (Omnipaque 180; GE Healthcare, Piscataway, New Jersey) 180 or 240 contrast
diluted with normal saline should be injected to ensure appropriate positioning
and exclude inadvertent arterial or dural
puncture. Once the appropriate position is confirmed, a 1- to 2-mL 1:1 mixture of preservative-free dexamethasone, 10 mg/mL, and 0.5% or 0.75% of
bupivacaine is prepared and slowly instilled through the needle. The needle is
then removed with the stylet in place.

Radiofrequency Ablation
For RF ablation, the authors recommend a 22-ga, 5- or 10-cm-length cannula with a 5-mm uninsulated tip. A
grounding pad is placed on the upper
thigh. Following the steps described
above, an RF ablation canula is substituted for the spinal needle. Once the appropriate position is confirmed on CT,
the stylet is removed and the radiofrequency probe is inserted (Fig 3). Impedance levels should be checked and are
typically ⬍300 ⍀. Sensory testing is then
performed at 50 Hz up to 2 V. Pain
should be elicited in the distribution of
the ipsilateral occipital nerve. Motor
FIG 1. A, Sagittal STIR sequence reveals increased T2-hyperintense signal in the right C1–C2 joint testing at 2 Hz may then be performed,
and periarticular bone marrow edema (circle). B, Coronal CT scan shows asymmetric marked which may evoke mild local contraction
osteoarthrosis of the right C1–C2 articulation, with loss of joint height, cortical irregularity, and of the paraspinous musculature. Then,
subchondral sclerosis (circle).
0.5 mL of unbuffered 1% lidocaine is instilled in the RF cannula, and a CT scan
procedural scans acquired for needle localization. Serial CT or CT
is obtained with the RF probe in place for final confirmation of
fluoroscopy can be used on the basis of the interventionalist’s preferpositioning. Thermal RF ablation is then performed at 80°C for 90
ence. If preoperative angiography or MR imaging is not available, a
seconds. The patient may experience local discomfort during the
targeted CT angiogram may be performed with intravenous contrast.
thermal ablation and should be encouraged to hold still for the duIt is important to identify relevant vertebral artery variants that may
ration of the ablation. Discomfort during the ablation typically imbe present in up to 31% of patients at the C1–C2 level.6 Due to the
proves as the ablation continues. If the pain is severe and/or persistransient nature of intravenous CT contrast, the authors recommend
tent, the ablation should be stopped and the needle withdrawn
that if performed, a procedural CTA scan be obtained once the needle
slightly before re-ablating, or alternatively, pulsed radiofrequency
entry site has been selected and the patient’s head immobilized beablation may be considered. If pulsed RF ablation is desired, identical
cause the CTA may be of limited utility if the patient is significantly
treatment steps may be followed, but the RF generator should be set
repositioned (On-line Video).
to pulsed RF at 42°C for 120 seconds.
Following RF ablation, the probe is removed and a nerve
C2 Nerve Block
block can be performed through the canula with dexamethaIn preparation for needle insertion, the skin is sterilized and buffsone and bupivacaine as described above to decrease postproered 1% lidocaine is instilled subcutaneously for local anesthesia.
cedural inflammation and discomfort. The canula is then reA 22-ga, 2.5- to 3.5-inch Quincke-type spinal needle is then inmoved with the stylet in place, and a sterile bandage is applied.
serted. By means of intermittent CT guidance, the needle is adPatients may experience a flare of symptoms for 24 –72 hours
vanced to approximate the C2 dorsal root ganglion. Care should
following thermal RF ablation; oral nonsteroidal anti-inflambe taken to avoid advancing the needle medial to the DRG, given
matory drugs are generally adequate for pain control. In cases
the close proximity to the dura. If blood is seen in the hub, the
of severe postoperative pain inadequately controlled with nonsteroidal anti-inflammatory drugs, a methylprednisolone
needle may be carefully repositioned. There is a rich venous
1434
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FIG 2. Axial CT angiogram showing the left C2 dorsal root ganglion
(arrow) positioned behind the left C2 lateral mass. The left proximal
V3-segment vertebral artery is highlighted (dashed arrow) anterolateral to the target.

