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inIection� inclXding� bXt not limited to� tKe transmission oI inIectioXs disease�s� 
Irom one patient to anotKer. &ontamination oI tKe deYice may lead to inMXry� 
illness or deatK oI tKe patient. 
$Iter Xse� dispose oI prodXct and packaging in accordance ZitK Kospital� 
administratiYe and�or local goYernment policy.

Warnings
• TKe $;S 9ecta $spiration &atKeter Kas not been eYalXated Ior more tKan one 
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• TKe $;S 9ecta $spiration &atKeter Zas eYalXated Ior an aYerage dXration oI 
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• TKis prodXct is intended Ior single Xse only� do not re�sterili]e or reXse. 

5e�sterili]ation and�or reXse may resXlt in cross contamination and�or 
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• :Ken tKe catKeter is e[posed to tKe YascXlar system� it sKoXld be 
manipXlated ZKile Xnder KigK�TXality ÁXoroscopic obserYation. Do not 
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determine tKe caXse oI tKe resistance beIore proceeding.
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• Do not Xse kinked� damaged� or opened deYices.
• 8se tKe deYice prior to tKe ´8se %yµ date specified on tKe package.
• ([posXre to temperatXres aboYe ���& �����)� may damage deYice. Do not 

aXtoclaYe.
• TorTXeing or moYing tKe deYice against resistance may resXlt in damage to 

tKe Yessel or deYice.
• 0aintain a constant inIXsion oI appropriate ÁXsK solXtion.
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Xntil �� KoXrs post�treatment.  0edical management and acXte post stroke 
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practice.
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location oI tKe distal tip Xnder ÁXoroscopy prior to aspiration.

• TKere is an inKerent risk ZitK tKe Xse oI angiograpKy and ÁXoroscopy.
• :Ken transporting tKe 0edela Dominant )le[ 3Xmp� Xtili]e tKe pXmp 

Kandle.
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RX ONLY
See package insert for complete indications, contraindications, 
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Potential adverse events
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• 5eaction to radiation e[posXre �i.e.� alopecia� bXrns ranging in seYerity 

Irom skin reddening to Xlcers� cataracts� or delayed neoplasia�
• 5eactions to anti�platelet�anti�coagXlant agents
• 5enal IailXre
• Sei]Xre
• Stent IractXre� migration�emboli]ation� or misplacement 
• Stent tKrombosis 
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• Transient iscKemic attack 
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Cautions / precautions
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modiIying ;�ray tecKnical Iactors ZKeneYer possible.
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inclXding tKose located in tKe caYernoXs internal carotid artery.
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• 0a[imXm spatial gradient field Xp to ���� *aXss�cm ��� Tesla�m� 
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tKe deYice lXmen. ,t may be necessary to optimi]e 05 imaging parameters Ior 
tKe presence oI tKis implant. See additional precaXtion related to tKe image 
artiIact Irom tKe implant in tKe ´3recaXtionsµ section oI tKis labeling.
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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.
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ORIGINAL RESEARCH
ADULT BRAIN

Altered Relationship between Working Memory and Brain
Microstructure after Mild Traumatic Brain Injury

X S. Chung, X X. Wang, X E. Fieremans, X J.F. Rath, X P. Amorapanth, X F.-Y.A. Foo, X C.J. Morton, X D.S. Novikov,
X S.R. Flanagan, and X Y.W. Lui

ABSTRACT

BACKGROUND AND PURPOSE: Working memory impairment is one of the most troubling and persistent symptoms after mild traumatic
brain injury (MTBI). Here we investigate how working memory deficits relate to detectable WM microstructural injuries to discover robust
biomarkers that allow early identification of patients with MTBI at the highest risk of working memory impairment.

MATERIALS AND METHODS: Multi-shell diffusion MR imaging was performed on a 3T scanner with 5 b-values. Diffusion metrics of
fractional anisotropy, diffusivity and kurtosis (mean, radial, axial), and WM tract integrity were calculated. Auditory-verbal working
memory was assessed using the Wechsler Adult Intelligence Scale, 4th ed, subtests: 1) Digit Span including Forward, Backward, and
Sequencing; and 2) Letter-Number Sequencing. We studied 19 patients with MTBI within 4 weeks of injury and 20 healthy controls.
Tract-Based Spatial Statistics and ROI analyses were performed to reveal possible correlations between diffusion metrics and working
memory performance, with age and sex as covariates.

RESULTS: ROI analysis found a significant positive correlation between axial kurtosis and Digit Span Backward in MTBI (Pearson r � 0.69,
corrected P � .04), mainly present in the right superior longitudinal fasciculus, which was not observed in healthy controls. Patients with
MTBI also appeared to lose the normal associations typically seen in fractional anisotropy and axonal water fraction with Letter-Number
Sequencing. Tract-Based Spatial Statistics results also support our findings.

CONCLUSIONS: Differences between patients with MTBI and healthy controls with regard to the relationship between microstructure
measures and working memory performance may relate to known axonal perturbations occurring after injury.

ABBREVIATIONS: AK � axial kurtosis; AWF � axonal water fraction; bCC � body of the corpus callosum; DKI � diffusional kurtosis imaging; DSF � Digit Span
Forward; DSB � Digit Span Backward; DSS � Digit Span Sequencing; FA � fractional anisotropy; gCC � genu of the corpus callosum; HC � healthy control; LNS �
Letter-Number Sequencing; MTBI � mild traumatic brain injury; pCR � posterior corona radiata; sCC � splenium of the corpus callosum; sCR � superior corona radiata;
SLF � superior longitudinal fasciculus; WMTI � white matter tract integrity; WAIS � Wechsler Adult Intelligence Scale; WRAT � Wide Range Achievement Test

Mild traumatic brain injury (MTBI) is an important public

health problem with many serious consequences.1,2 While

most patients with MTBI recover symptomatically within 2–3

weeks after injury, at least 15% of patients report persistent cog-

nitive symptoms that are an important source of distress and dis-

ability after injury.3-5 Now an important body of work reveals

MTBI-related WM injury using DTI6-8 and diffusional kurtosis

imaging (DKI).9,10 More recently, WM tract integrity (WMTI)

metrics derived from an advanced compartmental diffusion WM

model11 have been proposed to describe microstructural charac-

teristics in the intra- and extra-axonal environments of WM, in-

cluding axonal water fraction (AWF), intra-axonal diffusivity,

and extra-axonal axial and radial diffusivities.

One of major barriers to applying such findings to clinical

cohorts is that the disorder is extremely heterogeneous and most

current studies group clinically heterogeneous cohorts of patients

with MTBI together, representing a broad spectrum of clinical

symptoms. Thus, there is a specific need to understand domain-

specific symptoms as they relate to detectable microstructural in-

juries, to better understand patient-specific injury and recovery.
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One of the most common and clinically significant symptoms

in patients with MTBI is deficits in working memory,3,4,12-15

which often negatively affect quality of life.16 This result comes as

no surprise because working memory, which involves the capacity

to temporarily store and manipulate information in pursuit of a

goal, is at the core of critical cognitive functions such as compre-

hension, learning, reasoning, and decision-making.17 Working

memory is conceptualized as comprising 3 main components: the

central executive, responsible for manipulation of information

and allocation of attention and processing resources, and 2 main-

tenance systems, the phonologic loop (verbal and auditory infor-

mation) and the visuospatial sketchpad (visual and spatial infor-

mation).18-20 There have been a few studies showing associations

of working memory performance with measures of WM micro-

structure such as fractional anisotropy (FA)21 and AWF22-24 in

healthy individuals, believed to relate to differences in axon vol-

ume and myelination. However, such associations have not yet

been investigated in patients with MTBI.

Here, we hypothesize that WM injury in patients with MTBI

can affect the relationship between microstructural changes to the

WM and working memory performance. To test this hypothesis,

we investigated the relationship between WM microstructural

changes assessed using diffusion MR imaging (DTI, DKI, WMTI)

and a set of Wechsler Adult Intelligence Scale, 4th ed (WAIS-IV)25

subtests tapping auditory-verbal working memory functions in

patients with MTBI, comparing them against healthy controls

(HCs). We also performed subgroup analyses based on working

memory performance and time since injury.

MATERIALS AND METHODS
Study Population
This study was approved by our institutional review board at New

York University Langone Health. All experiments were per-

formed in accordance with relevant guidelines and regulations,

and written informed consent was provided by all subjects before

the procedure. We prospectively recruited subjects who were seen

for clinical care in the Emergency Department or Institutional

Concussion Center. Inclusion criteria were the following: 1) adult

individuals in the age range of 18 – 65 years; 2) diagnostic MTBI

criteria defined by the American Congress of Rehabilitation Med-

icine,26 including either loss of consciousness of �30 minutes or

altered consciousness at time of the accident and a Glasgow Out-

come Score of 13–15; and 3) injury within 4 weeks. We excluded

patients with the following: 1) a history of traumatic brain injury,

neurologic illness, or psychiatric disorder; 2) a history of partici-

pation in organized contact sports; and 3) any contraindication to

MR imaging. We also further excluded non-native English speak-

ers and non-right-handed individuals to avoid any potential con-

founding effects of language and handedness. We studied 19 pa-

tients with MTBI (mean age, 30 � 7 years; age range, 22– 45 years;

average time since injury, 16 days; 9 men) and 20 HCs (mean age,

33 � 10 years; age range, 19 – 65 years; 9 men). For all subjects,

formal neurocognitive tests including the WAIS-IV working

memory subtests were performed, and MR images were acquired

within 1 day of neurocognitive tests. Additionally, to characterize

subjects, the Wide Range Achievement Test, 4th ed, Word Read-

ing subtest (WRAT-4) was performed, and the scores were con-

verted to intelligence quotient scores as a brief measure of intelli-

gence. Subgroups of the subjects in this study were previously

included in 2 works with nonoverlapping hypotheses.24,27

MR Imaging Protocol
MR imaging was performed using a 3T MR imaging scanner

(Magnetom Skyra; Siemens, Erlangen, Germany). Diffusion im-

aging was performed with 5 b-values (250, 1000, 1500, 2000, and

2500 s/mm2) using 5 diffusion-encoding direction schemes (6, 20,

20, 30, and 60, respectively). Three images with b�0 s/mm2 were

also acquired. Multiband (factor of 2)28 EPI was used for acceler-

ated acquisitions with an anterior-posterior phase-encoding di-

rection. Other parameters included the following: FOV � 220 �

220 mm, acquisition matrix � 88 � 88, number of slices � 56,

image resolution � 2.5 � 2.5 � 2.5 mm3, TR/TE � 4900/95 ms,

bandwidth � 2104 Hz/pixel, a generalized autocalibrating par-

tially parallel acquisition factor of 2. An additional image with

b�0 s/mm2 with a reversed phase-encoding direction was ac-

quired for geometric artifact correction. The total scan time was

12 minutes.

Working Memory Assessment
Working memory was assessed with age-appropriate WAIS-IV

subtests,25 which included Digit Span and Letter-Number Se-

quencing (LNS). In the Digit Span Forward (DSF) task, examin-

ees repeat a sequence of numbers read to them. In the Digit Span

Backward (DSB), the same procedure is followed, except that ex-

aminees repeat the numbers in reverse order. In the Digit Span

Sequencing (DSS), examinees repeat the numbers in ascending

order. In the LNS task, examinees separate numbers from letters

and state in ascending/alphabetical order a mixed sequence of

numbers and letters read to them. Raw scores were converted into

standardized age-corrected z scores with a zero mean and a uni-

tary variation,25 with higher scores indicating better performance.

Image Analyses

Diffusion Image Processing. The diffusion images underwent the

preprocessing steps including Marchenko-Pastur principal com-

ponent analysis denoising,29 Gibbs correction,30 distortion cor-

rection with the topup command in FSL (https://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/topup), eddy current distortion and motion cor-

rection with the eddy command in FSL (https://fsl.fmrib.ox.

ac.uk/fsl/fslwiki/eddy), and outlier detection.31 In total, 11 diffu-

sion metrics including DTI (FA, mean diffusivity [MD], axial dif-

fusivity [AD], radial diffusivity [RD]), DKI (mean kurtosis [MK],

axial kurtosis [AK], radial kurtosis [RK]), and WMTI (AWF, in-

tra-axonal diffusivity, extra-axonal axial diffusivity, and extra-ax-

onal radial diffusivity) metrics were calculated using in-house

software developed in Matlab R2017a (MathWorks, Natick,

Massachusetts).

Tract-Based Spatial Statistics. We used the standard Tract-Based

Spatial Statistics (TBSS; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

TBSS)32 to reveal possible correlations between working memory

test z scores and diffusion metrics. Briefly, subject FA maps were

normalized to the FA template through a nonlinear coregistra-

tion, and voxelwise statistical analysis was performed on FA val-
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ues projected onto the FA skeleton by looking for local maximum

values perpendicular to the skeleton using a permutation-based

nonparametric testing randomize command in FSL (https://

fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide) with the

threshold-free cluster enhancement (TFCE) option. All other

parametric maps underwent the same transformations and pro-

cesses. The tract skeleton was thresholded at an FA of 0.2 for DTI

and DKI metrics. For WMTI metrics, analysis was restricted to

WM regions consisting of single-fiber orientations (FA threshold

of 0.4), as recommended.11,33 Age and sex were included as cova-

riates. The number of permutations was set to 5000.

ROI Analysis. ROI analysis was performed on 18 major WM

tracts, including genu/body/splenium of the corpus callosum

(gCC/bCC/sCC), right and left anterior/posterior limb of the in-

ternal capsule, right and left anterior/superior (sCR)/posterior

corona radiata (pCR), right and left cingulum, right and left su-

perior longitudinal fasciculus (SLF), and whole WM. ROI regions

were generated on the basis of the Johns Hopkins University

ICBM-DTI-81 WM labels atlas.34 Briefly, all subjects’ FA maps

were nonlinearly registered to the FA template; then, a “reversed

warping” procedure was performed to assign the atlas labels to

each subject’s space. The ROIs in each subject’s space were man-

ually corrected if necessary. For each ROI, the mean value was

obtained only in voxels with FA � 0.2 for DTI and DKI metrics

and with FA � 0.4 for WMTI metrics, to restrict analysis to WM

regions, as recommended.11,33

Statistical Analysis
The MANCOVA was used to test group differences in the length

of education and WRAT-4 intelligence quotient scores, with age

and sex as covariates, using SPSS Statistics software, Version 25.0

(IBM, Armonk, New York). Results were considered significant

for P � .05.

For TBSS, a statistical threshold level of P � .05 was applied

after family-wise error correction for multiple comparisons.

For ROI analysis, both the Pearson partial correlation and

Spearman rank correlation were performed to measure the asso-

ciations between diffusion metrics and WAIS-IV subtest scores in

each ROI, using SPSS. Age and sex were included as covariates. All

P values were corrected for multiple comparisons using the Ben-

jamini-Hochberg correction. A statistical threshold level of cor-

rected P � .05 was used. Correlation coefficients were calculated.

We also used Fisher R-to-Z transformation35 to test for differ-

ences in between-group correlations.

On the basis of the ROI analysis results, specific regions dem-

onstrating significant correlations with working memory perfor-

mance were further interrogated by dividing subjects into sub-

groups based on their working memory test z scores (�1, �1) and

time since injury (�2 weeks, 2– 4 weeks). Subgroup comparisons

were performed using MANCOVA, with age as a covariate. Re-

sults were considered significant at P � .05.

RESULTS
The average length of education for patients with MTBI was

15.5 � 1.7 years, not statistically different from that in healthy

controls (16.3 � 1.8 years). Also, WRAT-4 intelligence quotient

scores were not statistically different between MTBI (108.5 �

12.0) and HC (113.6 � 14.3) groups. WAIS-IV subtests were not

significantly correlated with age and length of education for MTBI

and HC groups, except for positive correlations between the

length of education and DSS in HCs (P � .03).

From TBSS analysis, in the MTBI group, we found a signifi-

cant positive correlation between AK and DSB, primarily in the

right SLF (Fig 1A), which was not present in the HC group (Fig

1B). Most interesting, we found complete loss of relationships

between FA and LNS in the MTBI group (Fig 2A), while a signif-

icant correlation was shown in the HC group (Fig 2B), most no-

tably in parietal WM, sCR/pCR, bCC/sCC, and SLF. We also

found no significant correlation between AWF and LNS in the

MTBI group (Fig 3A), while there were multiple areas showing

a statistically significant positive correlation between AWF and

LNS in the HC group, involving parietal WM, sCR/pCR, and

bCC/sCC (Fig 3B). No other diffusion metrics showed areas of

significant correlation surviving correction for multiple

comparisons.

ROI analysis also found a significant correlation between AK

and DSB in the right SLF in the MTBI group (Pearson R � 0.69,

P � 0.04; Spearman � � 0.75, P � 0.01) that was not present in the

HC group. The correlation coefficients observed in the MTBI and

HC groups were significantly different (Fisher R-to-Z transfor-

mation, P � .01). On the other hand, we also observed loss of

relationships between FA and LNS in the MTBI group but found

a significant positive correlation in the right pCR in the HC group

(Pearson R � 0.67, P � 0.04; Spearman � � 0.57, P � 0.09). The

correlation coefficients observed in the MTBI and HC groups

were not significantly different, but there was a trend toward sig-

nificance (Fisher R-to-Z transformation, P � .06). No other sig-

nificant correlations were found after correction for multiple

comparisons. These results are summarized in Table 1.

On the basis of the results of the ROI analysis, subjects were

further divided into subgroups according to their working mem-

ory test z scores (�1 or �1) and time since injury (�2 weeks or

2– 4 weeks). Details of the subgroup characteristics are given in

Tables 2 and 3. With regard to subgroup analysis, we found a

significant difference in AK between the MTBI subgroup of

2– 4 weeks from injury with DSB �1 and the MTBI subgroup

FIG 1. TBSS results show a significant positive correlation between AK
and DSB. The mean FA skeleton (green) is overlaid on the mean FA
map. Significantly correlated voxels (corrected P � .05) are shown in
the heat map overlay in the right SLF in the MTBI group (A), but are not
seen in the HC group (B).
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of 2– 4 weeks from injury with DSB �1 within the right SLF

(Fig 4A). Significant differences in FA were shown between the

MTBI subgroup of �2 weeks of injury with LNS �1 and the

HC subgroup with LNS �1, and between the HC subgroup

with LNS �1 and the HC subgroup with LNS �1, within the

right pCR (Fig 4B).

DISCUSSION
This study shows significant differences

in the relationships between specific

WM microstructural markers and audi-

tory-verbal working memory perfor-

mance between patients with MTBI and

healthy controls. Specifically, in the

MTBI group, a significant correlation

between AK and DSB was present in the

right SLF, while the HC group demon-

strated no such relationship (Fig 1), a

finding observed using both TBSS and

ROI analyses. Patients with MTBI also

appear to lose the normal associations

seen in controls between diffusion met-

rics (FA, AWF) and LNS (Figs 2 and 3).

Furthermore, subgroup analyses also

showed a significant difference in AK

between the MTBI subgroup of 2– 4

weeks of injury with DSB �1 and the

MTBI subgroup of 2– 4 weeks of injury

with DSB �1. A significant difference

was also found between the MTBI sub-

group of �2 weeks of injury and the HC

subgroup, both having LNS �1.

Notably, the relationship between

AK and DSB in patients with MTBI is

mainly present in the right SLF (Fig 1), a

structure critical for attention, memory,

emotion, and language,36,37 linking

frontoparietal WM regions critical to

working memory.38-40 In particular, the

right SLF is critical for attention,41 visu-

ospatial function,42 and short-term

memory.43 Previously, similar results

were reported showing relations be-

tween the SLF and working memory

deficits assessed by FA and the visual

2-back d-prime index in patients with

severe and diffuse traumatic brain in-

jury.44 In this study, we found decreased

AK in the right SLF, reflecting decreased

tissue complexity along the long axis of

the axon45 in patients with MTBI with

FIG 2. TBSS results show a significant positive correlation between FA and LNS. The mean FA
skeleton (green) is overlaid on the mean FA map. Significantly correlated voxels (corrected P �
.05) are shown in heat map overlay. A, In the MTBI group, no correlation was found. B, In the HC
group, significantly correlated voxels involve the parietal WM, sCR/pCR, bCC/sCC, and SLF.

FIG 3. TBSS results show a significant positive correlation between AWF and LNS. The mean FA
skeleton (green) is overlaid on the mean FA map. Significantly correlated voxels (corrected P �
.05) are shown in the heat map overlay. A, In the MTBI group, no correlation was found. B, In the
HC group, significantly correlated voxels involve the parietal WM, sCR/pCR, and bCC/sCC.

Table 1: Results of the ROI analysis showing significant positive correlations between AK and DSB in the MTBI group, and between FA
and LNS in the HC group

Diffusion Metrics vs Working Memory ROI

MTBI HC

Fisher R-to-Z (P)

Pearson Spearman Pearson Spearman

R Pa � Pa R Pa � Pa

AK vs DSB Right SLF 0.69b .04b .75b .01b 0.04 1.20 0.11 1.48 2.32b (.01)b

FA vs LNS Right pCR 0.25 2.29 .24 .8 0.67b .04b 0.57 .09 �1.59 (.06)
a Corrected P values after Benjamini-Hochberg correction for multiple comparison.
b Significant results.
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poorer performance on DSB. AK is known from animal valida-
tion studies to be affected by axonal injury46 as well as secondary

reactive astrogliosis.47

Also differentiating MTBI from HC groups in TBSS analysis

was a loss of diffusely present normal associations that we have seen

in healthy controls (Figs 2 and 3); in controls, it has been shown that

FA and AWF directly correlate with performance on LNS, a complex

working memory task.24 However, in patients with MTBI, we found

a disruption in this normal relationship, presumed to relate to WM

injuries known to occur after MTBI,14 because AWF is a measure that

reflects axonal density and/or myelination.