the proximal V3-segment vertebral artery where it traverses anterolateral to the C2 DRG (Fig 2). Vascular variants such as an
inferior course of the PICA may be problematic in cases of dural
puncture at the C1–C2 level but should not affect the epidural C2
DRG injection.10 However, intraprocedural CT angiography can
be performed to ensure a safe procedural approach because head
positioning may alter expected axial anatomy.
Pulsed RF can be considered in place of thermal RF and
has advantages including a decreased potential for local thermal injury and a decreased incidence of postprocedural inflammation. However, the pulsed RF procedure is potentially
less efficacious than thermal RF. Patients may experience a
shorter duration of pain relief compared with thermal RF, necessitating repeat procedures.
Complications from C2 RF ablation are uncommon and usually present as numbness and dysesthesia following neurotomy.
However, in the largest described case series of thermal C2 RF
ablation, ⬎90% of patients reported that they would undergo the
procedure again if pain returned.4 Some authors advocate sacrificing the C2 DRG during surgical C1–C2 fusion because numbness often has no effect on health-related quality of life, unlike
neuralgia.2 A meta-analysis of radiofrequency ablation for cervicogenic headache yielded mixed results but covered a heterogeneous population with a variety of targets, image-guidance modalities, and RF techniques.8 Potential risks of the procedure
include intra-arterial or intrathecal puncture and injection of
medication. The risks of intrathecal puncture include spinal fluid
leak or spinal cord puncture. The implications of intrathecal injection include nontarget injection (false-negative response from
the nerve block), high spinal block, and arachnoiditis. Implications of an intra-arterial injection include a nontarget injection
and spinal cord or posterior fossa infarct from intra-arterial injection of steroids. Although ischemic complications of intra-arterial injection have not been reported with nonparticulate steroids in the cervical spine, the authors recommend using
preservative-free dexamethasone in all cases. Anecdotally, the
thermal RF procedure has excellent sustained results and may
obviate morbid upper cervical fusion, but further prospective
study is needed to confirm these observations.

CONCLUSIONS
FIG 3. Intraprocedural axial CT scan showing appropriate placement
of a 5-cm RF cannula targeting the right C2 DRG.

(Medrol) dose pack may be helpful to decrease inflammation
and discomfort.

DISCUSSION
Cervicogenic headache has an estimated prevalence of up to 4.1%
of the general population and up to 20% in patients with chronic
headache.7-9 Image-guided injection of the upper cervical spine
has been described for treatment of cervicogenic headache, including the atlanto-occipital, atlantoaxial, C2–C3, and C3–C4
facet joints and nerve blocks of C1 through C4. The C2 DRG is the
principal nerve root supplying the greater and lesser occipital
nerves and provides an ideal target for direct neurolysis. The corridor for needle insertion is generally safe, lying at the axial level of

CT provides excellent guidance for C2 DRG injection and radiofrequency ablation and can be combined with procedural CT angiography to highlight vascular anatomy.
Disclosures: Michael Virk—UNRELATED: Consultancy: Globus Medical, Depuy Synthes, Brainlab.
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LETTERS

Epidural Spinal Injections in Spinal Stenosis due to Lipomatosis:
With or without Steroids?

S

pinal epidural lipomatosis (SEL) is characterized by the overgrowth of epidural adipose tissue inside the spinal canal and
may present with symptoms of spinal stenosis or nerve root compression.1 In a recent study, it has been reported that 6.26% of
patients presenting with clinical signs of spinal stenosis showed
symptomatic SEL.2 Spinal epidural infiltrations under imaging
guidance are a safe treatment for symptomatic spinal stenosis and
are frequently performed by interventional radiologists. Usually,
a mixture of local anesthetics and corticosteroids is used. Botwin
and Sakalkale3 reported a good clinical response (pain relief of
80%– 85%) after epidural injections with steroids in 2 patients
with SEL and symptoms of spinal stenosis. On the other hand,
repeat epidural infiltrations with corticosteroids have been discussed as an etiologic factor in the development of SEL. The study
by Jaimes and Rocco4 reported that ⬎1 epidural steroid injection
was linked to the occurrence of SEL in a logistic regression model.
Because larger studies and prospective investigations are missing, the interventional radiologist is in a dilemma whether steroids should be used in symptomatic SEL. In these cases, we suggest a pragmatic approach. According to the data of Jaimes and
Rocco,3 the first epidural injection can be performed with the use
of steroids. In their study, a single epidural steroid injection was
not associated with SEL; it seems that a single dose of epidurally
administered steroids is not enough to aggravate epidural fat
accumulation.
In the case of a symptomatic spinal stenosis, we usually perform a single epidural injection using CT guidance and an interlaminar approach with the use of steroids and local anesthetics (4
mL of mepivacaine/1 mL of dexamethasone). If there is a marked
improvement after this first injection, other treatment components such as physiotherapy and medication are adjusted to maintain the improvement. Only in the case of persistent or immediately relapsing pain is treatment with epidural injection repeated.
The safe time interval between 2 epidural injections with steroids
in patients with good clinical SEL is unknown. If there is no
significant improvement after the first injection with steroids in
symptomatic SEL, we think further injections in the short term
should be performed with local anesthetics only.