ROI analyses (Table 1) showed related statistically significant cor-

relations focused in the right SLF in patients with MTBI as well as in

the right pCR in healthy controls, compared with the more diffuse

TBSS results. TBSS uses maximum values projected onto the WM

skeleton, making it more sensitive to maximal deviations in diffusion

metrics. Both TBSS and ROI analyses revealed positive correlations

in the right SLF and right pCR, suggesting that these regions are

strong, potential anatomic landmarks important to working mem-

ory performance, and possibly impairment. Along with the SLF, a

structure critical to working memory,38-40 the corona radiata is also a

complex bundle of fibers related to working memory because it con-

sists of several separate pathways connecting the cerebral cortex to

subcortical structures,24,48,49 including fi-

ber tracts in the pCR, which connect to the

precuneus, a part of the default mode net-

work implicated in working memory

performance.50,51

With regard to the subgroup analy-

sis, within the same time-since-injury

period of 2– 4 weeks, there was a signifi-

cant difference in AK between the MTBI

subgroups with higher and lower work-

ing memory performance in the right

SLF (Fig 4A). Decreased AK, believed to

relate to axonal injury46 and/or second-

ary reactive astrogliosis,47 may specifi-

cally be a more useful indicator in the

MTBI subgroup with lower working

memory performance. Also, within the

lower LNS range, significantly elevated

FA was observed in the MTBI subgroup within 2 weeks of injury

compared with the corresponding HC subgroup with the same

lower LNS range (Fig 4B). Elevated FA was reported frequently

within 2 weeks of injury, believed to reflect injury-related cyto-

toxic edema52 or reactive astrogliosis.53 We found only a signifi-

cant difference in FA between the MTBI subgroup within 2 weeks

of injury and the HC subgroup, only in the lower LNS range, not

in the higher LNS range, suggesting that understanding the rela-

tionships between domain-specific symptoms such as working

memory deficits and underlying microstructural injuries is im-

portant for patient management (eg, pharmacologic intervention

to inhibit inflammation and reduce the neurotoxic effects of re-

active gliosis).

There are several limitations in the presented study. First,

there is a wide age range from 19 to 65 years. Any age effects were

minimized using age-corrected WAIS-IV subtest z-scores derived

from the published normative sample (n � 2200) divided into 13

age bands, spanning ages 16 –90.25 Moreover, age is included as a

covariate in all statistical analyses. Second, subgroups were de-

fined on the basis of a somewhat arbitrary statistical threshold

value for LNS and DSB (Fig 4). Further work could study various

performance groups. Third, this study includes a relatively small

FIG 4. Results of subgroup analysis. A, Boxplots of AK show a significant difference between
the MTBI subgroup of 2– 4 weeks from injury with DSB �1 and the MTBI subgroup of 2– 4
weeks from injury with DSB �1. B, Boxplots of FA show significant differences between the
MTBI subgroup of �2 weeks of injury with LNS �1 and the HC subgroup with LNS �1 and
between the HC subgroup with LNS �1 and the HC subgroup with LNS �1. The asterisk
indicates P � .05; w, weeks.

Table 2: Subgroup characteristics defined by their working memory test z scores (LNS <1 or >1) and time since injury (<2 weeks or 2– 4
weeks)a

LNS <1 LNS ≥1

MTBI (<2 Weeks) MTBI (2–4 Weeks) HC MTBI (<2 Weeks) MTBI (2–4 Weeks) HC
No. 5 10 9 3 1 11
Age 31 � 6 31 � 9 31 � 8 25 � 3 31 35 � 12
LNS �0.13 � 0.51 0.07 � 0.41 0.07 � 0.32 1.55 � 0.39 2 1.82 � 0.62

a Data are means unless otherwise indicated.

Table 3: Subgroup characteristics defined by their working memory test z scores (DSB <1 or >1) and time since injury (<2 weeks or 2– 4
weeks)a

DSB <1 DSB ≥1

MTBI (<2 Weeks) MTBI (2–4 Weeks) HC MTBI (<2 Weeks) MTBI (2–4 Weeks) HC
No. 4 7 12 4 4 8
Age 30 � 6 29 � 8 31 � 7 37 � 8 26 � 4 37 � 14
DSB �0.67 � 0.27 �0.24 � 0.25 0.08 � 0.38 1.42 � 0.5 1.58 � 0.32 1.79 � 0.71

a Data are means unless otherwise indicated.
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number of total subjects and points toward the need for larger

studies of working memory dysfunction and brain injury in pa-

tients with MTBI. Fourth, this study did not examine the under-

lying processes that contribute to working memory tasks such as

Digit Span and LNS. Further work could focus on component

processes such as attention and maintenance of information. Fur-

thermore, as mentioned previously, TBSS uses maximum values

projected onto the WM skeleton along an orthogonal line, mak-

ing it more sensitive to maximal deviations in diffusion metrics

but also reducing the need for image smoothing and alleviating

any residual misalignment.54 In this study, we used both TBSS

and ROI approaches to rigorously assess both diffuse and regional

WM.

CONCLUSIONS
There are differences between patients with MTBI within 4 weeks

of injury and healthy controls in terms of the relationships be-

tween brain microstructure and working memory performance.

These findings may relate to known WM injury and changes in

functional organization occurring after MTBI. Further study on

the effect of time since injury on working memory performance

may provide insight into the temporal dynamics of working

memory deficits in patients with MTBI.
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ORIGINAL RESEARCH
ADULT BRAIN

Utility of Percentage Signal Recovery and Baseline Signal in
DSC-MRI Optimized for Relative CBV Measurement for

Differentiating Glioblastoma, Lymphoma, Metastasis, and
Meningioma

X M.D. Lee, X G.L. Baird, X L.C. Bell, X C.C. Quarles, and X J.L. Boxerman

ABSTRACT

BACKGROUND AND PURPOSE: The percentage signal recovery in non-leakage-corrected (no preload, high flip angle, intermediate TE)
DSC-MR imaging is known to differ significantly for glioblastoma, metastasis, and primary CNS lymphoma. Because the percentage signal
recovery is influenced by preload and pulse sequence parameters, we investigated whether the percentage signal recovery can still
differentiate these common contrast-enhancing neoplasms using a DSC-MR imaging protocol designed for relative CBV accuracy (preload,
intermediate flip angle, low TE).

MATERIALS AND METHODS: We retrospectively analyzed DSC-MR imaging of treatment-naïve, pathology-proved glioblastomas (n �

14), primary central nervous system lymphomas (n � 7), metastases (n � 20), and meningiomas (n � 13) using a protocol designed for relative
CBV accuracy (a one-quarter-dose preload and single-dose bolus of gadobutrol, TR/TE � 1290/40 ms, flip angle � 60° at 1.5T). Mean
percentage signal recovery, relative CBV, and normalized baseline signal intensity were compared within contrast-enhancing lesion
volumes. Classification accuracy was determined by receiver operating characteristic analysis.

RESULTS: Relative CBV best differentiated meningioma from glioblastoma and from metastasis with areas under the curve of 0.84 and
0.82, respectively. The percentage signal recovery best differentiated primary central nervous system lymphoma from metastasis with an
area under the curve of 0.81. Relative CBV and percentage signal recovery were similar in differentiating primary central nervous system
lymphoma from glioblastoma and from meningioma. Although neither relative CBV nor percentage signal recovery differentiated glio-
blastoma from metastasis, mean normalized baseline signal intensity achieved 86% sensitivity and 50% specificity.

CONCLUSIONS: Similar to results for non-preload-based DSC-MR imaging, percentage signal recovery for one-quarter-dose preload-
based, intermediate flip angle DSC-MR imaging differentiates most pair-wise comparisons of glioblastoma, metastasis, primary central
nervous system lymphoma, and meningioma, except for glioblastoma versus metastasis. Differences in normalized post-preload baseline
signal for glioblastoma and metastasis, reflecting a snapshot of dynamic contrast enhancement, may motivate the use of single-dose
multiecho protocols permitting simultaneous quantification of DSC-MR imaging and dynamic contrast-enhanced MR imaging parameters.

ABBREVIATIONS: DCE � dynamic contrast-enhanced; FA � flip angle; NAWM � normal-appearing white matter; PCNSL � primary central nervous system
lymphoma; PSR � percentage signal recovery; rCBV � relative cerebral blood volume; SI � signal intensity; AUC � area under the curve

Conventional MR imaging cannot always differentiate con-

trast-enhancing malignant brain tumors, including glioblas-

toma, primary central nervous system lymphoma (PCNSL), and

cerebral metastasis.1 Meningioma and dural-based metastasis

may also appear similar on conventional MR imaging. Because

management differs for these tumors, timely and accurate identi-

fication is imperative. Perfusion-weighted MR imaging can help

characterize brain tumors, and DSC-MR imaging is the most pop-

ular method for measuring brain perfusion with MR imaging.2 By

tracking T2*-weighted signal changes during the first passage of a

gadolinium-based contrast agent bolus, relative cerebral blood

volume (rCBV) compared with normal-appearing white matter

(NAWM) and percentage signal recovery (PSR) compared with

baseline can be calculated.3 rCBV reflects tumor neoangiogenesis
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and correlates with glioma grade.4 The PSR reflects a complex

interplay of capillary permeability related to blood-brain barrier

integrity and contrast agent extravasation from tumor capillaries,

as well as tumor cell size and cell density.5

Because glioblastoma and lymphoma have a disrupted BBB,

which is absent in metastases and meningiomas, gadolinium-

based contrast agent extravasates in these tumors, inducing T1

and T2* shortening that obfuscates rCBV measurements. Preload

contrast agent administration helps mitigate these leakage effects,

rendering rCBV measurements more accurate.6,7 However, the

introduction of a preload dose impacts PSR measurements, be-

cause Bell et al8 demonstrated that PSR in high-grade gliomas

decreases with increasing preload dose. Likewise, Boxerman et al9

demonstrated that while T1-sensitive DSC-MR imaging acquisi-

tions with a high flip angle (FA) and short-TE yield increased PSR

in high-grade gliomas, preload administration diminishes the

variation in PSR measured with different protocols. Therefore, a

trade-off exists for DSC-MR imaging acquisition parameters be-

tween PSR sensitivity and rCBV accuracy. PSR has been shown to

significantly differ among glioblastoma, PCNSL, and metastasis

when using a non-leakage-corrected protocol optimized for PSR

sensitivity with a high FA, intermediate TE, and without preload

at 1.5T.10 However, DSC-MR imaging performed for rCBV mea-

surement often includes a preload dose of contrast to minimize

contrast agent leakage effects.7 This study aimed to determine

whether the PSR can still differentiate these common contrast-

enhancing brain tumors using a preload-based, intermediate-

FA, low-TE DSC-MR imaging protocol designed for rCBV

accuracy.2,6

MATERIALS AND METHODS
Patients
The institutional review board approved this Health Insurance

Portability and Accountability Act– compliant study, and in-

formed consent was waived. We retrospectively queried the neu-

ropathology data base at Rhode Island Hospital for patients with

treatment-naïve, biopsy-proved cerebral glioblastoma, metasta-

sis, lymphoma, or meningioma who underwent preoperative

DSC-MR imaging with identical field strength and pulse sequence

parameters between January 2015 and September 2017. We iden-

tified 54 patients: 14 with glioblastomas (9 men; mean age, 62.4

years; range, 47–78 years), 7 with PCNSL (5 men; mean age, 65.9

years; range, 47– 82 years), 13 with meningiomas (2 men; mean

age, 65.8 years; range, 38 – 82 years), and 20 with metastases (7

men; mean age, 59.4 years; range, 29 – 82 years; 12 lung, 2 breast,

2 colon, 2 melanoma, 1 osteosarcoma, 1 ovarian primary).

Image Acquisition
All DSC-MR imaging (gradient-echo EPI: TR � 1290 ms, TE �

40 ms, FA � 60°, matrix size � 128 � 128, slice thickness � 5

mm) was performed at 1.5T (Magnetom Aera; Siemens, Erlangen,

Germany) with identical 16-channel head coils. Before image ac-

quisition, a one-quarter-dose (0.025 mL/kg) gadobutrol (Gada-

vist; Bayer Schering Pharma, Berlin, Germany) preload dose was

administered (5 mL/s). After 40 –50 baseline acquisitions, a sin-

gle-dose (0.1 mL/kg) gadobutrol bolus was injected (5 mL/s) and

imaging continued for a total of 120 baseline-plus-postbolus im-

age acquisitions (�2.5 minutes). Following DSC-MR imaging,

postcontrast spin-echo T1-weighted images (TR � 400 ms, TE �

17 ms, FA � 90°, slice thickness � 5 mm, matrix � 256 � 256,

NEX � 1) were acquired at slice positions and orientations iden-

tical to those of the DSC-MR imaging to simplify segmentation.

Image Postprocessing
A neuroradiologist with 15 years’ post-Certificate of Added Qual-

ification experience semiautomatically segmented contrast-en-

hancing lesion volumes on postcontrast T1-weighted images us-

ing the IB Delta Suite plug-in (Imaging Biometrics, Elm Grove,

Wisconsin) for OsiriX-MD (http://www.osirix-viewer.com),

avoiding necrosis and susceptibility artifacts. For normalization, a

70- to 80-mm2 elliptic ROI was placed in the contralateral

NAWM. We computed rCBV maps using commercial software

(OsiriX Pro Version 2.04 and IB Neuro Version 1.1, Imaging Bi-

ometrics) that incorporates a postprocessing leakage-correction

algorithm and normalized CBV to mean CBV in NAWM

(rCBV).4,11 Voxels with subzero rCBV were excluded from the

final analysis. PSR was calculated for each voxel using the follow-

ing formula: PSR � (S1 � Smin)/(S0 � Smin), where S0 is the

baseline signal intensity (SI) averaged over the first 10 time points,

S1 is the tail averaged over the last 10 time points, and Smin is the

minimum SI in the dynamic series. PSR maps were generated

without postprocessing leakage correction using Matlab and Sta-

tistics Toolbox Release 2017b (MathWorks, Natick, Massachu-

setts). In addition to rCBV and PSR, we also computed the nor-

malized baseline DSC-MR imaging signal as S0,tumor/S0,NAWM. To

qualitatively compare signal-time curves for the different tumor

types, we computed the population-average relative signal-time

curves as Stumor(t)/S0,tumor for each of the 4 tumor types.

Statistical Analysis
All modeling was performed using SAS Software, Version 9.4

(SAS Institute, Cary, North Carolina) with the LOGISTIC and

GLIMMIX procedures. Mean and interval estimates were calcu-

lated for rCBV, PSR, and normalized baseline signal S0 by tumor

pathology using generalized linear modeling, assuming a log-nor-

mal distribution. Receiver operating characteristic analysis was

performed for each parameter and each pair-wise comparison to

calculate the area under the curve (AUC). The Youden Index was

used to examine the diagnostic performance of different thresh-

olds, though empiric thresholds should be interpreted with cau-

tion.12 Somers D, a measure of the correlation between variables

that are not both continuous (ranging between �1.0 and 1.0 like

the Pearson r), was calculated to estimate the correlation between

measured parameters (rCBV, PSR, S0) and tumor type. All inter-

val estimates were calculated for 95% confidence.

RESULTS
Mean rCBV, PSR, and normalized baseline SI for each tumor type

are summarized in Fig 1. The diagnostic performance of these

parameters is summarized in the Table. The average normalized

signal-time curves for each tumor type are compared in Fig 2.

As indicated with receiver operating characteristic analysis,

rCBV differentiated glioblastoma from PCNSL (AUC, 0.79; 95%

CI, 0.58 – 0.99), and meningioma from glioblastoma (AUC, 0.84;
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95% CI, 0.69 – 0.99), PCNSL (AUC, 0.97; 95% CI, 0.90 –1.00), and

metastasis (AUC, 0.82; 95% CI, 0.68 – 0.96), with more modest

differentiation of PCNSL from metastasis (AUC, 0.66; 95% CI,

0.43– 0.88). The PSR differentiated PCNSL from glioblastoma

(AUC, 0.83; 95% CI, 0.64 –1.00), metastasis (AUC, 0.81; 95% CI,

0.64 – 0.97), and meningioma (AUC, 0.89; 95% CI, 0.74 –1.00),

with more modest differentiation of glioblastoma from meningi-

oma (AUC, 0.69; 95% CI, 0.47– 0.91)

and metastasis from meningioma

(AUC, 0.65; 95% CI, 0.44 – 0.87). rCBV

was better than PSR in differentiating

meningioma from glioblastoma or me-

tastasis. The PSR was better than rCBV

in differentiating PCNSL from metasta-

sis. rCBV and PSR performed similarly

in differentiating PCNSL from glioblas-

toma or meningioma.

Glioblastoma and metastasis were

poorly differentiated by rCBV (AUC,

0.43; 95% CI, 0.24 – 0.63) and PSR

(AUC, 0.49; 95% CI, 0.28 – 0.69) but

were better distinguished by normalized

baseline SI (AUC, 0.66; 95% CI, 0.47– 0.84) with an optimal

threshold of 1.27 using the Youden index, which achieved 86%

sensitivity and 50% specificity.

DISCUSSION
This study evaluated the utility of PSR for differentiating common

contrast-enhancing brain tumors using a DSC-MR imaging

protocol designed for rCBV accuracy (preload contrast adminis-

tration, intermediate FA, low TE).3 Because treatment of glioblas-

toma multiforme, brain metastasis, and PCNSL differs substan-

tially, a definitive diagnosis at initial imaging may impact short-

term patient management, including subsequent diagnostic tests.

Similar to results obtained by Mangla et al10 for PSR-optimized

acquisitions (no preload, high FA, intermediate TE), rCBV-

optimized PSR differentiates most pair-wise comparisons of gli-

oblastoma, metastasis, PCNSL, and meningioma. However, our

results failed to confirm that PSR is strictly better than rCBV in

differentiating tumors. Moreover, neither rCBV nor PSR differ-

entiated glioblastoma and metastasis, which is arguably the most

difficult distinction in clinical practice. Thus, our results indicate

that rCBV-optimized protocols using preload and parameters

with reduced T1 sensitivity may suppress the PSR differences pre-

viously demonstrated by PSR-optimized protocols without

preload.

Diagnosing PCNSL is important because the first-line treat-

ment for PCNSL is chemotherapy, not surgical resection.13 We

found that, consistent with prior studies,10,14 PCNSL has lower

FIG 1. Comparisons of rCBV (A), PSR (B), and normalized baseline SI (C) estimates with 95% confidence intervals for glioblastoma, PCNSL,
metastasis (Met), and meningioma (Mening).

FIG 2. Average normalized signal-time curves for glioblastoma mul-
tiforme (solid black), PCNSL (solid gray), metastasis (dotted black), and
meningioma (dotted gray). TR � 1290 ms, with a total acquisition time
of 2 minutes 35 seconds.

Pair-wise discrimination performance (Somers D) of perfusion parameters and baseline SI
Pair-wise Comparison rCBV PSR Baseline SI

GBM vs PCNSL 0.79 (0.58–0.99) 0.83 (0.64–1.00) 0.50 (0.23–0.77)
D � 0.57 D � 0.65 D � 0.00

GBM vs metastasis 0.43 (0.24–0.63) 0.49 (0.28–0.69) 0.66 (0.47–0.84)
D ��0.14 D � �0.03 D � 0.31

GBM vs meningioma 0.84 (0.69–0.99) 0.69 (0.47–0.91) 0.76 (0.56–0.95)
D � 0.68 D � 0.37 D � 0.52

PCNSL vs metastasis 0.66 (0.43–0.88) 0.81 (0.64–0.97) 0.66 (0.43–0.88)
D � 0.31 D � 0.61 D � 0.31

PCNSL vs meningioma 0.97 (0.90–1.00) 0.89 (0.74–1.00) 0.71 (0.46–0.97)
D � 0.93 D � 0.78 D � 0.43

Metastasis vs meningioma 0.82 (0.68–0.96) 0.65 (0.44–0.87) 0.55 (0.35–0.75)
D � 0.64 D � 0.31 D � 0.10

Note:—GBM indicates glioblastoma multiforme; D, Somers D.
a Data are area AUC and 95% CI).
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rCBV and higher PSR than glioblastoma and metastases; how-

ever, we found that the PSR is not strictly better than rCBV at

differentiating PCNSL from other types of tumors. While PSR

differentiated PCNSL from metastasis better than rCBV, both pa-

rameters achieved similar diagnostic performance when differen-

tiating PCNSL from glioblastoma or meningioma. Even with one-

quarter-dose preload, PCNSL signal recovery consistently

exceeded baseline, similar to studies without preload. PSR � 1 in

the setting of elevated rCBV appears to be a particularly simple

and effective way to render a prospective, preliminary diagnosis of

PCNSL versus other common intra-axial tumors and non-neo-

plastic pathologies like tumefactive infectious or inflammatory

lesions. High PSR exceeding unity is characteristic of PCNSL and

reflects the dominance of T1 over T2* effects during the “tail” of

the signal-time curve. Although the mechanisms dictating the

competition between T1 and T2* effects are complex, tumor vas-

cularity, permeability, cellular features, contrast agent kinetics,

pulse sequence parameters, and preload dose all appear to play a

role. The unique histologic and physiologic features of PCNSL,

such as dense cellularity, small cell size, angiocentric growth pat-

tern, and absence of neoangiogenesis, likely contribute to the

characteristically high PSR.15 By comparison, glioblastoma ex-

hibits greater neoangiogenesis, capillary heterogeneity, and mi-

crovascular density.16 Higher doses of preload may diminish the

high PSR of PCNSL, but no studies have evaluated the effect of

preload dosing in PCNSL.

We included meningiomas because they can closely resemble

dural-based metastases on conventional imaging, and differenti-

ation using DSC-MR imaging would have clinical value. We

found that meningiomas have significantly higher rCBV than the

other tumors, consistent with a prior case series,17 primarily ow-

ing to the tendency for the meningioma signal-time curve to drop

and remain below baseline, resulting in a low PSR. Extra-axial

tumors lack a BBB and therefore are expected to have greater

contrast extravasation than intra-axial tumors. Contrast-enhanc-

ing lesions with an appropriate combination of cell size and den-

sity in the absence of a BBB may have postbolus signal-time curves

that stay suppressed below the baseline signal, consequently pro-

ducing artifactually higher rCBV measurements on integration of

�R2*(t). Therefore, it is possible that the reportedly high rCBV

for meningioma may reflect low PSR more so than exceptionally

high vascular density.

Our study included only intra-axial metastases, and it is un-

clear whether the rCBV, PSR, and baseline signals of intra-axial

metastases are generalizable to dural-based metastases. Extra-ax-

ial tumors, for instance, likely have different first-pass kinetics

than intra-axial tumors owing to complete absence of the BBB,

consequent substantial contrast extravasation and blood pool

phase, variable vascularity, and the potential presence of intrale-

sion mineralization. First-pass enhancement may also be more

difficult to differentiate from recirculation enhancement in extra-

axial tumors. Our results are consistent with 1 study that found

significantly higher CBV in 16 meningiomas compared with 6

dural-based metastases,18 but another study of 12 meningiomas

and 8 dural-based metastases found no significant difference in

rCBV.19 Although it is unclear whether preload administration

has a substantial impact on CBV estimation in extra-axial lesions

given the substantial degree of contrast agent extravasation, nei-

ther of these studies used a preload. Whereas the former used a TE

(28 ms) and FA (45°) close to currently accepted optimal values

for CBV accuracy,20 the latter did not (8 ms, 7°); this difference

could impact CBV estimation. The conclusions of these studies

may also differ because of small sample sizes, varying primary

tumor types for metastases,21 and varying grades for meningio-

mas.22 We achieved only modest discrimination of metastasis and

meningioma using PSR, which was lower for meningiomas than

metastases. In light of BBB differences, it is probably best to con-

clude that if the PSR and CBV of dural-based lesions differ appre-

ciably from those that we found for meningiomas, the lesion is

more likely to be a dural-based metastasis. As the signal-time

curve becomes more similar to that for meningiomas, with lower

PSR and CBV, then the diagnosis is less certain.

Of all pair-wise comparisons, distinguishing a solitary cerebral

metastasis from glioblastoma is the most vexing clinical scenario

in our experience. We did not observe a significant difference in

the rCBV or PSR between glioblastoma and metastasis. These

results are consistent with 1 recent study23 (TE � 80 ms, no pre-

load) but contradict prior no-preload studies (TE � 50 ms, FA �

80°; TE � 54 ms, FA � 35°) that found significantly higher rCBV

and PSR in glioblastomas than in metastases.10,24 Our use of pre-

load and pulse sequence parameters with greater T2* sensitivity

appears to have eliminated these PSR differences. While other

studies have found that rCBV in peritumoral nonenhancing

FLAIR hyperintensity is significantly greater for glioblastoma

than metastasis, we restricted our analysis to contrast-enhancing

voxels.10,23

Although rCBV and PSR could not differentiate glioblastoma

from metastasis, we found that glioblastoma exhibits significantly

higher normalized baseline signal than metastasis. No previous

DSC-MR imaging studies have reported differences in baseline

signal after preload administration, to our knowledge. Because

baseline signal was measured after preload administration, it pro-

vides a snapshot of dynamic contrast-enhanced (DCE)-MR im-

aging and may serve as a proxy for extravascular extracellular

volume (Ve) and/or volume transfer constant (ktrans). Because

metastatic capillaries lack a BBB, greater contrast agent extrava-

sation is expected than in glioblastoma, which possesses a BBB,

albeit a heterogeneous, disrupted one.25,26 Greater leakage of con-

trast agent within metastases should increase its distribution

within the extravascular extracellular space, which is more re-

stricted in glioblastomas by densely packed capillary buds com-

posing the microvasculature.27 Our imaging protocol appears to

uncover these differences in contrast agent extravasation after

preload administration, though DSC-MR images were not ac-

quired before preload administration, precluding a comparison

of baseline signal before any contrast agent administration. Our

results are consistent with a prior DCE-MR imaging study report-

ing higher ktrans in glioblastoma versus metastasis28 and PSR-op-

timized DSC-MR imaging studies reporting higher PSR in glio-

blastoma versus metastasis.10,24,29 Differences in contrast agent

leakage are also supported by a DCE-MR imaging study finding

that the SI of glioblastoma and melanoma/hypervascular metas-

tasis remained high after contrast agent administration, whereas

the signal of nonmelanoma/hypovascular metastasis decreased.30
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Our results support the pursuit of DCE-MR imaging to differ-

entiate glioblastoma and metastasis. DSC-MR imaging paradigms

that perform DCE-MR imaging during the administration of the

preload dose31 or multiecho pulse sequences that acquire

DCE-MR imaging data in conjunction with CBV-optimized

DSC-MR imaging using a single contrast agent dose32 may pro-

vide the opportunity for comprehensive brain tumor analysis

with better differentiation of glioblastoma and metastasis.

In our cohort, PCNSL has greater PSR than glioblastoma but

similar baseline signal. This discrepancy may be due to histologic

differences affecting the degree to which preload controls T1 leak-

age effects. The high PSR in PCNSL suggests that the dose of

preload used in the present study did not adequately control T1-

leakage effects. We expect a preload concentration that fully sat-

urates the extravascular space in PCNSL to result in a lower PSR.

Thus, it appears that preload dose-dependent decreases in PSR

may differ for different types of tumors.

Further investigation is warranted for determining how to best

differentiate brain tumors, especially glioblastoma and metasta-

sis. While guidelines exist, there is no consensus on optimal

DSC-MR imaging methodology for brain tumors.2 Protocol stan-

dardization would facilitate comparisons of data among institu-

tions. Given that preload affects PSR, DSC-MR imaging protocols

that retain rCBV accuracy without preload may be useful. Such a

protocol has recently been shown to provide very accurate rCBV

estimates20 but requires use of a low FA (30°) that would likely

suppress PSR differences due to reduced T1-weighting. Multipa-

rametric imaging protocols that combine DCE-MR imaging ac-

quisition during preload administration and DSC-MR imaging

offer comprehensive signal morphology analysis and may further

characterize and differentiate tumors. Additionally, multiecho

DSC-MR imaging protocols have been developed that combine

simultaneous gradient-echo acquisitions at different TEs to elim-

inate T1 effects without preload for accurate rCBV estimation,

with a high-FA acquisition providing PSR weighting that may

help provide tumor differentiation.2,32 Single-dose multiecho

protocols also enable simultaneous quantification of DCE-MR

imaging parameters.33

While the discrepancies between the results of our study and

those of Mangla et al10 are most likely due to differences in

DSC-MR imaging parameters, there are other methodologic dif-

ferences that may have impacted our comparisons. Mangla et al

included patients who had been treated with steroids and patients

with presumed metastatic disease without biopsy. In contrast, all

of our cases were treatment-naïve and biopsy-proved, so our

analysis is less susceptible to treatment effects and selection bias.

There are several limitations to our study. Because this was a

retrospective study, we did not control for the elapsed time be-

tween preload administration and the DSC-MR imaging acquisi-

tion. However, preload incubation time is unlikely to significantly

impact our results because previous studies have shown that the

enhancement of gliomas and metastases does not significantly

decline during the first 25–30 minutes after contrast injection,34

and preload incubation times of 5–10 minutes do not affect rCBV

estimates in glioblastomas.6 Our study is also limited by the sam-

ple size. Because TR, TE, FA, and field strength all affect baseline

signal and PSR, we only analyzed our largest cohort of patients

scanned with the same pulse sequence parameters and field

strength. We also did not differentiate metastases by primary tu-

mor type, which may be associated with PSR differences.

CONCLUSIONS
With a protocol designed for rCBV accuracy that incorporates

preload and intermediate FA, PSR failed to differentiate glioblas-

toma from metastasis but could differentiate other pair-wise

comparisons of glioblastoma, PCNSL, metastasis, and meningi-

oma. This finding differs from those in previous studies in which

PSR-optimized DSC-MR imaging (no preload, high-FA) signifi-

cantly differentiated glioblastoma and metastasis.10 However, dif-

ferences in post-preload baseline signal between glioblastoma and

metastasis, reflecting tissue-specific competing T1 and T2* leak-

age effects, motivate pursuit of DCE-MR imaging and no-preload

DSC-MR imaging as tools for differentiating glioblastoma and

metastasis. Future directions include assessment of tumor differ-

entiation using PSR obtained with a rCBV-accurate DSC-MR im-

aging protocol without preload and single-dose multiecho proto-

cols that permit simultaneous quantification of DSC-MR imaging

and DCE-MR imaging parameters.
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ADULT BRAIN

Dynamic Contrast-Enhanced MRI in Patients with Brain
Metastases Undergoing Laser Interstitial Thermal Therapy:

A Pilot Study
X J.I. Traylor, X D.C.A. Bastos, X D. Fuentes, X M. Muir, X R. Patel, X V.A. Kumar, X R.J. Stafford, X G. Rao, and X S.S. Prabhu

ABSTRACT

BACKGROUND AND PURPOSE: Tumor recurrence is difficult to predict in patients receiving laser ablation for intracranial malignancy. We
assessed the efficacy of the initial area under the time-to-signal intensity curve at 60 seconds (iAUC60) from dynamic contrast-enhanced
MR imaging in predicting progression-free survival in patients with brain metastases following laser interstitial thermal therapy.

MATERIALS AND METHODS: The study population was a consecutive series of patients undergoing laser interstitial thermal therapy for
brain metastases. Patient demographics including age, sex, tumor histology, and Karnofsky Performance Scale were collected prospec-
tively. Preoperative, postoperative, and 1-month follow-up dynamic contrast-enhanced MRIs were analyzed. Values of iAUC60 were
computed using a trapezoidal rule applied to the time history of contrast uptake over the first 60 seconds postenhancement. The change
in iAUC60 (�iAUC60) was calculated by taking the difference between the values of iAUC60 from 2 time points. Pearson correlation
coefficients were calculated between progression-free survival, defined as the time from laser interstitial thermal therapy to tumor
recurrence, and iAUC60 or �iAUC60 values.

RESULTS: Thirty-three cases of laser interstitial thermal therapy for 32 brain metastases in a cohort of 27 patients were prospectively
analyzed. A significant relationship was observed between the values of iAUC60 from postoperative dynamic contrast-enhanced MR
imaging and progression-free survival with Pearson correlation (P � .03) and Cox univariate analysis (P � .01). The relationship between
preoperative and 1-month follow-up dynamic contrast-enhanced MR imaging was not significantly correlated with progression-free
survival. Similarly, no statistically significant relationship was observed with �iAUC60 and progression-free survival between any time
points.

CONCLUSIONS: Progression-free survival is difficult to predict in patients undergoing laser interstitial thermal therapy for brain metas-
tases due to confounding with posttreatment change. iAUC60 extracted from postoperative dynamic contrast-enhanced MR imaging
shows promise for accurately prognosticating patients following this operative therapy.

ABBREVIATIONS: DCE-MRI � dynamic contrast-enhanced MRI; �iAUC60 � change in iAUC60; HR � hazard ratio; iAUC60 � initial area under the time-to-signal
intensity curve at 60 seconds; LITT � laser interstitial thermal therapy; PFS � progression-free survival; RN � radiation necrosis; ROC � receiver operating characteristic

Metastases are the most common underlying cause of intra-

cranial tumor, occurring in approximately 10% of all pa-

tients with systemic malignancy.1,2 Laser interstitial thermal ther-

apy (LITT) is emerging as a minimally invasive technique for

reducing intracranial tumor burden in these patients. The devel-

opment of real-time temperature feedback with MR thermogra-

phy has made the intracranial application of LITT possible by

minimizing collateral damage to adjacent tissue.3 However, tu-

mor recurrence on the margins of the ablation zone remains a

challenge to predict, due to confounding with posttreatment

changes.4,5 A methodology for predicting recurrence from analy-

sis of post-LITT ablation cavities on advanced MR imaging would

be valuable for developing accurate prognoses, guiding future

treatment, and illustrating points of LITT technique improve-

ment to optimize ablation and prolong progression-free survival

(PFS).

Dynamic contrast-enhanced MR imaging (DCE-MRI), a dy-

namic T1-weighted perfusion imaging technique, can be used to

characterize the vasculature of tissue from which many quantifi-
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able physiologic and nonphysiologic variables can be extracted.6,7

The initial area under the time-to-signal intensity curve at 60

seconds (iAUC60) is one such quantitative parameter that has

been evaluated due to ease of implementation and indirect reflec-

tion of blood flow and vascular permeability in a tissue ROI.6

Recent studies have reported numerous successful applications of

iAUC60 from treatment-response monitoring in breast cancer to

prediction of local recurrence in head and neck cancer.8,9 iAUC60

has been further applied to aiding complex differential diagnoses

in the field of neuro-oncology, particularly in distinguishing ra-

diation necrosis from tumor recurrence in patients undergoing

radiation therapy for intracranial tumors.10-12 This study evalu-

ates the utility of iAUC60 from DCE-MR imaging in the predic-

tion of PFS in patients with brain metastases following LITT.

MATERIALS AND METHODS
Study Design and Subjects
This study was performed with approval from our institutional

review board with regard to the study of human subjects. Patients

who received LITT from May 2016 through August 2017 were

enrolled in the study. Inclusion criteria were cerebral metastases

from a primary extracranial tumor confirmed by histopathologic

analysis. Local recurrence was determined by a neuroradiologist

at our institution applying the Response Assessment in Neuro-

Oncology Criteria for Brain Metastases (RANO-BM) to fol-

low-up MR imaging at 1-month intervals following LITT (eg, 30

days, 60 days, and so forth).13 The time from LITT to follow-up

MR imaging at which local recurrence was determined was re-

corded as PFS. If no local recurrence was observed, the time to last

follow-up MR imaging was recorded and the patients were right-

censored for PFS analysis. For patients undergoing LITT for �1

lesion, recurrence was defined for each individual lesion. Deep-

seated location of the tumor was defined as the location in the

white matter or basal ganglia. The following data were extracted

from the electronic medical record: age, sex, tumor histology,

tumor location, date of LITT procedure, and neurologic status in

the form of Karnofsky Performance Scale preoperatively, postop-

eratively, and at first follow-up.

Operative Technique
All LITT procedures were performed at our institution in an in-

traoperative MR imaging suite using a Magnetom Espree 1.5T

bore (Siemens, Erlangen, Germany) with the NeuroBlate (Mon-

teris Medical, Minneapolis, Minnesota) system. The details for

the technical aspects of LITT at our institution have been previ-

ously described.14

Image Analysis
Tumor volume and extent of ablation data were obtained from

the iPlan workstation (Brainlab, Munich, Germany) for treat-

ment planning and ablation surveillance. Manual, tridimensional

tumor segmentation was completed by a neuroradiologist preop-

eratively using postcontrast T1-weighted MR imaging. The resid-

ual tumor volume was calculated by subtracting the volume of the

ablation cavity within the tumor volume using iPlan software.

DCE-MR images were obtained preoperatively and at

1-month follow-up. Immediate postoperative DCE-MRIs were

not initially part of the study protocol. However, an amendment

was later made to include imaging at this time point. Thus, there

were fewer immediate postoperative DCE-MRIs to analyze than

at other time points. ROIs from preoperative images were identi-

fied as the entire tumor and manually drawn as masks in 3D Slicer

(https://www.slicer.org/) using the Editor module.15 ‘Egg-shell’

enhancement along the margin of the postablation cavity is a

normal finding in the postoperative period on T1-weighted post-

contrast MR imaging that does not denote residual or recurrent

tumor.16 Thus, in postoperative and follow-up DCE-MRIs, a sub-

volume mask of the brightest, contiguous region of thick en-

hancement, if present, in the ablation cavity was obtained by 3

separate users (Fig 1). For cases in which a thick region of en-

hancement in the ablation cavity was not identified, a mask of the

entire ablation cavity was obtained instead. A 2 � 2 � 1 voxel

control mask was also drawn in the superior sagittal sinus of each

case. Using a technique described by Chung et al,11 we extracted

iAUC60 values by integrating the iAUC60 from 0 – 60 seconds after

bolus arrival from intravenous contrast agent administration.

iAUC60 values were then calculated for each pixel in the ROI mask

using a trapezoidal rule. iAUC60 values were normalized to the

average signal intensity before the bolus arrival. The bolus arrival

time was obtained from a manually placed arterial input function

on the superior sagittal sinus. The arrival time was calculated as

the maximum time derivative in signal intensity. A single bolus

arrival time was averaged across the ROI. This method of semiau-

tomatic segmentation of the ROI and automatic iAUC60 calcula-

tion based on the time to signal intensity is similar to the tech-

nique described by Choi et al.17 The median of the subvolume

iAUC60 values for postoperative and follow-up DCE-MRIs from

the 3 users was then used for further analysis. The change in

iAUC60 (�iAUC60) was also calculated by taking the difference

between iAUC60 values between pre- and postoperative DCE-MR

imaging as well as postoperative and 1-month follow-up imaging.

Statistical Analysis
All statistical analyses were completed in R statistical and comput-

ing software (http://www.r-project.org) using the Survival,18

Caret,19 and pROC20 packages. Scatterplots and survival curves

were created in R using the ggplot221 and survminer22 packages.

Patients with no progression on follow-up imaging were right-

censored on the basis of the date of last MRI. Cox univariate

analysis was used to evaluate the significance of iAUC60 from

preoperative, postoperative, and 1-month follow-up in predict-

ing PFS and was presented with a level of significance (P value),

hazard ratios (HRs), and CI. Correlations between PFS and

iAUC60 values were assessed with the Pearson correlation coeffi-

cient (r) and presented with the level of significance (P value) and

CI. Patients without observed local recurrence, either by loss to

follow-up or death, were censored for PFS statistical analysis.

Cases censored after 100 days were included in correlation analy-

sis (PFS and iAUC60). A receiver operating characteristic (ROC)

curve was constructed to identify iAUC60 thresholds for statisti-

cally significant relationships using the Youden Index and was

reported with sensitivity and specificity values, area under the

ROC curve, and a confusion matrix of prediction values.23 To

construct the ROC curve, we binarized PFS outcomes to local
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recurrence status at 6 months from LITT therapy. A P value � .05

was considered significant. Similarly, CIs were set at 95%

confidence.

RESULTS
Patient Demographics
Patient demographics and clinical features are summarized in Ta-

ble 1. A total of 32 brain metastases of the cohort of 27 patients

were analyzed. LITT was used for 2 separate metastases in 4 pa-

tients (15%). One patient with 2 intracranial metastases from

breast cancer lesions underwent LITT 3 times (n � 33), once for a

lesion in the posterior fossa and twice for a lesion in the corpus

callosum. Deep-seated locations were identified in 6.3% of cases

(n � 1 corpus callosum, n � 1 basal ganglia). Of the 33 total

lesions, 51.5% (n � 17) were completely ablated during the LITT

procedure. Of the 16 remaining lesions, the median volume of the

residual tumor was 0.50 cm3 (range, 0.03– 4.61 cm3). Regional

posttreatment enhancement was observed in 80% (n � 16) of the

20 total patients for which immediate postoperative DCE-MR

imaging was available. Of the 16 total patients with observed re-

gional enhancement on postoperative DCE-MR imaging, 50%

(n � 8) were observed to experience local progression. Of the 33

total LITT cases, 30.3% underwent cranial radiation therapy (n �

8 stereotactic radiosurgery, n � 2 whole-brain radiation therapy)

to the lesion due to local progression. The median PFS for the

treatment cohort (n � 33) was 137 days from LITT (range, 33–

497 days) (Fig 2). Three of the 27 pa-

tients (11.1%) were deceased by last

follow-up. No post-LITT hemorrhage

was observed in any patients during

follow-up.