http://dx.doi.org/10.3174/ajnr.A6128
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In a recent meta-analysis, no significant difference between
epidural injections with steroids and local anesthetics or local anesthetics alone has been found5—that is, an epidural injection
with local anesthetics only is also an evidence-based approach.
This sequential use of an injection with steroids followed by infiltrations without steroids may limit the risk of worsening SEL. In
the treatment of patients with symptomatic SEL, the underlying
etiology should also be considered. For example, in patients with
SEL due to obesity, weight reduction has been shown to reduce
SEL.6
In conclusion, evidence in the treatment of spinal stenosis due
to SEL with epidural infiltrations is very limited. We propose a
sequential approach using an epidural infiltration with steroids
for the first injection followed, if needed, by further epidural infiltrations with local anesthetics only. This procedure may reduce
deleterious effects on the progression of SEL. Further studies on
this topic are needed.
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LETTERS

Blood-Brain Barrier Permeability in Patients with Systemic
Lupus Erythematosus

e read with much interest the article by Chi et al1 in the
March 2019 issue of the American Journal of Neuroradiology, “Alterations in Blood-Brain Barrier Permeability in Patients
with Systemic Lupus Erythematosus.”
Reportedly, dynamic contrast-enhanced (DCE) imaging supports the hypothesis that patients with systemic lupus erythematosus have increased blood-brain barrier (BBB) permeability, specifically in the hippocampus, compared with other brain regions.1
However, some technical issues in the current study may limit its
conclusions.
First, the authors stated that the pharmacokinetic 2-compartment exchange model used to calculate BBB leakage was the Tofts
extended permeability model, but they provided only 2 derived
parameters: the transfer constant (Ktrans) and the extravascular
extracellular volume fraction (Ve), despite the fact that the Tofts
extended model is supposed to provide the blood volume fraction
(Vb) in addition. Vb corresponds to the volume of vessels per
volume of tissue (in milliliters/100 mL of tissue or in percentages).
Thus, it is likely that the model used was a Tofts-Kety model or the
Tofts and Kermode model using the Olea Sphere software (Olea
Medical, La Ciotat, France), which provides only Ve and Ktrans.2,3
The more complex extended Tofts model was developed to overcome some important limitations of the Tofts-Kety model, which
imperfectly models DCE data and loses a significant amount of
information and might not be suitable to detect subtle changes, as
is the case with BBB leakage.
Second, the Ktrans parameter is a combination of tissue blood
flow (Ft), corresponding to the blood flow entering and exiting a
volume of tissue, and of permeability surface-area product (PS),
corresponding to the flow of molecules through the capillary
membranes per volume of tissue, in varying proportions. Therefore, the Ktrans method of calculation includes both perfusionand permeability-related phenomena, leading to a possible misinterpretation of the parameters, even when accurately fitting the
data. As a result, its use should be avoided when exploring permeability. Using a more complex and robust pharmacokinetic model
like the 2CX, which provides 4 distinct parameters, including 2
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perfusion-related parameters (Ft and Vb) and 2 permeabilityrelated parameters (PS and Ve), would be more suitable.3,4
Third, the authors did not provide the exact duration of their
DCE sequence, though this should have been a critical part of
their method. Indeed, the leakage process occurs late after contrast injection, and pharmacokinetic models calculate permeability-derived parameters on the basis of a long acquisition time. A
minimal duration of 10 minutes for DCE acquisitions is therefore
recommended to provide accurate data, especially when observing subtle changes, as is the case in BBB leakage.3
In conclusion, one should remain cautious when interpreting
these results, especially given the very low number of patients.
Using a more complex and robust model such as the 2CX, as well
as optimized DCE acquisitions, might substantially improve detection and understanding of BBB leakage in patients with systemic lupus erythematosus.
Disclosures: Julien Savatovsky—UNRELATED: Payment for Lectures Including Service on Speakers Bureaus: Medtronic, Biogen, Philips Healthcare, Sanoﬁ, Novartis;
Travel/Accommodations/Meeting Expenses Unrelated to Activities Listed: Bayer
Healthcare.
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e appreciate the comments from Drs Lecler, Sadik, and
Savatovsky on our article, “Alterations in Blood-Brain Barrier Permeability in Patients with Systemic Lupus Erythematosus.” The comments are mainly focused on the permeability
model used in dynamic contrast-enhanced (DCE)-MR imaging
postprocessing. In our study, we used a commercially available
software, Olea Sphere (Olea Medical, La Ciotat, France), using the
Tofts and Kermode (TK) permeability model, to postprocess the