PFS Correlation with iAUC60 and
�iAUC60 from DCE-MR Imaging
Figure 3 compares immediate postoper-

ative DCE-MRIs from 2 patients, 1 with

a short PFS (local recurrence observed

86 days from LITT) and 1 with good lo-

cal control (no local recurrence ob-

served at 329 days from LITT). Preoper-

ative DCE-MR images were available for

all 27 patients (n � 33 cases of LITT),

though only 15 cases were non-censored

for correlation analysis. Postoperative

DCE-MRIs were only available for 17

(n � 20 cases) patients because these

were not included in the original proto-

col, with only 11 cases non-censored

for correlation analysis. Furthermore,

1-month follow-up DCE-MR images

were available for only 21 patients (n �

25 cases) because of loss to follow-up,

with 20 noncensored cases available for

correlation analysis. No significant lin-

ear relationship was observed between

preoperative DCE-MR imaging iAUC60

and PFS (r � 0.06, n � 15, P � .82; 95%

CI, �0.46 – 0.56). However, a significant

relationship was calculated between iAUC60 from postoperative

DCE-MR imaging and PFS (r � �0.64, n � 11, P � .03; 95% CI,

�0.90 to �0.07) (Fig 4A). A nonsignificant relationship was ob-

served between iAUC60 from DCE-MR imaging at 1-month fol-

low-up and PFS (r � 0.01, n � 20, P � .96; 95% CI, �0.46 – 0.48);

however, a clear iAUC60 outlier value can be seen on the plot.

With this outlier removed, the relationship between DCE-MR imag-

ing at 1-month follow-up and PFS was significant (r � �0.46, n �

19, P � .05; 95% CI, �0.75 to �0.01) (Fig 4B). Analysis of �iAUC60

between pre- and immediate postoperative DCE-MR imaging

yielded no significant relationship (r � 0.28, n � 11, P � .40; 95% CI,

�0.38–0.76). Furthermore, no significant relationship was observed

with the �iAUC60 values between postoperative imaging and

DCE-MR imaging at 1-month follow-up (r � �0.10, n � 10, P �

.78; 95% CI, �0.69–0.56) (Fig 4C).

When treated as a continuous variable, iAUC60 was not found

to be a significant predictor of PFS from preoperative (P � .27,

HR � 0.66; 95% CI, 0.31–1.37) and 1-month follow-up (P � .27,

HR � 0.4; 95% CI, 0.13–1.75) DCE-MR images on Cox univariate

analysis. Similarly, �iAUC60 between postoperative and 1-month

follow-up DCE-MR imaging was not associated with PFS (P �

.65, HR � 1.45; 95% CI, 0.30 –7.06). However, iAUC60 from post-

operative DCE-MR imaging was found to be a significant predic-

tor of PFS on Cox univariate analysis (P � .01, HR � 70.99; 95%

CI, 2.9 –1738.00).

FIG 1. Screenshots from 3D Slicer showing an outline of the masks (white arrows) delineating a
metastatic lesion in the right frontal lobe from breast cancer on an axial plane DCE-MRI. (A) shows
the metastasis as well as the 2 � 2 � 1 voxel control mask in the superior sagittal sinus, while (B)
shows the same lesion mask two slices inferiorly. Also shown is the arterial input function of the
contrast history at a single pixel (lower part).

AJNR Am J Neuroradiol 40:1451–57 Sep 2019 www.ajnr.org 1453



An ROC curve was constructed to assess the ability of iAUC60

from statistically significant imaging time points (postoperative

DCE-MR imaging) to predict 6-month local recurrence status.

The area under the ROC curve was calculated as 0.82. The optimal

iAUC60 value cutoff based on the Youden Index was 1.43. The

sensitivity and specificity were 0.75 (95% CI, 0.50 –1.00) and 1.00

(95% CI, 43–1.00), respectively. The confusion matrix resulting

from this ROC analysis can be seen in Table 2.

DISCUSSION
The results of this study suggest a rela-

tionship between the iAUC60 from

DCE-MR imaging and PFS. The associ-

ation was strongest with iAUC60 from

imaging obtained immediately post-

LITT and establishes a methodology

by which subsequent prognostic tech-

niques can be based. Local tissue inflam-

mation, edema, and increased vascular

permeability are known characteristics

of a local treatment-related response fol-

lowing radiation therapy.24 Although

less well-described in patients undergo-

ing LITT, ambiguous contrast enhance-

ment in the postoperative period until

follow-up has similarly been known to

mimic residual tumor.25 The increased

vascular permeability underlying these

posttreatment changes is often indistin-

guishable from tumor recurrence on

conventional brain MR imaging, creat-

ing a diagnostic and management co-

nundrum in patients with persistent en-

hancement following definitive brain

tumor management. On the basis of

clinical DCE-MR imaging applications,

we hypothesized that higher iAUC60 val-

ues would indicate shorter time to local

recurrence due to a unique profile of

contrast enhancement in tumor tissue

and associated vasculature. The inverse linear relationship seen

when plotting postoperative DCE-MR imaging iAUC60 values

against associated PFS would appear to be consistent with this

hypothesis.

Because of early postoperative changes confounding signal in-

tensity, we originally theorized that persistently high iAUC60 val-

ues after 1 month would consequently be more predictive of em-

inent disease progression because an underlying posttreatment

effect would be less robust. A significant correlation was observed

between DCE-MR imaging at 1-month follow-up and PFS, but

only after removal of a clear statistical outlier, presenting a poten-

tially confounding variable in this relationship. The iAUC60 value

for this patient was well above the value of any other in the cohort

and may represent some inter-image variability in extracted

iAUC60 values. Interestingly, no relationship was observed be-

tween immediately post-LITT and 1-month follow-up DCE-MR

imaging, indicating that another process may be confounding

these parameters. Despite these findings, the negative correlation

between postoperative and follow-up DCE-MR imaging and

iAUC60 values would appear to correspond to current evidence

suggesting that the extent of ablation predicts PFS in patients with

brain metastases.26 Conversely, the weak relationship between the

preoperative iAUC60 and PFS as well as the �iAUC60 between

pre- and postoperative DCE-MR imaging is to be expected be-

cause the extent of ablation is not taken into account in the pre-

operative image.

FIG 2. The Kaplan-Meier curve of progression-free survival for all
LITT cases (n � 33).

Table 1: Demographics and clinical features
Descriptive No. (%)

Age groups (per patient, n � 27) (yr)
50 and younger 3 (11.1)
51–64 12 (44.4)
65–74 9 (33.3)
75 or older 3 (11.1)

Sex (per patient, n � 27)
Female 16 (59.2)
Male 11 (40.7)

Histology (per patient, n � 27)
Breast 9
Adenocarcinoma 5
NSCLC 5
RCC 3
Colon 2
Sarcoma 1
SCC 1
Small-cell carcinoma 1

Median KPS (per treatment, n � 33)
Pre 90
Post 90
1 Month 90

Median PFS (per treatment, n � 33) (days) 137
Deceased (per patient, n � 27) 3 (11.1)
Prior SRS (per treatment, n � 33) 25 (75.8)
Completely ablated (per treatment, n � 33) 17 (51.5)
Posttreatment enhancement on postoperative imaging (n � 20) 16 (80)
Preoperative DCE-MRI available (per treatment, n � 33) 33 (100)
Postoperative DCE-MRI available (per treatment, n � 33) 20 (60.6)
One-month DCE-MRI available (per treatment, n � 33) 25 (75.7)
Local recurrence (per treatment, n � 33) 14 (42.4)
Post-LITT chemotherapy (per treatment, n � 33) 16 (48.5)

Note:—NSCLC indicates non-small-cell lung cancer; RCC, renal cell carcinoma; SCC, squamous cell carcinoma; KPS,
Karnofsky performance scale; SRS, stereotactic radiosurgery.
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The unique ability to observe vascular changes in tissue has led

to the establishment of DCE-MR imaging as a noninvasive

method for analyzing blood flow and vessel permeability in

ROIs.6 Within the field of neuro-oncology, quantification of vas-

cular parameters with DCE-MR imaging has found numerous

clinical applications in tumor characterization and diagnosis.27-29

Specifically, a number of studies have successfully used DCE-MR

imaging to differentiate radiation necrosis (RN) and tumor recur-

rence.27,30-34 The authors of these studies often used quantitative

parameters such as volume transfer constant, fractional extravas-

cular extracellular space volume (ve), reflux rate (kep), and frac-

tional plasma volume (vp) to contrast the difference in vasculature

between RN and recurrence. Like posttreatment changes, RN

presents as persistent enhancement on imaging that can obscure a

diagnosis of recurrence on follow-up imaging. However, RN

presents a more intuitive application of DCE-MR imaging be-

cause there is a stark, quantifiable contrast in the density of vas-

culature in the 2 disease processes.7

Our study applies DCE-MR imaging in the assessment of tu-

mor recurrence from post-LITT treatment change using a simple

quantitative parameter (iAUC60) that is easier to extract than the

aforementioned variables. Specifically, iAUC60 has been estab-

lished as an effective and reproducible measure of tissue perfusion

that is easier to calculate than other quantifiable parameters re-

quiring complex model-fitting and additional data on arterial

concentration and/or the exchange of contrast between the

plasma and extracellular space.6,35 Posttreatment change follow-

ing LITT is a discrete physiologic entity from RN following radi-

ation therapy; the zone of necrosis within the ablation cavity

transforms into granulation tissue and ultimately a ring of reac-

tive gliosis with necrotic debris.36 Tissue ablation also has distinct

subsequent vascular effects because preservation of the general

vascular structure with a potential breakdown in the blood-brain

barrier can be observed, similar to known tumoral effects.37,38

Because this local tissue reaction to LITT ablation undergoes an

angiogenic process similar to that of a recurrent tumor, the appli-

cation of DCE-MR imaging in this scenario is less straightfor-

ward. Nevertheless, our findings suggest some utility in determin-

ing early tumor recurrence in these patients, though these results

should be confirmed in larger comparative studies investigating

additional DCE-MR imaging quantitative parameters (eg, histo-

gram analysis).

Limitations
Although this study benefits from prospective data collection, it is

limited by a small sample size. Additionally, a number of subjects

were lost to follow-up, and tumor progression was subsequently

not observed, further reducing the number of noncensored cases,

particularly for the postoperative DCE-MR imaging cohort (n �

11). Furthermore, some patients were counted twice in the anal-

ysis if both metastatic lesions were treated with LITT. Although

this can introduce some confounding in outcome, the separate

LITT treatments for different intracranial metastases can be con-

sidered discrete samples because they do not affect the associated

iAUC60 and PFS. Furthermore, the second outcome was censored

due to the short follow-up for the patient who received LITT twice

FIG 3. Immediate postoperative T1-weighted postcontrast MRIs
showing a region of T1 hyperintensity (white arrows) consistent with
treatment change within the ablation zone in a patient with a short
PFS (86 days from LITT, iAUC60 � 1.81) (A) and good long-term control
(no recurrence 329 days from LITT, iAUC60 � 1.29) (B). This patient
illustrates that T1-weighted postcontrast MR imaging is not sufficient
for distinguishing completely ablated lesions versus partially ablated
lesions shortly after thermal ablation and supports the need for
DCE-MR imaging in this setting.

FIG 4. Scatterplot with the line of best fit for iAUC60 values from postoperative DCE-MR imaging (r � �0.64, P � .03) (A) and DCE-MR imaging
at 1-month follow-up with the line of best fit drawn with the outlier (marked by x) excluded (r � �0.46, P � .05) (B). The correlation of PFS and
�iAUC60 between postoperative and 1-month follow-up DCE-MR imaging is also shown (r � �0.10, P � .78) (C).

Table 2: Confusion matrix of ROC analysis of postoperative
DCE-MRI iAUC60 values

Predicted

Reference

Short-PFS Long-PFS
Short-PFS 7 1
Long-PFS 0 3

Note:—Short-PFS indicates time to local recurrence of �6 months; Long-PFS, time
to local recurrence of �6 months.
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for the same lesion and was thus not considered in the statistical

analysis.

The methodology by which we attained the iAUC60 may also

limit the ability of this parameter to predict PFS and differentiate

between posttreatment changes and progression. By simply

masking the entire ROI on the DCE-MR imaging, the associated

iAUC60 can be obscured by variables unique to each patient. For

example, a larger tumor area with a smaller region of residual

tumor with greater enhancement would have a lower total

iAUC60 value than a smaller ROI covering posttreatment changes

with homogeneous-but-moderate enhancement. Thus, to estab-

lish a role for DCE-MR imaging in predicting tumor recurrence

post-LITT, larger studies that assess each patient as a discrete sam-

ple and compare various methodologies of iAUC60 extraction are

needed. Furthermore, hemorrhage is an observed phenomenon

following LITT ablation that presents as regional enhancement

within the ablation cavity.39 The efficacy of iAUC60 in differenti-

ating true recurrence from hemorrhagic enhancement was not

measured because this complication was not observed in our co-

hort. Despite these limitations, this pilot study is the first of its

kind to demonstrate a significant relationship between PFS and

the iAUC60 values from immediately postoperative DCE-MRIs

and paves the way for additional studies to investigate these meth-

ods in predicting local recurrence in patients undergoing LITT for

brain metastases.

CONCLUSIONS
Predicting PFS in patients undergoing LITT for brain metastases

presents a dilemma in prognosis and subsequent management.

iAUC60 from DCE-MR imaging is a potential quantifiable param-

eter for PFS prediction in these patients and can guide subsequent

treatment. However, additional studies are warranted to compare

iAUC60 values from DCE-MR imaging with those from other ad-

vanced MR imaging sequences before this technique can be vali-

dated for predicting time to local tumor recurrence.

Disclosures: Jeffrey I. Traylor—RELATED: Grant: Monteris Medical.* *Money paid to
the institution.
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ORIGINAL RESEARCH
ADULT BRAIN

Molecular Subtype Classification in Lower-Grade Glioma with
Accelerated DTI

X E. Aliotta, X H. Nourzadeh, X P.P. Batchala, X D. Schiff, X M.B. Lopes, X J.T. Druzgal, X S. Mukherjee, and X S.H. Patel

ABSTRACT

BACKGROUND AND PURPOSE: Image-based classification of lower-grade glioma molecular subtypes has substantial prognostic value.
Diffusion tensor imaging has shown promise in lower-grade glioma subtyping but currently requires lengthy, nonstandard acquisitions. Our
goal was to investigate lower-grade glioma classification using a machine learning technique that estimates fractional anisotropy from
accelerated diffusion MR imaging scans containing only 3 diffusion-encoding directions.

MATERIALS AND METHODS: Patients with lower-grade gliomas (n � 41) (World Health Organization grades II and III) with known
isocitrate dehydrogenase (IDH) mutation and 1p/19q codeletion status were imaged preoperatively with DTI. Whole-tumor volumes were
autodelineated using conventional anatomic MR imaging sequences. In addition to conventional ADC and fractional anisotropy recon-
structions, fractional anisotropy estimates were computed from 3-direction DTI subsets using DiffNet, a neural network that directly
computes fractional anisotropy from raw DTI data. Differences in whole-tumor ADC, fractional anisotropy, and estimated fractional
anisotropy were assessed between IDH-wild-type and IDH-mutant lower-grade gliomas with and without 1p/19q codeletion. Multivariate
classification models were developed using whole-tumor histogram and texture features from ADC, ADC � fractional anisotropy, and
ADC � estimated fractional anisotropy to identify the added value provided by fractional anisotropy and estimated fractional anisotropy.

RESULTS: ADC (P � .008), fractional anisotropy (P � .001), and estimated fractional anisotropy (P � .001) significantly differed between
IDH-wild-type and IDH-mutant lower-grade gliomas. ADC (P � .001) significantly differed between IDH-mutant gliomas with and without
codeletion. ADC-only multivariate classification predicted IDH mutation status with an area under the curve of 0.81 and codeletion status
with an area under the curve of 0.83. Performance improved to area under the curve � 0.90/0.94 for the ADC � fractional anisotropy
classification and to area under the curve � 0.89/0.89 for the ADC � estimated fractional anisotropy classification.

CONCLUSIONS: Fractional anisotropy estimates made from accelerated 3-direction DTI scans add value in classifying lower-grade glioma
molecular status.

ABBREVIATIONS: AUC � area under the curve; Codel � codeletion; dFA � fractional anisotropy estimates; FA � fractional anisotropy; LGG � lower-grade glioma;
MUT � mutated; Noncodel � noncodeleted; WT � wild-type; IDH � isocitrate dehydrogenase

The classification of diffuse lower-grade gliomas (LGGs) into

molecular subtypes as designated by the World Health Orga-

nization in 2016 has important prognostic implications. Median

survival in LGG is �6 years in the presence of an isocitrate dehy-

drogenase (IDH) gene mutation (IDHMUT) but reduces to �2

years in the absence of such a mutation (IDH wild-type

[IDHWT]).1 Among IDHMUT LGGs, the presence of 1p/19q chro-

mosomal codeletion (IDHMUT-Codel) predicts sensitivity to

chemoradiation therapy and further improves overall survival

compared with 1p/19q noncodeleted LGGs (IDHMUT-Non-

codel).1,2 Moreover, the impact of surgery appears to differ

among the molecular subtypes.3,4 Therefore, noninvasive, pre-

surgical imaging biomarkers that can reliably predict genomic

subtypes are of strong clinical interest.

Diffusion-weighted imaging and diffusion tensor imaging are

quantitative MR imaging techniques that probe microstructural

tissue characteristics by observing the rate and directionality of

restricted water diffusion. Both DWI and DTI have demonstrated

sensitivity to IDH-mutation and 1p/19q codeletion status in
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LGGs via differences in the ADC and/or fractional anisotropy
(FA),5-8 which have been attributed to differences in cellularity

and tumor proliferation rates among subtypes.9 While FA has

been shown to provide additional value beyond ADC in LGG

subtyping, it currently requires the addition of a DTI scan, which

is a more specialized imaging technique than DWI and is not part

of most routine clinical protocols. Furthermore, because DTI re-

quires acquisitions with diffusion encoding along many direc-

tions (at least 6, typically �20), its acquisition time is substantially

longer than conventional DWI, which only requires diffusion

encoding along 3 orthogonal directions. Although MR imaging

acceleration techniques such as simultaneous multislice imaging

and compressed sensing can greatly accelerate DTI acquisi-

tions,10,11 most clinical diffusion MR imaging scans are still

DWIs.

A recently developed DTI reconstruction method called Diff-

Net (https://github.com/ealiotta/diffnet) uses machine learning

to estimate FA from accelerated scans with as few as 3 diffusion-

encoding directions.12 This means that, in principle with DiffNet,

the discriminatory power provided by DTI can be extracted from

standard DWI scans. While DiffNet has been shown to provide

accurate FA map estimates, it remains to be seen whether these

estimates add the same value as conventionally reconstructed FA

maps from DTI in LGG molecular subtyping.

The purpose of this study was to determine whether FA

values estimated using DiffNet from diffusion MR imaging

scans with only 3 diffusion-encoding directions add discrimi-

natory value beyond ADC in LGG molecular subtyping. We

evaluated the LGG classification in patients who underwent

preoperative DTI scans in addition to standard contrast-en-

hanced MR imaging brain protocols. Classifications were per-

formed using bootstrapped multinomial linear regressions us-

ing whole-tumor histogram and texture features from ADC

maps alone, ADC plus FA maps, and ADC-plus-DiffNet esti-

mated FA (dFA) maps.

MATERIALS AND METHODS
Patient Cohort
The local institutional review board ap-

proved this retrospective study and pro-

vided a waiver of the informed consent

requirement. One hundred forty-six pa-

tients with pathologically confirmed

World Health Organization grade II and

III gliomas who were imaged at our in-

stitution between 2012 and 2019 were

identified. Patients with an unknown

molecular subtype (n � 20), without

full preoperative contrast-enhanced MR

imaging examinations (n � 15), and

without preoperative DTI (n � 66) or

with preoperative DTI with an inconsis-

tent protocol (n � 3) were excluded.

One additional patient was excluded

from analysis due to an unsuccessful tu-

mor autosegmentation (process de-

scribed below), leaving a total of 41 pa-

tients (IDHWT� 15; IDHMUT-Codel � 12; IDHMUT-Noncodel �

14) who were included in our analysis. This group comprised 26

World Health Organization grade II and 15 World Health Orga-

nization grade III tumors and 24 male and 17 female patients with

a mean age of 45.9 years (range, 18 –76 years). A flow chart de-

scribing the study population is shown in Fig 1.

Neuropathology
IDH-mutation and 1p/19 codeletion status were tested for all pa-

tients in the molecular pathology laboratory at our institution.

Formalin-fixed, paraffin-embedded tissue sections were pro-

cessed routinely for histologic and immunohistochemical analy-

sis. IDH mutation status was tested using immunohistochemistry,

in which IDH1 R132H mutations were detected with H09 anti-

bodies.13 In immunohistochemistry cases negative for IDH1 R132H

mutations, IDH1/2 mutation status was assessed using DNA pyrose-

quencing as described previously.14 The 1p/19q codeletion status was

determined using dual color fluorescence in situ hybridization15

(n � 38) or chromosomal microarray analysis using the OncoScan

(Thermo Fisher Scientific, Waltham, Massachusetts) platform

(n � 3).

Imaging Protocols
Patients were imaged on either 1.5T (n � 3) or 3T scanners (n �

38) with pre- and postcontrast T1-weighted scans (TE � 1.9 –5.0

ms, TR � 9.5–2300 ms, in-plane resolution � 0.5–1.1 mm, slice

thickness � 0.9 –1.2 mm) as well as T2-weighted (TE � 82– 413

ms, TR � 3200 –9000 ms, in-plane resolution � 0.25–1.0 mm,

slice thickness � 0.9 –5.0 mm) and T2 FLAIR scans (TE � 80 –388

ms, TR � 5000 –10,000 ms, TI � 2800 –2500 ms, in-plane reso-

lution � 0.5–1.0 mm, slice thickness � 0.9 –5.0 mm). The DTI

protocol included 20 diffusion-encoding directions with b�1000

s/mm2 and 1 b�0 reference, 1.7- to 1.9-mm in-plane spatial res-

olution, 4.0- to 5.0-mm slice thickness with slice-interleaved sin-

gle-shot EPI (TE � 6 –104 ms and TR � 3300 – 4800 ms). DTI

FIG 1. Patient population flow chart.
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scans were repeated 2– 4 times and averaged off-line to improve

the SNR.