acquired DCE-MR imaging data into blood-brain barrier permeability (BBBP) parameters of the volume transfer constant
(Ktrans) and Ve. The authors suggest the use of a more complex
pharmacokinetic model, the 2-compartment exchange model
(2CX), which they state may overcome important limitations of
our current model, to detect subtle changes in BBBP.
Different theoretic models have been proposed for DCE-MR
imaging data analysis, including the TK and extended TK models,
the adiabatic tissue homogeneity model, the 2CX model, the distributed capillary adiabatic tissue homogeneity model, and the ␥
capillary transit time model.1 The TK model used in our study,
while less robust as indicated by the authors, is readily integrated
into the clinical setting and is thus more practical from a clinical
standpoint compared with the other aforementioned models. The
TK model has previously been shown to overestimate Ktrans1;
however, marked variability in Ktrans values across different models is a known issue affecting all models.2 Most important, even if
absolute Ktrans values may have been overestimated in our study,
all patients and controls were analyzed with the same model conditions; therefore, our conclusions regarding relative regionbased and disease-based changes in Ktrans remain valid.
The 2CX model is a complex and robust pharmacokinetic
model, as discussed by the authors, and provides 4 distinct
parameters including 2 perfusion-related parameters and 2 permeability-related parameters. The authors have recently published a study on the application of the 2CX model in differentiating benign from malignant orbital tumors.3 This is a valuable
contribution to the large body of literature comparing different
DCE-MR imaging models, in which the authors state that regardless of the permeability model used, there were no differences in
their conclusions.
The TK model used in our study has previously been applied in
the detection of subtle permeability changes.4 While there are
certain inherent disadvantages to the TK model, our study, nevertheless, revealed statistically significant BBBP differences in patients with systemic lupus erythematosus (SLE) compared with
healthy controls. We would, in fact, expect similar results with any
of the aforementioned models, including the 2CX. If anything, the
2CX model may augment the differences observed between the
SLE and healthy control groups.
Furthermore, the purpose of our study was not to compare
permeability models or parameters. We used a commonly used
commercial software and found statistically significant results
comparing patients with SLE with healthy controls. One of the
points of this exercise was to expand the usefulness of these
complex models so that their clinical efficacy could be tested.
http://dx.doi.org/10.3174/ajnr.A6166
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Therefore, we are in substantial agreement with the authors’
recently published study.3 However, we acknowledge that the
application of the 2CX model to assess BBBP across different
disease or stress states of patients with SLE remains to be fully
evaluated.
Although we described 80 cine phases being performed in our
imaging protocol, we take this opportunity to add that the total
acquisition time for the DCE-MR imaging sequence was 11 minutes 14 seconds. While we agree with the authors that a minimal
duration of 10 minutes for DCE acquisitions will increase the
detectability of BBBP changes, these benefits to the physics of the
protocol must be weighed against the biology we are attempting
to understand and the risk to that biology (for example, patient
tolerability and renal clearance of gadolinium).5
As in almost all past work with brain imaging, larger studies
are needed to validate the findings in our study. We stated in our
Conclusion: “These initial data are proof-of-concept which support our hypothesis that the BBB is selectively compromised, particularly in the hippocampus region in SLE subjects with little to
no disease activity and no history of CNS insult who demonstrate
impaired performance on cognitive testing. The significance of
these findings may advance our understanding of the underlying
pathophysiologic mechanisms affecting the brain in autoimmune
diseases. Importantly, larger studies are necessary to validate these
results and confirm the value of DCE-MR imaging methodology
as a potential biomarker for blood-brain barrier permeability
imaging.”
We appreciate the authors’ interest in our study. We hope our
reply clarifies that the purpose of our study was not to determine
the optimal pharmacokinetic model, BBBP parameters, or imaging protocol to use in assessing BBBP in patients with SLE. While
our study used a debatably less sensitive permeability model, its
clinical effectiveness and usefulness have detected BBBP alterations in patients with SLE, a clinically important addition to the
literature in this disease. We would like to emphasize, and think
the authors would agree, that more robust permeability models
would not necessarily alter this conclusion. We acknowledge that
our study reveals initial proof-of-concept findings that warrant
further investigations.
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