Tumor Segmentation
Conventional MR images (T1 pre- and postcontrast, T2, and

T2-FLAIR) were coregistered to the reference frame of the T1

postcontrast images. Brain extraction was then performed us-

ing the Robust Brain Extraction algorithm (https://www.

nitrc.org/projects/robex),16 followed by automatic tumor seg-

mentation using DeepMedic (https://github.com/Kamnitsask/

deepmedic)17 as implemented in the Brain Cancer Imaging

Phenomics Toolkit (https://captk.projects.nitrc.org/).18 Fol-

lowing autosegmentation, tumor volumes were reviewed for

obvious errors or segmentation failures, and clearly spurious

regions were removed. The DeepMedic output included spe-

cific regions for edema, contrast-enhancing gross tumor, and

nonenhancing tumor, but all regions were combined into sin-

gle, whole-tumor ROIs. These ROIs were then registered onto

the lower resolution DTI reference frame.

ADC and FA Reconstruction
ADC and FA values were reconstructed off-line from DTI us-

ing conventional linear-least-squares fitting and Eigensytem

decomposition19 at each voxel using custom Matlab code (Math-

Works, Natick, Massachusetts).

Subsets containing only 3 diffusion encoding directions were

then extracted from the full DTI scans to replicate conventional

DWI acquisitions and simulate a scenario in which DTI was not

acquired. These directions were selected to maximize orthogonal-

ity and thus closely mimic a DWI acquisition. dFA maps were

then computed from these undersampled scans by applying the

DiffNet neural network at each voxel.12 DiffNet consists of a mul-

tilayer perceptron neural network design with 2 hidden layers and

a total of 200 nodes and was previously trained to compute FA

values from undersampled DTI signals at individual voxels. Diff-

Net can estimate FA without a full DTI dataset because it bypasses

the intermediary tensor-model-fitting reconstruction step and di-

rectly infers FA from raw data. DiffNet was implemented in

Python (python.org) and is available for download

(github.com/ealiotta/diffnet).

ADC and FA Comparisons
Differences in ADC, FA, and dFA among LGG subgroups

were assessed by computing mean whole-tumor values for each

parameter and comparing distributions among subgroups us-

ing the Student t test. Statistical significance was assessed

using the Bonferroni correction for multiple comparisons in

which P values � 0.008 (.05/6) were considered statistically

significant.

Histogram Feature Extraction
To assess the full distributions of each DTI parameter, we ex-

tracted several histogram features for ADC, FA, and dFA within

whole-tumor ROIs. As described elsewhere,6 10th, 25th, 50th,

75th, 90th percentile values, skewness, and kurtosis were com-

puted from ADC, FA, and dFA distributions.

Texture Feature Extraction
Texture analysis of the ADC, FA, and dFA maps was performed

using gray level co-occurrence matrices as previously de-

scribed in this context.6 For each map, homogeneity, correla-

tion, energy, and contrast were computed within the whole-

tumor ROIs using a Matlab-based radiomic toolbox (https://

github.com/mvallieres/radiomics) developed by Vallières et

al.20 Gray level co-occurrence parameters were computed

within each ROI using equal-probability quantization at 8

quantization levels. The number of radiomic features was kept

purposely small to avoid false-positive discoveries, given our

cohort size.21

Multivariate Classification
In total, 12 features (mean, 7 histogram features, and 4 texture

features) were compiled for each ADC, FA, and dFA map. To

classify IDH-mutation and 1p/19q codeletion statuses using all

available features, we developed multivariate logistic regres-

sion models using imbalance-adjusted bootstrap resam-

pling.20,22 Imbalance-adjusted bootstrap resampling permits

robust feature selection and generalizable multivariate model-

ing with a limited dataset by optimizing model parameters on

bootstrapped training/testing data subsets while accounting

for class imbalances within subsets at each bootstrap

repetition.

First, the optimal feature sets were selected from the avail-

able histogram and texture features by optimizing classifica-

tion performance across 50 bootstrapped samples with models

containing between 1 and 10 features. With each repetition,

patients were randomly divided into training and testing

groups with a 60%/40% split, and class imbalances in each

group (ie, a differing number of IDHMUT versus IDHWT or

IDHMUT-Codel versus IDHMUT-Noncodel cases) were cor-

rected by repeating instances from the underrepresented class.

Regression models were then generated at each iteration using

all combinations of available features to optimize prediction

accuracy on the training group. The optimal model order (ie,

number of features) was then selected by choosing the simplest

model (ie, lowest number of features) for which classification

area under the curve (AUC) in the testing group reached a

maximum or plateau.

This procedure was repeated using ADC, ADC � FA, and

ADC � dFA features for both IDH-mutation and 1p/19q codele-

tion classifications, generating an optimized feature set for each

case. Once optimal feature sets were determined for each classifi-

cation scheme, a final prediction model was generated by com-

puting model coefficients using imbalance-adjusted bootstrap re-

sampling with 1000 repetitions and taking the average regression

coefficients across repetitions. This process ensured that the clas-

sification model was not overfitting to any specific subset of pa-

tients used for training. Model performance was then quantified

in terms of AUC, sensitivity, and specificity in the testing group

with each bootstrap repetition, generating a distribution of each

parameter for each model. Model performance was evaluated ac-

cording to the mean and standard error of each metric across

repetitions.
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RESULTS
Quantitative Subgroup Differences
Sample ADC, FA, and dFA maps from each LGG subtype are

shown in Fig 2, and mean values across patients within each LGG

subtype are shown in Fig 3. For IDHWT versus IDHMUT, signifi-

cant differences were observed in ADC (1.18 � 0.16 versus 1.36 �

0.24 � 10�3mm2/s, P � .008), FA (0.22 � 0.05 versus 0.17 � 0.04,

P � .001), and dFA (0.19 � 0.05 versus 0.14 � 0.03, P � .001). For

IDHMUT-Codel versus IDHMUT-Noncodel, a significant differ-

ence in ADC was observed (1.20 � 0.14 versus 1.48 � 0.23 �

10�3mm2/s, P � .001). Insignificant differences were observed in

FA and dFA between IDHMUT-Codel and IDHMUT-Noncodel,

though both were slightly higher in the

IDHMUT-Codel group (FA: 0.18 � 0.04

versus 0.16 � 0.03, P � .16; dFA: 0.16 �

0.04 versus 0.13 � 0.01, P � .04). Com-

parisons among all other histogram and

texture features are shown in On-line

Tables 1 and 2.

Classification Feature Selection
Optimal feature combinations deter-

mined in the imbalance-adjusted boot-

strap resampling feature selection pro-

cess are listed in the Table.

Following feature selection, the

ADC-only IDH-mutation status classifi-

cation included only 1 histogram feature (75th percentile ADC);

the ADC � FA model contained 3 histogram features (2 ADC

features and 1 FA feature) and 3 texture features (1 ADC feature

and 2 FA features); and the ADC � dFA model included 2 histo-

gram features and 2 texture features (1 ADC and 1 FA feature

each).

For 1p/19q codeletion status classification, the ADC-only

model used 1 histogram feature (50th percentile ADC), the

ADC � FA model used 5 histogram features (3 ADC features and

2 FA features), and the ADC � dFA model used 4 histogram

features (2 ADC features and 2 dFA features).

FIG 2. Sample T2-weighted images with tumor segmentations (A), ADC maps (B), FA maps (C), and dFA maps (D) from each LGG molecular
subtype as well as mean ADC, FA, and dFA values (E) from these individual cases.

FIG 3. Boxplots showing mean ADC (A), FA (B), and dFA (C) values across LGG subtypes. Central
lines indicate median values, box edges indicate 25th and 75th percentiles, and whiskers extend to
the full data range, excluding outliers (which are indicated by plus signs). P values � 0.008 indicate
statistically significant differences to account for multiple comparisons.
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Classification Performance
For IDH mutation status classification, the ADC-only model

achieved AUC � 0.81 � 0.03, sensitivity � 0.84 � 0.06, and

specificity � 0.67 � 0.05. The ADC � FA model achieved AUC �

0.90 � 0.03, sensitivity � 0.80 � 0.07, and specificity � 0.80 �

0.04. The ADC � dFA model achieved AUC � 0.89 � 0.03, sen-

sitivity � 0.83 � 0.06, and specificity � 0.77 � 0.04.

For codeletion status classification, the ADC only model

achieved AUC � 0.83 � 0.03, sensitivity � 0.81 � 0.06, and

specificity � 0.73 � 0.04. The ADC � FA model achieved AUC �

0.94 � 0.02, sensitivity � 0.83 � 0.05, and specificity � 0.84 �

0.05. The ADC � dFA model achieved AUC � 0.89 � 0.03, sen-

sitivity � 0.76 � 0.07, and specificity � 0.79 � 0.05.

DISCUSSION
FA estimates obtained from 3-direction diffusion MR imaging

scans using DiffNet added discriminatory value in classifying

LGGs according to both IDH-mutation and 1p/19q codeletion

statuses in addition to ADC maps alone. Although conventional

FA values reconstructed from full DTI data provided marginally

better classification performance than dFA, both parameters

added to the performance of the ADC-only classification. This

feature indicates that DiffNet can aid in LGG classification when

only DWI is performed. Because DWI scans are included in most

standard MR imaging brain protocols, clinical value can be added

in many scenarios without the need for additional DTI scans. It

should be noted, however, that DTI is often performed to aid in

surgical planning and thus is available in many cases.

Several of our findings regarding conventional DTI analysis

for LGG classification are consistent with prior work. For exam-

ple, prior studies have reported lower ADC5,8,23-25 and higher

FA6,7 values in IDHWT LGG compared with IDHMUT gliomas.

Others have also reported significantly higher ADC7,26 and

slightly, but nonsignificantly, lower FA values7 in IDHMUT-Non-

codel versus IDHMUT-Codel tumors.

Other imaging features have previously been used to classify

gliomas into molecular subtypes. These include conventional im-

aging characteristics based on tumor location,27,28 contrast en-

hancement,27,28 margins,29,30 T2-FLAIR mismatch,31,32 and cal-

cification.33 Advanced techniques including perfusion MR

imaging,5,23,34,35 MR imaging spectros-

copy,28,36,37 and radiomic texture anal-

ysis22 have also demonstrated discrimi-

natory value. These features can

potentially be combined with FA and

ADC to further improve classification

performance. Additional improvements

may also be achievable through more so-

phisticated classification schemes than

the logistic regressions used in this work,

such as support-vector machines or ran-

dom forests.

ADC energy had positive regression

coefficients in the IDH-mutation classi-

fication, which indicates that uniform

ADC values within the tumor are asso-

ciated with IDHWT. On the other hand,

FA homogeneity and dFA energy (both

of which indicate parameter uniformity within the tumor) had

negative regression coefficients indicating negative associations

with IDHWT. These results further indicate that FA and dFA pro-

vide complementary information to ADC for LGG classification

and agree with prior study results showing higher ADC orderli-

ness and a lack of locally correlated FA values in IDHWT tumors.6

Our finding that increased ADC skewness is associated with

IDHMUT-Noncodel tumors is also consistent with prior work.6

However, these authors also found FA energy and correlation as a

significant predictor of IDHMUT-Noncodel. Neither these nor any

ADC, FA, or dFA texture features were selected in our final code-

letion-status classification models.

Notably, our codeletion-status classification models included

FA skewness and dFA skewness but in opposite directions (in-

creased FA skewness was associated with IDHMUT-Codel while

increased dFA skewness was associated with IDHMUT-Noncodel).

This is a surprising finding but may be due to a known FA-depen-

dent bias in dFA. It was shown previously that dFA has a negative

bias that gets larger as FA values increase,12 which affects the shape
of dFA distributions. This can alter distribution skewness and

thus associated relationships with molecular subtypes.

This study has limitations that should be discussed. This is a

retrospective, single-institution study with a relatively small sam-

ple size, and prospective validation on larger samples is necessary.

We have made DiffNet publicly available in hopes of facilitating

independent validation of our results at separate institutions. Fur-

thermore, although there is no technical difference between a sub-

sampled DTI dataset containing only 3 diffusion-encoding direc-

tions and a conventional DWI scan, prospective analysis

including only true DWI data is warranted.

CONCLUSIONS
DiffNet neural network– derived FA estimates based on 3-di-

rection DTI scans improve IDH-mutation and 1p/19q codele-

tion classification in LGGs compared with ADC values alone.

The application of the DiffNet neural network to conventional

DWI data may improve the prediction of LGG molecular

subtypes.

Features selected in the imbalance-adjusted bootstrap resampling process for each
classification schemea

Histogram and Texture Features

ADC ADC + FA ADC + dFA

Feature Weight Feature Weight Feature Weight
IDHWT vs

IDHMUT

ADC 75% �6.5 ADC 10% 109.4 ADC 10% 40.4
ADC 90% �71.4 ADC homogeneity 60.2
ADC energy 4363.0 dFA energy �1459.0
FA 75% 227.5 dFA skewness �6.45
FA contrast 24.2
FA homogeneity �346.9

IDHMUT-Codel
vs IDHMUT-
Noncodel

ADC 50% �10.7 ADC 50% �266.8 ADC 75% �62.9
ADC 25% 306.8 ADC 10% 40.0
ADC skewness �17.9 dFA 50% 202.9
FA 75% 460.9 dFA skewness 11.9
FA skewness �141.5

a For IDHWT vs IDHMUT, positive values indicate positive correlations with IDHWT. For IDHMUT-Codel vs IDHMUT-
Noncodel, positive values indicate positive correlations with IDHMUT-Noncodel. ADC units are in square millimeters/
millisecond.
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ORIGINAL RESEARCH
ADULT BRAIN

Widespread Increased Diffusivity Reveals Early Cortical
Degeneration in Huntington Disease

X F. Sampedro, X S. Martínez-Horta, X J. Perez-Perez, X A. Horta-Barba, X J. Martin-Lahoz, X A. Alonso-Solís, X I. Corripio,
X B. Gomez-Anson, and X J. Kulisevsky

ABSTRACT

BACKGROUND AND PURPOSE: Huntington disease is a devastating genetic neurodegenerative disorder for which no effective treat-
ment is yet available. Although progressive striatal atrophy is its pathologic hallmark, concomitant cortical deterioration is assumed to
occur, but it is poorly characterized. Our objective was to study the loss of cortical integrity and its association with clinical indicators
throughout the course of the disease.

MATERIALS AND METHODS: Using a cohort of 39 patients with Huntington disease and 25 controls with available MR imaging (T1WI and
DTI), we compared cortical atrophy and intracortical diffusivity across disease stages. Intracortical diffusivity is a DTI-derived metric that
has recently been suggested to detect incipient neuronal death because water can diffuse more freely in cortical regions with reduced
neural density.

RESULTS: We observed progressive thinning and increasing diffusivity within the cerebral cortex of patients with Huntington disease (P �

.05, corrected for multiple comparisons). Most important, in the absence of pronounced atrophy, widespread increased diffusivity was
already present in individuals with premanifest Huntington disease, correlating, in turn, with clinical and disease-specific progression
markers.

CONCLUSIONS: Intracortical diffusivity may be more sensitive than cortical thinning for tracking early neurodegeneration in Huntington
disease. Moreover, our findings provide further evidence of an early cortical compromise in Huntington disease, which contributes to our
understanding of its clinical phenotype and could have important therapeutic implications.

ABBREVIATIONS: CAG � cytosine-adenine-guanine; CN � healthy controls; Cth � cortical thickness; DBS � disease burden score; earlyHD � early-symptomatic
HD; HD � Huntington disease; MD � mean diffusivity; midadvHD � middle-advanced HD; preHD � premanifest HD; SDMT � Symbol Digit Modalities Test; TMT �
Trail-Making Test; UHDRS � Unified Huntington’s Disease Rating Scale

Huntington disease (HD) is a fatal neurologic disorder with no

effective treatment currently available. Inherited in an auto-

somal-dominant pattern, it is the most prevalent monogenic neu-

rodegenerative disease. A cytosine-adenine-guanine (CAG) trip-

let repeat expansion in the huntingtin gene (HTT) drives a

pathologic brain aggregation of mutant huntingtin protein, which

promotes neuronal cell injury and death. Typically around the

fourth decade of life, HD gene mutation carriers experience pro-

gressive motor, cognitive, and neuropsychiatric alterations, re-

sulting in a devastating loss of functional independence.1 Al-

though the pathologic hallmark of HD is a massive loss of the

medium spiny neurons of the striatum, the current view of this

disorder is that diffuse cortical and subcortical neurodegenera-

tion underlies the clinical picture.2

Characterizing early brain degeneration in HD may prove crit-

ical to designing and monitoring novel therapeutic strategies to

prevent or delay its clinical onset. Neuroimaging indicators hold

great potential in this setting, but their sensitivity and interpreta-

tion need further assessment. In this vein, the study of individuals
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with genetically confirmed-but-premanifest HD (preHD) offers a

unique opportunity to evaluate the performance of imaging indi-

cators in identifying early neurodegeneration. In contrast to pre-

clinical subjects at risk for other neurodegenerative disorders,

such as sporadic Alzheimer disease or Parkinson disease, individ-

uals with premanifest HD will inevitably develop clinical symp-

toms in the upcoming years. Imaging indicators that best identify

cortical and subcortical deterioration in subjects with premanifest

HD would therefore be good candidates for use in clinical trials to

noninvasively monitor early neurodegeneration.

In this context, MR imaging indicators are the best-suited ap-

proach to monitor disease progression because of their high-res-

olution and radiation-free acquisition. However, detecting subtle

signs of early cortical deterioration with this technique may be

challenging due to a number of technical and conceptual limita-

tions of the most commonly used MR imaging indicators. Atro-

phy assessment via voxel-based morphometry (VBM) or cortical

thickness (Cth), for example, is highly specific, but it may not be

sufficiently sensitive to detect early neural loss.3 Second, white

matter integrity estimated from diffusion tensor imaging does not

directly assess the loss of cortical neurons, which is probably the

main mechanism underlying cognitive and neuropsychiatric

symptoms in neurodegenerative diseases. Third, clinical interpre-

tation of functional MR imaging measures such as resting-state

connectivity is challenging due to the complex nature of imaging

indicators and the presence of compensatory mechanisms.

In view of these limitations, imaging markers capable of de-

tecting early loss of neural tissue within the cerebral cortex need to

be proposed and validated for the study of neurodegeneration. It

was recently suggested that an increase in intracortical mean dif-

fusivity (MD) of water molecules reflects early cortical compro-

mise.4,5 Conceptually, an incipient degeneration of cortical neu-

rons that do not yet translate into cortical thinning may be

detected through a regional increase of water mobility due to the

recent cell death. MD data can be derived from DTI scans, and in

contrast to other DTI-derived metrics such as fractional anisot-

ropy, regional MD is an adequate indicator of gray matter integ-

rity due to its isotropic structure.4 Moreover, this measure has

recently shown higher effect sizes and increased sensitivity in

identifying cortical degeneration in other neurodegenerative

diseases.5

In this work, we characterized intracortical MD and atrophy

changes across HD stages. Our main objective was to investigate

whether MD abnormalities precede atrophy detection. Our sec-

ondary objective was to study the possible associations between

these imaging alterations and the patients’ motor, cognitive, and

neuropsychiatric statuses.

MATERIALS AND METHODS
Participants and Clinical Assessments
We included 39 HD gene-mutation carriers (CAG �39) from the

outpatient clinic of the Movement Disorders Unit at Hospital de

la Santa Creu i Sant Pau (Barcelona, Spain). Within this HD

group, participants were classified as having preHD, early-symp-

tomatic HD (earlyHD), or middle-advanced HD (midadvHD)

according to previously defined criteria.6-8 Individuals with a

Unified Huntington’s Disease Rating Scale (UHDRS) Total

Motor Score of �5 and a diagnostic confidence level of �3 were

classified as having preHD. Patients showing a Total Motor Score

of �5, a diagnostic confidence level of 4, and a Total Functional

Capacity Scale score between 11 and 13 were classified as having

earlyHD, and those showing a Total Functional Capacity Scale

score of �11 were combined to form a midadvHD group. We also

included 25 healthy controls (CN) who had no family history of

movement or psychiatric disorders. This CN group had an age

distribution similar to that of the preHD group because the im-

aging comparison between CN and preHD would be key to eval-

uating the sensitivity of early markers of neurodegeneration.

We recorded demographic, motor, cognitive, neuropsychiat-

ric, and disease-specific indicators for all HD participants. We

used the disease burden score (DBS), defined as age � (CAG 35.5)

as an index of the burden of pathology due to lifetime exposure to

mutant huntingtin.9 In subjects with premanifest HD, the esti-

mated years to clinical onset can be obtained by the formula de-

scribed in Langbehn et al.10 Functional capacity, motor symp-

toms, and global cognitive status were recorded using the

UHDRS. We also addressed the severity of apathy, the most prev-

alent and characteristic neuropsychiatric feature of HD.6 Last, we

administered the UHDRS cognitive subtest with additional cog-

nitive tasks. We recorded the following set of cognitive indicators,

known to be sensitive to HD progression: the Symbol Digit Mo-

dalities Test (SDMT), the Stroop Task, the Trail-Making Test

(TMT), the F-A-S verbal fluency test, and semantic fluency.11

Neuroimaging Acquisition and Methods
Volumetric MR imaging and DTI were available for all partici-

pants. 3D-T1 images were acquired on a 3T Achieva scanner

(Philips Healthcare, Best, the Netherlands) using an MPRAGE

sequence (TR/TE � 6.74/3.14 ms, flip angle � 8°, FOV � 23 cm,

matrix � 256 � 256, and slice thickness � 1 mm). DTI scans were

also obtained using the following acquisition parameters: TR �

10,433 ms, TE � 57 ms, slice thickness � 2 mm, flip angle � 90°,

15 directions, b factor � 800.

For each participant, we quantified cortical thickness and in-

tracortical diffusivity. Cortical thickness analysis was performed

using the FreeSurfer 6.0 software package (http://surfer.

nmr.mgh.harvard.edu). The specific methods used for cortical

reconstruction of volumetric images have been fully described

elsewhere.12 Briefly, optimized surface-deformation models fol-

lowing intensity gradients accurately identify white matter and

gray matter boundaries in the cerebral cortex, from which cortical

thickness is computed at each vertex. On visual inspection, no

major surface reconstruction errors were observed in our sample.

Mean diffusivity maps were computed from DTI scans and

aligned to the associated T1-weighted image using the FreeSurfer

module Tracula (https://surfer.nmr.mgh.harvard.edu/fswiki/

FsTutorial/Tracula).13 To study differences in MD across groups,

we first used the FreeSurfer’s partial volume correction (PVC)

tools to account for a possible volume fraction effect (i.e. concom-

itant atrophy). We then sampled intracortical MD values half-way

between the white and pial surfaces of the cortical ribbon, thereby

obtaining surface-based vertex-wise MD data along the cerebral

cortex. By definition, Cth and intracortical MD can only be mea-

sured in cortical regions. In subcortical regions, we also computed
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volume information and average MD values in common subcor-

tical structures (caudate, putamen, accumbens, pallidum,

amygdala, thalamus, and hippocampus).

Statistical Analyses
We compared clinical, sociodemographic, and scalar subcortical

volumetric and MD data across groups using 2-sample t test anal-

ysis for continuous variables and the �2 fest for categoric variables.

Differences were considered significant using a probability

value � .05.

Cortical vertex-wise measures (Cth and MD) were first

smoothed using a Gaussian kernel of 10-mm full width at half

maximum to increase the signal-to-noise ratio. A generalized lin-

ear model was then performed to compare these measures across

groups, using age, sex, and education as covariates of no interest.

Clusters surviving P � .05 and family-wise error correction for

multiple comparison by a Monte Carlo simulation with 10,000

repeats were considered significant.

Finally, aiming to investigate the clinical translation of the

imaging findings, we computed mean atrophy and MD values at

the identified cortical clusters and subcortical regions showing

significant differences across groups. Using Pearson correlation

coefficients, we then studied the association of these imaging

measures with clinical indicators within an exploratory analysis,

for which a P � .05 was considered significant.

RESULTS
The Table summarizes the demographic, clinical, and neuropsy-

chological characteristics of all participants.

A clinical decay in motor, cognitive, and neuropsychiatric in-

dicators was observed across HD stages. Patients with premanifest

HD were younger than those with manifest HD, but differences in

genetic burden across HD groups were not significant.

The Figure shows cortical thickness and intracortical MD

differences across HD groups with respect to the CN group.

Progressive cortical thinning and increasing diffusivity were

observed across HD stages. However, MD alterations were more

pronounced and more extensive than atrophic differences in all

HD groups. In the preHD group, whereas only 3 relatively small

atrophic clusters were shown (left caudal middle frontal, left in-

ferior-parietal, and right inferior-temporal), diffusivity was in-

creased in precentral, rostral middle and superior-frontal, ento-

rhinal, posterior cingulate/precuneus, superior-temporal, insula,

bankssts region, and inferior-parietal and postcentral regions. Pa-

tients with earlyHD showed widespread cortical thinning and in-

creased MD. The following regions showed cortical thinning with

the highest significance (P � .005 family-wise error): superior-

frontal/temporal-parietal, inferior-temporal/parietal, postcen-

tral, cingulate isthmus, and supramarginal gyrus. In contrast, the

most significant increases in MD were found in caudal middle

frontal, orbitofrontal, precentral, pericalcarine, cuneus, precu-

neus, and superior-temporal/-parietal regions. In particular, MD

increases in the absence of Cth differences in patients with ear-

lyHD were observed in the following regions: superior-frontal

gyri, occipital and entorhinal cortices, and temporal poles. Re-

garding patients with midadvHD, because atrophy and increased

MD were widespread throughout the cerebral cortex, no further

explorations were performed.

On-line Table 1 shows volumetric and MD information in

common subcortical structures across groups.

Progressive atrophy and increasing diffusivity were observed

in most subcortical structures across CN, preHD, earlyHD, and

midadvHD groups. While these changes were most pronounced

in the striatum, other important structures such as the thalamus,

hippocampus, and amygdala were also involved. Similar signifi-

Clinical and demographic information across groupsa

CN HD PreHD EarlyHD MidadvHD P Value
No. 25 39 15 16 8
Age (yr) 38.6 � 9.4 47.8 � 13.6 37.8 � 10.9 55.0 � 11.8 52.3 � 10.4 .004,b .81,c �.001,d .57e

Female sex (%) 36% 69% 80% 56% 75% .01, .01 , .16, .37
Education (yr) 12.1 � 1.9 13.4 � 5.7 16.4 � 3.2 11.1 � 5.2 12.5 � 6.5 .24, �.001, .002, .61
CAG length NA 43.1 � 2.9 43.1 � 2.9 42.6 � 2.9 43.8 � 2.9 NA, NA, .59, .31
DBSf NA 339.6 � 105.3 273.3 � 108.9 364.5 � 78.2 414.4 � 78.1 NA, NA, .01, .15
Estimated yr to onsetg NA NA 15.8 � 7.8 NA NA
TFC NA 11.3 � 3.0 12.9 � 0.2 12.1 � 0.9 6.4 � 3.5 NA, NA, .004, �.001,
UHDRS-TMS NA 20.6 � 20.7 1.4 � 1.5 23.6 � 14.2 50.5 � 8.3 NA, NA, �.001, �.001,
UHDRS-Cogscore NA 220.6 � 112.8 323.9 � 48.4 189.4 � 66.1 65.8 � 60.2 NA, NA, �.001, �.001,
Apathy scoreh NA 4.9 � 5.3 2.5 � 3.7 4.6 � 5.4 9.8 � 4.7 NA, NA, � .2, .03
FAS NA 28.5 � 17.3 43.6 � 12.4 22.7 � 12.3 9.7 � 6.4 NA, NA, �.001, .01
SDMT NA 35.1 � 20.1 54.7 � 8.4 27.7 � 12.9 9.8 � 8.1 NA, NA, �.001, .001
Semantic fluency NA 16.4 � 7.0 23.0 � 4.2 14.3 � 3.5 7.1 � 3.3 NA, NA, �.001, .001
Stroop Color NA 51.6 � 28.9 75.5 � 20.6 44.3 � 17.8 16.8 � 19.5 NA, NA, �.001, .01
Stroop Word NA 71.9 � 34.5 99.2 � 19.1 68.1 � 21.7 22.0 � 22.4 NA, NA, �.001, .001
TMT (parts B-A) NA �4.6 � 8.0 0.3 � 0.7 �3.6 � 5.1 �17.6 � 8.5 NA, NA, .008, .004
TMT cognitive flexibility NA 1.5 � 1.4 1.1 � 1.1 2.0 � 1.4 1.0 � 1.4 NA, NA, .07, .15

Note:—NA indicates not available; TFC, Total Functional Capacity; TMS, Total Motor Score; Cogscore, Cognitive Score; FAS, F-A-S test of verbal fluency.
a Values are expressed as mean � standard deviation.
b CN vs HD.
c CN vs preHD.
d PreHD vs earlyHD.
e EarlyHD vs midadvHD.
f DBS � 9.
g Derived from 10.
h Derived from 23.
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cant differences were found across groups in terms of subcortical

volumetric and MD measures. Patients with preHD showed lower

subcortical volumes than CN in all the regions considered. They

also showed increased MD in all these regions except in the palli-

dum, left amygdala, right accumbens, and right thalamus. Pa-

tients with earlyHD showed lower subcortical volumes than those

with preHD except for the left accumbens, bilateral amygdala, and

bilateral thalamus and hippocampus; and subcortical diffusivity

was increased in the striatum and left thalamus.

Finally, On-line Table 2 illustrates a set of exploratory corre-

lations between imaging indicators and clinical information

within the preHD and earlyHD groups. CN and midadvHD were

not considered in this analysis due to missing information and

massive atrophic and clinical deterioration, respectively. In On-

line Table 3, these correlations were controlled for caudate atro-

phy to identify independent contributions of cortical degenera-

tion to clinical indicators.

Diffusivity abnormalities showed good correlations with pre-

clinical indicators of disease progression (DBS, estimated years to

onset) and also with motor, cognitive, and neuropsychiatric sta-

tus. Volumetric and Cth degeneration showed a much lower

number of significant associations with clinical indicators, espe-

cially within the preHD group. Topographically, clinical-imaging

associations were not restricted to frontostriatal territories. Even

after controlling for caudate atrophy, significant clinical-imaging

correlations were found in a large number of frontotemporo-

parieto-occipital clusters and extrastriatal subcortical regions (eg,

thalamus, hippocampus).

DISCUSSION
In this work, we characterized cortical microstructural changes

across Huntington disease stages using intracortical diffusivity, a

promising image-derived indicator of early neurodegeneration

within the cerebral cortex. We found

that clinical deterioration in this popu-

lation concurred with progressive corti-

cal thinning and increases in diffusivity.

Additionally, as expected, concomitant

subcortical impairment along disease

stages was also revealed by both imaging

modalities.

Of particular note among our find-

ings was the widespread increase in in-

tracortical diffusivity that was already

evidenced in individuals with premani-

fest HD with respect to the control

group, even in regions with preserved

cortical thickness. This imaging indica-

tor has been suggested to reflect an in-

cipient neural loss within the cerebral

cortex.4 Most important, MD values at

the identified cortical regions correlated

with inherent markers of disease pro-

gression (DBS, estimated years to onset)

and with motor and cognitive measures.

From an imaging perspective, because

cortical thinning was not detected in

most of these regions, these results suggest that intracortical MD

may outperform Cth at tracking early cortical neurodegeneration

in HD. In addition, because both subcortical MD and volumetric

information appropriately characterized disease progression in

our sample, MD indicators show the potential for use in clinical

trials. Furthermore, the fact that we observed a substantial cortical

compromise in patients with earlyHD strongly suggests that future

neuroimaging studies should look beyond subcortical alterations be-

cause analyses only restricted to those regions (such as14-16) may

overlook some important contributions of cortical degeneration in

the HD phenotype.

From a clinical point of view, identifying early cortical and

subcortical degeneration beyond frontostriatal territories might

contribute to a better understanding of clinical manifestations in

HD. We observed an association between cognitive performance

(UHDRS-Cognitive Score, Stroop, and SDMT) and imaging in-

dicators in key brain regions such as the entorhinal cortex, precu-

neus, and hippocampus. Most important, the compromise of

these key brain regions was previously evidenced in the neuroim-

aging analyses. These results suggest that even in early disease

stages, the ongoing neurodegeneration in HD impacts important

brain circuitry beyond frontostriatal areas. In this vein, this early

cortical microstructural compromise probably leads to functional

connectivity or white matter abnormalities, which have been pre-

viously related to clinical manifestations in HD.17-19 Taken to-

gether, our findings reinforce the need to consider HD as a whole-

brain neurodegenerative disease even from its early stages, as

evidenced by the diffuse cortical damage observed in individuals

with premanifest HD. Most interesting, early cortical deteriora-

tion may underlie the onset of cognitive and neuropsychiatric

symptoms in HD.

From a biologic perspective, a first point to note is that we did

not find imaging evidence of neuroinflammation in HD because

FIGURE. Differences in intracortical MD and cortical thickness across HD stages with respect to
CN, using age, sex, and education as covariates of no interest (P � .05 family-wise error).
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no brain region showed a decrease in cortical diffusivity.20,21 Nev-

ertheless, the specific pathologic mechanisms responsible for

early cortical damage in HD need further assessment. In this con-

text, PET imaging using mutant huntingtin tracers could help to

disentangle whether this abnormal protein aggregates and dam-

ages the cerebral cortex or whether cortical deterioration is driven

by a parallel and partially independent pathologic pathway.22

The main strength of this study is the use of a multimodal

surface-based imaging approach that includes PVC-MD assess-

ment, a promising indicator of early cortical degeneration. Addi-

tionally, we were able to characterize the clinical-imaging contin-

uum of a well-characterized HD sample.

The study has 2 main limitations, the first of which is the

relatively low number of patients and a control group that lacked

a detailed cognitive assessment. The second limitation is that

cross-sectionality and exploratory clinical-imaging correlations

could hinder the interpretation of our results.

CONCLUSIONS
The early widespread increase in diffusivity within the cerebral

cortex of patients with HD correlated with clinical indicators of

disease progression. Our results provide further evidence of con-

comitant corticostriatal degeneration in HD, which contributes

to our understanding of its phenotype and may have clinical and

therapeutic implications.
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ORIGINAL RESEARCH
ADULT BRAIN

Usefulness of the Delay Alternating with Nutation for Tailored
Excitation Pulse with T1-Weighted Sampling Perfection with
Application-Optimized Contrasts Using Different Flip Angle

Evolution in the Detection of Cerebral Metastases: Comparison
with MPRAGE Imaging

X D. Kim, X Y.J. Heo, X H.W. Jeong, X J.W. Baek, X J.-Y. Han, X J.Y. Lee, X S.-C. Jin, and X H.J. Baek

ABSTRACT

BACKGROUND AND PURPOSE: Contrast-enhanced T1-weighted sampling perfection with application-optimized contrasts by using
different flip angle evolution (SPACE) with the delay alternating with nutation for tailored excitation (DANTE) pulse could suppress the
blood flow signal and provide a higher contrast-to-noise ratio of enhancing lesion-to-brain parenchyma than the MPRAGE sequence. The
purpose of our study was to evaluate the usefulness of SPACE with DANTE compared with MPRAGE for detecting brain metastases.

MATERIALS AND METHODS: Seventy-one patients who underwent contrast-enhanced SPACE with DANTE and MPRAGE sequences and
who were suspected of having metastatic lesions were included. Two neuroradiologists determined the number of enhancing lesions, and
diagnostic performance was evaluated using figure of merit, sensitivity, positive predictive value, interobserver agreement, and reading
time. Contrast-to-noise ratiolesion/parenchyma and contrast-to-noise ratiowhite matter/gray matter were also assessed.

RESULTS: SPACE with DANTE (observer one, 328; observer two, 324) revealed significantly more small (�5 mm) enhancing lesions than
MPRAGE (observer one, 175; observer two, 150) (P � 0.001 for observer 1, P � .0001 for observer 2). Furthermore, SPACE with DANTE showed
significantly higher figure of merit and sensitivity and shorter reading time than MPRAGE for both observers. The mean contrast-to-noise
ratiolesion/parenchyma of SPACE with DANTE (52.3 � 43.1) was significantly higher than that of MPRAGE (17.5 � 19.3) (P � .0001), but the mean
contrast-to-noise ratiowhite matter/gray matter of SPACE with DANTE (�0.65 � 1.39) was significantly lower than that of MPRAGE (3.08 � 1.39)
(P � .0001).

CONCLUSIONS: Compared with MPRAGE, SPACE with DANTE significantly improves the detection of brain metastases.

ABBREVIATIONS: CE � contrast-enhanced; CNR � contrast-to-noise ratio; DANTE � delay alternating with nutation for tailored excitation; FOM � figure of merit;
JAFROC � jackknife free-response receiver operating characteristic; SPACE � sampling perfection with application-optimized contrasts by using different flip angle
evolution

The incidence and prevalence of brain metastases are increas-

ing due to their early detection using advanced imaging tech-

niques and median survival is increasing because of improved

therapies.1 Accurate diagnosis of brain metastasis before treat-

ment is important because therapeutic planning is dependent on

the presence and number of metastatic lesions. Early detection of

brain metastases is also important for prognosis because the local

control rate is significantly higher for small metastatic lesions

(�10-mm diameter) treated using radiosurgery.2,3 Contrast-en-

hanced (CE) 3D T1-weighted scanning shows higher sensitivity

than 2D T1-weighted enhanced scanning for the detection of

small brain metastases and has been used more frequently for the

evaluation of brain metastases.4,5

The 3D CE T1-weighted images provide submillimeter reso-

lution and are appropriate for the evaluation of small metastases.

However, 3D CE gradient-echo images have a limitation that may

mimic the normal enhancing vessels as small metastatic lesions,

particularly in regions close to the cortices or sulci.6 In contrast to

3D gradient-echo images, 3D CE spin-echo images incorporate

blood suppression and make it easy to differentiate blood sig-

nals from enhanced tumors, particularly for small lesions.7-9

Thus, 3D spin-echo images demonstrate contrast-enhancing

lesions more clearly than gradient-echo images, resulting in

improved detection.10

However, sampling perfection with application-optimized

contrasts by using different flip angle evolution (SPACE se-
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quence; Siemens, Erlangen, Germany) alone is not sufficient for

evaluation of enhancing lesions because residual blood signals can

occasionally be mistaken for these lesions. Thus, black-blood im-

aging has been used to nullify the signal of blood flow in the

evaluation of brain metastases. A few studies9,11,12 using black-

blood imaging have shown improved diagnostic performance for

the detection of brain metastases due to a higher contrast-to-noise

ratio (CNR). A 3D black-blood imaging method, delay alternat-

ing with nutation for tailored excitation (DANTE), is an advanced

technique. It can suppress the residual blood flow, which is in-

completely suppressed by SPACE.13 No previous study has used

the DANTE preparation pulse in the evaluation of brain metasta-

sis, to our knowledge. We hypothesized that the combination of

DANTE preparation and the inherent black-blood effect due to

SPACE may be advantageous for the detection of contrast-en-

hancing lesions in the brain parenchyma. Thus, the purpose of

our study was to evaluate the usefulness of SPACE with DANTE in

the detection of brain metastases compared with MPRAGE

imaging.

MATERIALS AND METHODS
Patient Population
This study was approved by the institutional review board of Inje

University Busan Paik Hospital, and the need for informed con-

sent was waived. Between May 2018 and January 2019, three hun-

dred fifty-eight patients with pathologically-proved primary can-

cer underwent 3D CE T1-weighted MR imaging using the SPACE

with DANTE and MPRAGE sequences in the same imaging ses-

sion for evaluation of brain metastases. The diagnoses of the brain

metastases were based on previous and follow-up MR imaging

findings determined in consensus by 2 experienced neuroradiolo-

gists, one with 19 years and one with 4 years of experience in

neuroimaging, who did not participate in image analysis. Brain

metastases were determined according to the following criteria: 1)

newly occurring enhancing lesions or an increase in size of the

existing lesions at follow-up MR imaging or a decrease in size or

disappearance after treatment; 2) what appeared as a lesion not

being a normal enhancing structure or an artifact; and 3) con-

trast-enhancing lesions located in the brain parenchyma. Con-

trast-enhancing lesions that were visualized on only 1 sequence

were also evaluated. We considered these as false-positive le-

sions, and the possible causes were recorded. Patients who ex-

hibited no enhancing lesions (n � 200), those who exhibited

enhancing lesions but did not undergo follow-up MR imaging

(n � 58), and those who had leptomeningeal metastasis (n �

29) were excluded. Finally, 71 patients with a mean age of 64.3

years (age range, 40 – 84 years; 46 men and 25 women) were

included. The diagnoses of primary tumors were lung cancer

(n � 53), breast cancer (n � 8), colon cancer (n � 2), prostate

cancer (n � 2), renal cell cancer (n � 1), gastric cancer (n � 1),

ovarian cancer (n � 1), endometrial cancer (n � 1), uterine

cervix cancer (n � 1), and external auditory canal tumor (n �

1); 540 enhancing lesions were designated as brain metastases,

and 28 enhancing lesions were detected on either of the two

3D-enhanced sequences. The median interval between the ini-

tial and follow-up MR imaging was 115.0 days (range,

26�2061 days).

MR Imaging Protocol
All studies were performed using a 3T MR imaging scanner (Mag-

netom Skyra; Siemens, Erlangen, Germany) and a 64-channel

head coil. After we obtained routine precontrast images using

axial fluid-attenuated inversion recovery, T2-weighted, T1-

weighted, gradient-echo, 3D SPACE, and 3D MPRAGE images

with fat suppression were obtained immediately following

intravenous administration of 0.1 mmol/kg body weight of

Dotarem (gadoterate meglumine; Guerbet, Aulnay-sous-Bois,

France). The scan parameters of postcontrast MR imaging were as

follows for SPACE with DANTE imaging: TR, 800 ms; TE,

15 ms; flip angle, variable; fat suppression, Fat-Sat (chemical shift

selective suppression); parallel acquisition techniques factor, 2;

FOV, 230 � 230; bandwidth, 422 Hz/pixel; matrix, 320 � 320;

number of slices, 240; echo spacing, 4.88 ms; voxel size, 0.72 �

0.72 � 0.72 mm; scan time, 5 minutes 54 seconds; DANTE prep-

aration pulse were applied; for MPRAGE imaging: TR, 2200 ms;

TE, 3.05 ms; flip angle, 9°; fat suppression, water excitation; par-

allel acquisition techniques factor, 2; FOV, 230 � 230; bandwidth,

260 Hz/pixel; matrix, 320 � 320; number of slices, 240; echo spac-

ing, 8.8 ms; voxel size, 0.72 � 0.72 � 0.72 mm; flip angle, 9°; scan

time, 5 minutes 32 seconds. We obtained sagittal planes covering

the whole brain for the SPACE and MPRAGE imaging to reduce

the scan time. We performed SPACE with DANTE and MPRAGE

sequences in alternative order by random distribution to avoid

timing bias, which can increase contrast agent uptake due to the

delay after injection. The order of sequences was the following:

SPACE with DANTE followed by MPRAGE in 32 patients and

MPRAGE followed by SPACE with DANTE in 39 patients.

Image Analysis

Determination of Metastatic Lesions. Two neuroradiologists, one

with 5 years of experience and one with 1 year of experience in neu-

roimaging, independently evaluated the presence of brain metastases

using SPACE with DANTE and MPRAGE imaging with a 4-week

interval to minimize any learning bias. One observer evaluated

SPACE with DANTE followed by MPRAGE, and another observer

evaluated MPRAGE followed by SPACE with DANTE. Both observ-

ers reported all enhancing lesions in the brain parenchyma, except

for the normal anatomic structures or artifacts. The metastatic le-

sions were classified into 2 groups by lesion size: large (�5 mm) and

small (�5 mm). Both observers also reported the level of confidence

of metastatic lesions at each location on a rating scale (ranging from

a lowest confidence level of 0 to a highest confidence level of 100), and

the reading time of each case was recorded.

Evaluation of Image Quality. We evaluated and compared the CNR

of lesions with normal parenchyma (CNRlesion/parenchyma) and the

CNR of white matter with gray matter (CNRwhite matter/gray matter)

among the SPACE with DANTE and MPRAGE images. For evalua-

tion of CNRlesion/parenchyma, we selected homogeneous, solid en-

hancing lesions of �5 mm and excluded rimlike enhancing le-

sions due to the difficulty in drawing the ROI. The CNR of

enhancing lesions was calculated according to Kammer et al6:

CNRlesion/parenchyma � (SIlesion � SIparenchyma)/SDparenchyma.
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We calculated the CNR for differentiating the gray and white

matter as follows:

CNRwhite matter/gray matter � (SIwhite matter � SIgray matter)/SDwhite matter.

Here, SI denotes the mean signal intensity of the ROI, and SD

denotes the standard deviation of noise. To the extent possible, we

endeavored to ensure identical size and location while drawing

the ROI of each sequence, with side-by-side comparison of the

two 3D-enhanced sequences and occasional use of zooming. For

determining the SI and SD of the parenchyma, the ROIs were

placed in the adjacent parenchyma because of inhomogeneous

noise distribution in parallel imaging14 and included both white

matter and gray matter. The ROIs of white matter were placed at

the genu of the corpus callosum, and the ROIs of gray matter were

placed at the head of the normal caudate nucleus. Every ROI of

normal parenchyma, white matter, and gray matter measured

22.73 mm2. Every ROI of enhancing le-

sions was placed at the center of the

lesion, to the extent possible, by 1 neu-

roradiologist (one with 5 years of ex-

perience), and the area of the ROI was

dependent on lesion size, varying be-

tween 3.72 and 22.73 mm2.

Statistical Analysis
All statistical analyses were performed

using SAS, Version 9.4 (SAS Institute,

Cary, North Carolina). The variables are

presented as number or mean � SD.

For evaluation of the diagnostic per-

formance of each observer in each

reading session, we used figure of

merit (FOM) derived from the jack-

knife free-response receiver operating

characteristic (JAFROC) analysis

with method 1 of Chakraborty and

Berbaum.11,12,15,16 A free software

JAFROC analysis package is available

at http://www.devchakraborty.com.

The paired t test was used to compare

the number of lesions, CNR, and read-

ing time between SPACE with DANTE

and MPRAGE. The sensitivity and posi-

tive predictive value of different MR

images were calculated using a 2-way con-

tingency table. P values � .05 were consid-

ered statistically significant. Interobserver

agreement for each MR image was calcu-

lated using � statistics; 0–0.20, 0.21–0.40,

0.41–0.60, 0.61–0.80, and 0.81–1.00 were

regarded as slight, fair, moderate, substan-

tial, and almost perfect agreement, respec-

tively, based on the Landis and Koch

method.17

RESULTS
Diagnostic Performance of the
MR Images

SPACE with DANTE (observer one, 328; observer two, 324) re-

vealed significantly more small (�5 mm) enhancing lesions in the

brain parenchyma than MPRAGE (observer one, 175; observer

two, 150) (P � .0006 for observer 1, P � .0001 for observer 2)

(Figs 1 and 2 and Table 1). In the detection of lesions of �5 mm,

SPACE with DANTE (observer one, 186; observer two, 188) also

revealed more enhancing lesions than MPRAGE (observer one,

168; observer two, 169), but this difference failed to reach statis-

tical significance. Moreover, SPACE with DANTE showed higher

sensitivity than MPRAGE for the detection of brain metastases,

regardless of the lesion size (Fig 3). Both SPACE with DANTE and

MPRAGE showed almost perfect interobserver agreement (� �

0.99 for SPACE with DANTE and 0.98 for MPRAGE for lesions

smaller than 5 mm; � � 0.99 for SPACE with DANTE and 0.98 for

MPRAGE for lesions of �5 mm) for the detection of brain me-

tastases, regardless of lesion size. The FOM of SPACE with

FIG 1. MR images of a 62-year-old male patient with lung cancer. Contrast-enhanced SPACE with
DANTE (A) clearly shows a focal enhancing lesion in the left pons (arrow), but this is barely visible
in MPRAGE (B). However, this lesion was accompanied by signal changes in the precontrast 2D
T1-weighted (C) and FLAIR images (D) and an increase in size on follow-up MR imaging after 3
months (E).

FIG 2. MR images of a 54-year-old male patient with lung cancer. Contrast-enhanced SPACE with
DANTE (A) clearly shows two enhancing lesions in the right parietal lobe (arrow and arrowhead).
One enhancing lesion is clearly visible (arrow), but the other enhancing lesion at the posterior
aspect (arrowhead) is poorly visible on MPRAGE (B). However, this lesion has increased (arrow-
head) in size and shows increased enhancement on the follow-up MR imaging 3 months later (C).
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DANTE was significantly higher than

that of MPRAGE for both observers in

the detection of lesions smaller than 5

mm (P � .0017) (Table 2). However, the

FOM was not significantly different be-

tween the 2 sequences in the detection of

lesions of �5 mm (P � .1762).

SPACE with DANTE revealed more

false-positive findings (n � 18) due to

incomplete vessel suppression (n � 15)

(Fig 4) and flow-related artifacts (n � 3).

On MPRAGE (n � 10), the causes for

the false-positive findings were vascular

structures (n � 9) and flow-related arti-

facts (n � 1). However, these findings

were not significantly different between

the two 3D-enhanced MR images. The

average reading time of SPACE with

DANTE (observer one, 45.4 � 31.7 sec-

onds; observer two, 53.7 � 21.5 sec-

onds) was significantly shorter than that

of MPRAGE for both observers (ob-

server one, 73.0 � 54.1 seconds; ob-

server two, 72.0 � 22.8 seconds) (P �

.0001).

Evaluation of Image Quality
A total of 51 patients who exhibited ho-

mogeneous, solid enhancing lesions of

�5 mm were evaluated. The mean

CNRlesion/parenchyma of SPACE with

DANTE (52.3 � 43.1) was significantly

higher than that of MPRAGE (17.5 � 19.3)

(P � .0001) (Table 3 and Fig 5). However,

the mean CNRwhite matter/gray matter of

SPACE with DANTE (�0.65 � 1.39) was

significantly lower than that of MPRAGE

(3.08 � 1.39) (P � .0001).

DISCUSSION
We compared the diagnostic perfor-

mance of CE 3D-SPACE with DANTE

and MPRAGE for detecting brain me-

tastases. The SPACE with DANTE se-

quences showed significantly higher

sensitivity than the MPRAGE sequences,

especially for smaller lesions (�5 mm),

and they also showed higher interob-

server agreement than the MPRAGE sequences. The SPACE with

DANTE sequences showed improved arterial and venous blood

suppression compared with SPACE alone.7,13 Moreover, DANTE

can supplement this suppression using the gradient pulse in the

phase-encoding direction.13,18 It also suppresses the signal due

to slow blood flow, which is incompletely suppressed by

SPACE.13,19 In addition, SPACE generates intravoxel dephas-

ing and helps maintain the black-blood effect that DANTE

cannot sustain during the readout period.13 These factors may

simplify the reading process; thus, the reading time of SPACE

FIG 3. Minute and faint enhancing lesions at the left frontal and occipital lobes were missed by
observer 2 (A). A left frontal lesion also shows faint enhancement on sagittal and coronal recon-
structed MPRAGE images (B and C). However, these enhancing lesions show more prominent
enhancement on SPACE with DANTE (D) and increased size on the follow-up MR imaging (E) 4
months later.

Table 1: Comparison of lesion detectability according to lesion size
SPACE with DANTE MPRAGE P Value

Lesion diameter �5 mm
Observer 1

No. of lesionsa 328 (4.39 � 7.54) 175 (2.96 � 5.13) .0006
Sensitivity (%)b 87.4 49.4
PPV (%)b 98.1 95.6

Observer 2
No. of lesionsa 324 (4.50 � 7.52) 150 (2.76 � 5.20) �.0001
Sensitivity (%)b 86.86 51.14
PPV (%)b 97.8 98.4

ICCc 0.99 0.98
Lesion diameter �5 mm

Observer 1
No. of lesionsa 186 (2.62 � 4.51) 168 (2.37 � 3.52) .0978
Sensitivity (%)b 94.74 85.79
PPV (%)b 96.77 97.02

Observer 2
No. of lesionsa 188 (2.65 � 4.37) 169 (2.38 � 3.92) .0531
Sensitivity (%)b 95.26 87.37
PPV (%)b 96.28 98.22

ICCc 0.99 0.98

Note:—ICC indicates intraclass correlation coefficient; PPV, positive predictive value.
a Data represent the number (mean). Values were compared using paired t tests.
b Values were calculated using a 2-way contingency table.
c Values were calculated using � statistics.

Table 2: Comparison of FOM according to lesion sizea

SPACE with
DANTE MPRAGE P Value

Lesion diameter �5 mm
Observer 1 0.904 0.698
Observer 2 0.861 0.702
Mean � SD 0.882 � 0.023 0.700 � 0.038 .0017

Lesion diameter �5 mm
Observer 1 0.957 0.921
Observer 2 0.943 0.928
Mean � SD 0.950 � 0.013 0.925 � 0.014 .1762

a Data for observers 1 and 2 are mean value of FOM data compared between SPACE
with DANTE and MPRAGE.
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with DANTE was significantly shorter than that of MPRAGE

for both observers.

We measured the CNR of enhancing lesions for both SPACE

with DANTE and MPRAGE images using the following formula:

CNRlesion/parenchyma � (SIlesion � SIparenchyma)/SDparenchyma. Our

study showed that the CNRlesion/parenchyma of SPACE with

DANTE is higher than that of MPRAGE. This finding is in agree-

ment with those of previous studies,6,11,20 which showed lower

contrast enhancement of gradient-echo images than of spin-echo

images and higher CNRlesion/parenchyma of SPACE images than of

MPRAGE images. Previous studies4,8,10 have provided several

reasons for the better detection of contrast-enhancing lesions us-

ing the spin-echo sequence than using the gradient-echo se-

quence. Previous studies10,20,21 suggested that the higher CNR of

enhancing metastatic lesions to the normal parenchyma of the

spin-echo sequence than of the gradient-echo sequence con-

tributes to the higher detectability of metastatic lesions. Our

result that the CNR of SPACE with DANTE is higher than that

of MPRAGE is consistent with the findings of previous stud-

ies.10,20,21 The higher magnetization transfer effect of SPACE

than MPRAGE has been suggested as another factor influenc-

ing its higher detection accuracy.8,22 A variable flip angle,

which might be introduced as off-resonance pulses, induces

magnetization transfer effects. It preferentially reduces the sig-

nal from the brain parenchyma, especially from white matter,

rendering enhancing lesions more outstanding. However,

SPACE alone is not sufficient for the evaluation of enhancing

lesions because residual blood signal can occasionally be mis-

taken for enhancing lesions.

Therefore, black-blood modules have been used for evalu-

ation of brain metastases. A few studies9 have evaluated the

detectability of brain metastasis using 3D CE MR imaging with

the black-blood module, but no study has used the DANTE

preparation pulse in the evaluation of brain metastasis. A pre-

vious study18 suggested that DANTE preparation is a promis-

ing black-blood module that offers a higher signal-to-noise

ratio and allows a shorter acquisition time than other types of

black-blood modules, such as double inversion recovery or

motion-sensitive driven equilibrium preparation modules.

Our findings are in agreement with those of Park et al,9 who

detected significantly more small lesions using the CE 3D

black-blood single slab turbo spin-echo sequence than using

the CE MPRAGE sequence. They found no significant differ-

ences in the detection of larger enhancing lesions (�5 mm),

and this finding is in agreement with that of our study.

We could recognize the enhancing lesions more easily using

SPACE with DANTE than by using MPRAGE, and the result of

our study that SPACE with DANTE required a shorter reading

time than MPRAGE for both observers supports this finding. This

finding is consistent with those of previous studies that analyzed

the reading time.11,12 The FOM of SPACE with DANTE was sig-

nificantly higher than that of MPRAGE for both observers in the

detection of lesions of �5 mm in our study. A previous study8

reported that SPACE images showed significantly higher diagnos-

tic performance than MPRAGE images, regardless of the observ-

er’s experience in neuroradiology. However, Kakeda et al4 re-

ported no evident difference in the conspicuity of the enhancing

lesions between spin-echo and gradient-echo images in a lesion-

by-lesion comparison. This is probably because 3D gradient-echo

images and 2D spin-echo images were compared, unlike in our

study.

SPACE with DANTE revealed more false-positive lesions than

MPRAGE, and 83.3% of these were caused by incomplete

FIG 4. Contrast-enhanced SPACE with DANTE (A and B) shows a focal, linear enhancing lesion in the right parietal lobe. However, we could easily
recognize this as a false-positive finding caused by incomplete vessel suppression on MPRAGE images (C and D).

Table 3: CNRlesion/parenchyma and CNRwhite matter/gray matter of
SPACE with DANTE and MPRAGEa

SPACE with
DANTE MPRAGE P Value

CNR (n � 51)
Lesion/parenchyma 52.3 � 43.1 17.5 � 19.3 �.0001
White matter/gray matter �0.65 � 1.39 3.08 � 1.39 �.0001

a Data are presented as means. Values were calculated using paired t tests.

FIG 5. The CNRlesion/parenchyma of SPACE with DANTE (8.62) (A) was
higher than that of MPRAGE (3.49) (B).
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suppression of the blood flow. This finding is consistent with a

previous study23 reported that CE-SPACE showed more false-

positive findings than MPRAGE. The variable flip angle of the

SPACE sequence imperfectly suppresses the vascular signal and

could lead to misinterpretation of the remaining vessels as a met-

astatic lesion. Furthermore, turbo spin-echo motion-sensitive

driven equilibrium11 shows more false-positive lesions than the

non-motion-sensitive driven equilibrium sequence due to in-

complete blood flow suppression of small peripheral vessels, and

these findings hamper interpretation. However, we could easily

recognize these structures as false-positive lesions by considering

multiplanar reconstruction and MPRAGE images. This method

has already been confirmed by a previous study,11 which de-

creased the false-positive rate and preserved diagnostic perfor-

mance. Kato et al8 also reported several false-positive events, but

the causes were different from those identified in our study. None

of the venous sinuses or choroid plexuses were misdiagnosed as

metastasis in our study.

Our study has several limitations. First, this study was ret-

rospective in design. Second, pathologic confirmation of all

metastatic lesions was not possible because patients with mul-

tiple brain metastases usually do not undergo an operation.

Third, we could not include SPACE without a DANTE pulse

due to its limited acquisition time. However, a previous

study13 has already shown the improved suppression of arterial

and venous blood using SPACE with DANTE compared with

SPACE. Another study11 using turbo spin-echo motion-sensi-

tive driven equilibrium showed that it achieves better blood

vessel suppression than non-turbo spin-echo motion-sensitive

driven equilibrium, with a similar CNR. Nevertheless, further

studies comparing SPACE without DANTE and SPACE with

DANTE are needed and may support our results. Finally, in the

present study, the observers were not blinded to the type of MR

images because the differentiation of gray and white matter

was evidently different between the 2 sequences.

CONCLUSIONS
Using SPACE with DANTE could improve the diagnostic per-

formance for brain metastases; this approach also has almost

perfect interobserver agreement. Compared with MPRAGE,

SPACE with DANTE significantly improves the detection of

brain metastases, particularly of those of �5 mm, without sig-

nificantly increasing the false-positive rate. This information

should be considered in the development of optimal brain tu-

mor imaging protocols.
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ORIGINAL RESEARCH
ADULT BRAIN

Comparison of Unenhanced and Gadolinium-Enhanced
Imaging in Multiple Sclerosis: Is Contrast Needed for Routine

Follow-Up MRI?
G. Sadigh, A.M. Saindane, A.D. Waldman, N.S. Lava, and R. Hu

ABSTRACT

BACKGROUND AND PURPOSE: Gadolinium enhanced MRI is routinely used for follow-up of patients with multiple sclerosis. Our
aim was to evaluate whether enhancing multiple sclerosis lesions on follow-up MR imaging can be detected by visual assessment
of unenhanced double inversion recovery and FLAIR sequences.

MATERIALS AND METHODS: A total of 252 consecutive MRIs in 172 adult patients with a known diagnosis of multiple sclerosis
were reviewed. The co-presence or absence of associated double inversion recovery and FLAIR signal abnormality within contrast-
enhancing lesions was recorded by 3 neuroradiologists. In a subset of patients with prior comparisons, the number of progressive
lesions on each of the 3 sequences was assessed.

RESULTS: A total of 34 of 252 MRIs (13%) demonstrated 55 enhancing lesions, of which 52 (95%) had corresponding hyperintensity
on double inversion recovery and FLAIR. All lesions were concordant between double inversion recovery and FLAIR, and the 3
enhancing lesions not visible on either sequence were small (<2mm) and cortical/subcortical (n = 2) or periventricular (n = 1). A
total of 17 (22%) of the 76 MRIs with a prior comparison had imaging evidence of disease progression: Ten (59%) of these showed
new lesions on double inversion recovery or FLAIR only, 6 (35%) showed progression on all sequences, and 1 (6%) was detectable
only on postcontrast T1, being located in a region of confluent double inversion recovery and FLAIR abnormality.

CONCLUSIONS: There was a high concordance between enhancing lesions and hyperintensity on either double inversion recovery
or FLAIR. Serial follow-up using double inversion recovery or FLAIR alone may capture most imaging progression, but isolated
enhancing lesions in confluent areas of white matter abnormality could present a pitfall for this approach.

ABBREVIATIONS: CAD ¼ computer-assisted detection; DIR ¼ double inversion recovery; DMT ¼ disease-modifying therapy

Multiple sclerosis affects approximately 727,324 individuals
in the United States.1 Adherence to imaging follow-up is

key to obtaining optimal clinical outcomes in patients with MS.2

Routine imaging follow-up, in particular, is important to guide
therapy.3,4 MR imaging is currently the most sensitive available
tool for monitoring inflammatory disease activity in patients with
MS. Clinical assessments usually underestimate disease activity
and burden compared with MRI.3 In addition, concordance
between the clinical examination and MR imaging is essential for
distinguishing frank relapses from pseudorelapses.

Brain MR imaging is recommended before the initiation or

modification of disease-modifying therapies (DMTs) and approx-

imately 6months after a treatment change to allow sufficient time

for new therapies to reach their therapeutic potential.3 Continued

or worsening disease activity on MR imaging while the patient is

on a DMT may prompt a change in therapy because it is indica-

tive of a suboptimal therapeutic response.5-7 Additionally, many

new lesions, especially those outside the more functionally elo-

quent regions of the brain, may be clinically silent.3 Therefore,

for relapsing forms of MS, a follow-up brain MR imaging should

be considered annually for at least the first 2–3 years after starting

therapy or switching DMTs. More frequent surveillance may be

indicated in clinically aggressive cases or unusual patterns of

MR imaging lesions (eg, tumefactive MS).3 Finally, high-risk

patients should have surveillance MR imaging performed every

3–6months to assess progressive multifocal leukoencephalopathy.8

In the current routine clinical practice, the follow-up MR
imaging for MS is performed by using intravenous gadolinium
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contrast. This is mainly due to prior studies reporting higher sen-
sitivity of postcontrast MR imaging in detecting new MS
lesions.9 However, with higher MR imaging magnet strength
and new imaging sequences such as double inversion recovery
(DIR), a sequence more sensitive to cortical and infratentorial
lesions than FLAIR, this approach needs to be assessed and
modified. Recent studies suggest that the use of contrast mate-
rial at follow-up MR imaging does not change the diagnosis of
interval disease progression in patients with MS.10-13 Most of
these studies have used subtraction10 or computer-assisted
detection (CAD)11 techniques to identify new MS lesions on 3D
FLAIR10,11 or DIR sequences.10 This use is especially timely
given growing concerns about deposition of free gadolinium in
the brain and other organs after using gadolinium-based con-
trast agents.14-16 Furthermore, MS commonly affects popula-
tions 20–40 years of age17 with approximately 40 years of life
expectancy,18 which translates into these patients undergoing
>40 MR imaging examinations over the course of their disease.

However, the generalizability of the CAD approach is limited
because such technologies are not yet widely available in most
institutions and can be difficult to incorporate into a routine clin-
ical workflow. In the current study, we sought to evaluate
whether enhancing MS lesions on follow-up MR imaging can be
detected by visual assessment of unenhanced DIR and FLAIR
sequences. This study will provide information on identifying the
subgroup of patients with MS who would benefit from gadolin-
ium-enhanced MR follow-up imaging.

MATERIALS AND METHODS
Institutional review board approval and a waiver of informed
consent were obtained for this retrospective review. The study
was Health Insurance Probability and Accountability Act–
compliant.

Study Population
The Radiology Information System data base was searched for
consecutive patients older than 18 years of age with a clinical di-
agnosis of MS who underwent brain MR imaging using the MS
protocol at the outpatient radiology clinic of our institution
between September 2016 and April 2018. Only patients with an
established diagnosis of MS as determined by the medical record
and documented by a neurologist were included. Patients with
other coexisting conditions involving the central nervous system
(stroke, vasculitis, tumor, migraine, epilepsy, and so forth) as
determined from the medical record, history of prior neurosur-
gery, and incomplete or inadequate imaging were excluded. A
total of 313 patients were screened, and 280 patients met the ini-
tial inclusion criteria, of whom 11 were excluded due to prior
neurosurgery, 94 for coexisting conditions, and 3 for incomplete
imaging, yielding 172 patients for recruitment.

MR Imaging
All included patients were scanned on the same 3T scanner
(Magnetom Skyra; Siemens, Erlangen, Germany) using a dedicated
MS MR imaging protocol, which included precontrast volumetric
3D-DIR, axial and sagittal 2D-FLAIR, DWI, gradient recalled-
echo, postcontrast T2-weighted fast spin-echo, T1-weighted fast
spin-echo, and 3D-MPRAGE sequences. During the study

period, of the 172 patients, 111 had only 1 completed MR imag-
ing examination with adequate image quality, while 48 patients
had two, 8 patients had 3, 4 patients had 4, and one patient had 5
completed MR imaging examinations with adequate image qual-
ity, resulting in review of a total of 252 MR imaging examina-
tions. Seventy-six examinations had at least 1 prior comparison
included in the study.

For this study, we reviewed volumetric 3D-DIR (sagittal acqui-
sition with 1-mm axial reformat; section thickness, 1.4mm; FOV,
259 � 259 mm; matrix, 190 � 190; TE, 318ms; TR, 7500ms; vari-
able flip angle; echo-train length, 234), axial 2D-T2 FLAIR (axial
acquisition; section thickness, 3mm; FOV, 178� 220mm; matrix,
320 � 182; TE, 81ms; TR, 9000ms; TI, 2500ms; flip angle, 150°;
echo-train length, 16), and axial volumetric 3D postcontrast
T1-weighted MPRAGE (sagittal acquisition, 4-5minutes after
the intravenous administration of 0.1mmol/kg of gadobenate
dimeglumine [MultiHance; Bracco Diagnostics, Princeton, New
Jersey] with 1-mm axial reformats; section thickness, 0.9mm;
FOV, 240 � 240mm; matrix, 256 � 256; TE, 2.32ms; TR,
1800ms; flip angle, 8°; echo-train length, 1) sequences. The pa-
rameters for all sequences were the same in all patients.

Image Review
All images were anonymized and reviewed on a research DICOM
viewer without knowledge of the patients’ demographics, clinical
symptoms, or treatment. Three board-certified neuroradiologists
with 10, 2, and 1 year of experience postfellowship training inde-
pendently reviewed all 252 examinations. Total lesion burden on
2D-FLAIR and 3D-DIR was classified as mild (<10), moderate
(11–20), and severe (>20 or confluent). This decision was made
on the basis of the proposed contextual template for MS follow-
up MR imaging by Mamlouk et al.19 The number and locations
(cortical/juxtacortical, deep, periventricular, and infratentorial) of
enhancing lesions was documented on the basis of 3D postcon-
trast T1-weighted MPRAGE, and whether these enhancing
lesions were detectable on 3D-DIR or 2D-FLAIR by expert visual
assessment was determined. For MR imaging examinations with
a prior comparison (eg, if the patient had completed>1 examina-
tion during the study period), the reviewers also recorded the de-
velopment of interval new lesions on each of the 3 sequences and
whether this new lesion was seen on only 1 sequence or all of
them. After the initial independent review, the raters reviewed all
discrepant findings and reached a consensus if 2 of 3 raters
agreed on a finding.

Statistical Analysis
Continuous variables were reported as median and interquartile
range. Categoric variables were reported as numbers and fre-
quencies. Association among categoric variables was computed
using the Fisher exact test. Interobserver agreement was evaluated
with the interclass correlation coefficient (k). Statistical analysis
was performed using STATA/SE Release 14.2, 2018 (StataCorp,
College Station, Texas), with significance defined as P< .05.

RESULTS
Patient Demographics
A total of 172 patients were included in the study, 131 (34%)
women and 41 (24%) men, with a median age of 42 years
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(interquartile range, 32–50 years). Most patients, 160 (93%),
had relapsing-remitting MS at the time of the first included MR
imaging in our study, while 5 (3%) had primary-progressive
MS, and 7 (4%) had secondary-progressive MS. The median
time from initial symptoms to first MR imaging included in the
study was 10 years (interquartile range, 4–12 years). The median
times from initial symptoms to first MR imaging included
in the study were 11, 12, and 12 years for patients with relaps-
ing-remitting, primary-progressive, and secondary-progressive
MS, respectively. Most patients (151, 88%) were on DMTs at
the time of the first included MR imaging in our study. The 3
most common DMTs were tecfidera (n = 31), natalizumab
(Tysabri) (n=28), and glatiramer acetate injection (Copaxone)
(n=24).

Enhancing Lesions
A total of 47 MRIs (19%) had mild T2 lesion burden, while 89
(35%) and 116 (46%) had moderate and severe T2 lesion burden,
respectively (Table 1). A total of 55 enhancing lesions were pres-
ent on 34 of 252 MRIs (13%). The presence of enhancing lesions
was more common in examinations with moderate (12%) and
severe (15%) T2 lesion burden than in those with mild (6%) T2

lesion burden (Table 1). Most
enhancing lesions, 52 of 55 (95%),
were also detectable on 3D-DIR
and 2D-FLAIR. All enhancing
lesions detectable on 3D-DIR were
also detectable on 2D-FLAIR, and
vice-versa. The 3 enhancing lesions
not visible on both 3D-DIR and
2D-FLAIR sequences were all small
(<2mm), cortical/subcortical (n=2)
(Fig 1), or periventricular (n=1) and
occurred in examinations with mod-
erate (n=2) or severe lesion burden
(n=1).

The interobserver agreement (k )
for enhancing lesions also detecta-
ble on 3D-DIR and 2D-FLAIR was
0.64, consistent with substantial
agreement. However, the k for
enhancing lesions not visible on
DIR or FLAIR was 0.10, consistent
with only slight agreement.

Progression of Lesions across
Time
Seventy-six MRIs had a prior com-

parison in our study period, with a median interval of 236 days
(interquartile range, 191–367 days) between examinations. Of
these, a total of 17 (22%) had imaging evidence of progression,
defined as new lesions (either on DIR/FLAIR or enhancing) com-
pared with the most immediate prior MR imaging examination
(Table 2). The presence of enhancing lesions was associated with
new lesions on DIR and FLAIR (P < .001). Only one of these
MR imaging examinations had a new lesion that was only detect-
able on postcontrast imaging as a single enhancing lesion in a
region of confluent white matter abnormality that did not show
interval change on DIR and FLAIR (Fig 2), because the lesion
could not be differentiated from confluent periventricular white
matter signal abnormality on DIR or FLAIR. Thus, 16 of 17 cases
of progression could be detected on the basis of new DIR or
FLAIR lesions alone (sensitivity, 94%).

DISCUSSION
In this retrospective review of patients with MS with brain MR
imaging examination, our results demonstrate that most enhanc-
ing MS lesions (95%) can be identified on DIR and FLAIR
sequences obtained using a 3T scanner and when assessed visu-
ally without any CAD or subtraction system. There were only 3
small (<2mm) enhancing lesions without associated signal ab-
normality on DIR or FLAIR. This result is concordant with
Karimian-Jazi et al,13 reporting that the enhancing lesions with-
out correlates on FLAIR sequence are significantly smaller than
those with correlates. These lesions may represent early break-
down of the blood-brain barrier before development of inflam-
mation or edema.20 However, this likely represents a transient
period early in the evolution of new MS lesions, with eventual
development of concurrent T2 signal and resolution of

Table 1: The number of examinations categorized by T2 lesion burden and number of
enhancing lesions

T2 Lesion Burden

No. of MR
Imaging

Examinations

No. of MR Imaging Enhancing Lesions

At Least 10 1 2 3 4
Mild (<10 lesions) 47/252 (19%) 44 3 3/252 (6%)
Moderate (11–20 lesions) 89/252 (35%) 78 7 3 1 11/252 (12%)
Severe (>20 lesions) 116/252 (46%) 99 10 1 4 2 17/252 (15%)
Total 252 221 20 4 4 3 34/252 (13%)

Table 2: Relationship between new signal abnormality and
enhancement in patients with MS with prior comparison MR
imaging examinations available

No Enhancing
Lesion

Enhancing Lesion
Present Total

New DIR/FLAIR 10 (13%) 6 (8%) 16 (21%)
Stable DIR/FLAIR 59 (78%) 1 (1%) 60 (79%)
Total 69 (91%) 7 (9%) 76

FIG 1. 3D contrast-enhanced T1 MPRAGE (A) demonstrating a faint right frontal subcortical lesion
(arrow) not visible on 3D DIR (B) and 2D FLAIR (C).
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enhancement generally within a month.21 With imaging follow-
up frequency on the order of 6months to a year, the probability
of detecting such lesions is low, and their contribution to the
overall evaluation of lesion progression is questionable. Indeed,
when we evaluated serial imaging, only 1 of 76 examinations
demonstrated lesion progression on the basis of lesion enhance-
ment alone. In that case, the patient did not exhibit new or wor-
sening clinical symptoms, and the patient was maintained on the
existing treatment regimen, with clinical stability and resolution
of the enhancing lesion on 2 subsequent follow-ups.

Our results are consistent with and augment recent works
that used CAD11 and subtraction techiques10 by showing similar
results with standard visual assessment by neuroradiologists.
Given the high sensitivity of noncontrast imaging in detecting
lesion progression and the lack of a definitive indication to alter
clinical management even with a single small enhancing lesion,
the cost and benefit of postcontrast MR imaging for routine fol-
low-up of patients with MS should be re-evaluated. Our study is
especially important because it evaluates the role of unenhanced
DIR and FLAIR using standard visual assessment, which is likely
the routine practice in most institutions. Furthermore, it will pro-
vide information to identify the subgroup of patients who would
benefit from gadolinium-enhanced MR imaging for their follow-
upMR imaging. Perhaps, a reasonable approach might be obtain-
ing noncontrast follow-up in clinically stable patients with low-
to-moderate lesion burden and reserving contrast-enhanced MR
imaging for patients with worsening clinical symptoms or high
lesion burden (eg, in which confluent lesions may limit the evalu-
ation of T2 lesion progression). In these 2 scenarios, there is a
higher chance that an enhancing lesion may make a difference in
clinical management.

Our study is limited by retrospective methodology, small sam-
ple size, a short follow-up period, and a lower number of patients
with available serial imaging. We intended to include only scans
with the relatively recently adopted DIR sequence and to avoid
potentially confounding technical factors. Therefore, we included
only patients followed on a single 3T scanner at our outpatient
clinic, where most of the patients with MS are being scanned.
This approach limited the number of prior comparisons we could
include and also limits the generalizability of our results to other
magnet strengths. However, it is encouraging that other studies
using different sequences and scanner types found similar find-
ings. Furthermore, we did not evaluate the enhancing lesions
on postcontrast TSE sequences and used only postcontrast

MPRAGE sequences. Finally, although we evaluated the co-pres-
ence or absence of enhancing lesions (identified on 3D postcon-
trast sequences) on both 3D-DIR and 2D-FLAIR sequences and
our results were concordant, comparison of a 2D with a 3D
sequence is not optimal due to differences in section thickness. It
is possible that very small lesions may not be apparent on thick-
section 2D-FLAIR images due to volume averaging, though this
was not observed in our dataset. With growing evidence that gad-
olinium is not necessary for the evaluation of lesion progression,
the recently revised 2018 Consortium of MS Centers guidelines4

states that gadolinium-enhanced MR imaging is now optional for
the follow-up of patients with MS to detect subclinical disease ac-
tivity. We have already seen changes in the ordering pattern of
our neurologists in favor of more noncontrast imaging, and a
future prospective longitudinal study ideally including multiple
institutions comparing the differences in clinical management
and outcome of patients followed with the 2 imaging strategies
would be helpful.

CONCLUSIONS
Our results add to growing evidence in the literature showing
that the evaluation of noncontrast DIR and FLAIR sequences by
neuroradiologists can detect most MS lesion progression on fol-
low-up MR imaging examinations without intravenous contrast.
Gadolinium-enhanced MR imaging should be considered only in
select patients who may benefit from its minimally higher sensi-
tivity and in whom detection of an enhancing lesion would alter
management.
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FIG 2. 3D contrast-enhanced T1 MPRAGE (A) demonstrating a left periventricular enhancing lesion (arrow) in a region of confluent white matter
lesions that is not detectable as new between the more recent 3D-DIR (B) and 2D-FLAIR (C) and prior 3D-DIR (D) and 2D-FLAIR (E).
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BRIEF/TECHNICAL REPORT
ADULT BRAIN

Optimal Detection of Subtle Gadolinium Leakage in CSF
with Heavily T2-Weighted Fluid-Attenuated Inversion

Recovery Imaging
X W.M. Freeze, X D.N. ter Weele, X W.M. Palm, X R.W. van Hooren, X E.I. Hoff, X J.F.A. Jansen, X H.I.L. Jacobs, X F.R. Verhey, and

X W.H. Backes

ABSTRACT
SUMMARY: Pericortical enhancement on postcontrast FLAIR images is a marker for subtle leptomeningeal blood-brain barrier leakage.
We explored the optimal FLAIR sequence parameters for the detection of low gadolinium concentrations within the CSF. On the basis of
phantom experiments and human in vivo data, we showed that detection of subtle pericortical enhancement can be facilitated by using
a relatively long TE. Future studies should choose their FLAIR sequence parameters carefully when assessing pericortical enhancement due
to subtle blood-brain barrier leakage.

ABBREVIATIONS: BBB � blood-brain barrier; pc �postcontrast

Postcontrast (pc) FLAIR imaging can be applied to visualize

leakage of contrast material through the blood-brain barrier

(BBB) into the CSF.1 This technique is becoming increasingly

popular because of its superior sensitivity for detecting low gad-

olinium concentrations in CSF (but not cerebral tissue) com-

pared with pcT1WI.2 Another advantage of pcFLAIR imaging

over pcT1WI is the suppression of signal from blood containing

high gadolinium concentrations, which makes it easier to discern

leakage from leptomeningeal vessels. Previous studies have shown

contrast agent extravasation in the form of CSF enhancement

within the ventricular and/or pericortical space in various neuro-

logic and cardiovascular surgery conditions3-8 and in cognitively

healthy older individuals.2 Although the precise clinical relevance

and pathophysiology of pcFLAIR enhancement remains unclear,

it has been associated with several adverse conditions, including

hemorrhagic transformation after ischemic stroke5 and inflam-

mation and reduced cortical thickness in MS.3,4

The conspicuity of pericortical enhancement depends on the

specific contrast parameters of the pulse sequence and the time

delay from contrast agent administration to pcFLAIR acquisition.

Because BBB leakage is very subtle in many disease conditions,

low concentrations of leaked contrast agent in the CSF may be

missed by the neuroradiologist if the acquisition parameters or

postcontrast acquisition timing or both are not tailored to ac-

count for BBB leakage. We explored the optimal FLAIR sequence

parameters at 3T MR imaging to visualize low gadolinium con-

centrations within the CSF space using phantom experiments.

Subsequently, we compared a regular pcFLAIR sequence with an

optimized heavily T2-weighted pcFLAIR sequence. Both FLAIR

scans were 3D sequences and were acquired at 2 time points,

within a short timeframe after contrast injection and a �1.5-hour

delay.

MATERIALS AND METHODS
In Vitro Experiment
We used phantoms with various aqueous gadolinium concentra-

tions mimicking a range of leakage magnitude in CSF and tissue.

See our previous publication2 and the On-line Appendix for more

details.

Participants and MR Imaging Protocol
We prospectively included 6 older individuals who presented with

pericortical CSF enhancement in our baseline study, and images

were obtained on the same scanner.2 There was no overlap be-
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tween the follow-up participants in the baseline study (n � 3) and

the present work (n � 6). During the first scan session, a regular

precontrast FLAIR scan was acquired. Subsequently, 16 minutes

after intravenous administration of 0.1 mmol/kg of gadobutrol,

the regular FLAIR sequence (TR/TE/TI � 4800/290/1650 ms) was

repeated, followed by a heavily T2-weighted FLAIR sequence

(TR/TE/TI � 4800/500/1650 ms). Both pcFLAIR sequences were

repeated in the same order during a second (later) scan session

after at least a 1.5-hour delay (range, 100 –263 minutes). Addi-

tional information on FLAIR sequence details and other MR im-

aging sequences used to evaluate cerebrovascular damage are de-

scribed in the On-line Appendix. Informed consent was obtained

from all participants before participation. This study was per-

formed in accordance with the local institutional review boards

(Zuyderland Medical Center Heerlen and Maastricht University

Medical Center) and approved by the medical ethics committee in

Maastricht.

Image Analysis
Pericortical enhancement was independently evaluated by 2 rat-

ers (the same as in our baseline study)2 blinded to clinical data,

acquisition time, and scan parameters on all FLAIR scans (includ-

ing the precontrast FLAIR scans as a negative control). The num-

ber of hyperintense foci was counted on each scan. Discrepancies

were evaluated by consensus agreement. All images were checked

for changes in MR imaging markers of cerebrovascular pathology

compared with baseline by the same ex-

perienced neuroradiologist and meth-

ods as previously described.2

RESULTS
In Vitro Experiment
The results of our phantom experiments

show 2 important concepts that facili-

tate the detection of low gadolinium

concentrations within the CSF, namely

the use of relatively long TEs and proper

nulling of pure CSF. These concepts as

well as the influence of each sequence

parameter on the image appearance are

further explained in the On-line Appen-

dix and in On-line Figs 1– 4.

Neuroradiologic Imaging
The median age of our participants was

73 years (range, 68 – 84 years), and 4 of

6 were men. All baseline foci of signal

enhancement had remained stable with

time, and one de novo leakage focus was

detected on the regular pcFLAIR im-

ages acquired during the first scan ses-

sion (the total number of pericortical

hyperintensities was 9, and in addi-

tion, enhancement was observed within

an enlarged perivascular space; On-line

Table). Pericortical enhancement ap-

peared visually more intense on all heav-

ily T2-weighted pcFLAIR images com-

pared with the regular pcFLAIR images. In 4 of 6 cases, the

enhancing foci (n � 6) were visible on all pcFLAIR scans. In 1 case

(case 1), a pericortical hyperintensity was visible on all pcFLAIR

scans except on the regular pcFLAIR scan that was acquired dur-

ing the later scan session (Figure). In another case (case 2), two

additional foci of enhancement were visible on the heavily T2-

weighted FLAIR scan of the first scan session that were not visible

on the regular pcFLAIR scan, but all foci had disappeared on both

types of pcFLAIR scans that were acquired during the later session

(On-line Table). In contrast, widespread signal enhancement

within the sulci of another participant (case 3) only became

clearly visible on the heavily T2-weighted (but not the regular)

pcFLAIR scan in the later scan session (On-line Fig 5). This en-

hancement resembled the acute lesion-related hyperacute injury

marker that has been reported in earlier studies.5,6 Most interest-

ing, this case showed a new cerebral microbleed within the thala-

mus and a region of recent ischemia without cavitation within the

basal ganglia that were not present at baseline. No cerebrovascular

changes were detected in the other participants compared with

baseline, and no enhancement was detected on the precontrast

FLAIR images.

DISCUSSION
In the present study, we explored the optimal 3T MR imaging

FLAIR sequence parameters to visualize low gadolinium concen-

FIGURE. Pericortical enhancement is visible on postcontrast FLAIR images of a 68-year-old cog-
nitively healthy female participant (case 1). Enhancement is apparent on the regular postcontrast
FLAIR scan acquired 16 minutes after contrast administration (A) and even more conspicuous on
the heavily T2-weighted FLAIR scan acquired immediately thereafter (B). The sequences were
repeated 131 minutes after contrast administration. No signal enhancement is visible on the repeat
regular postcontrast FLAIR scan (C), but enhancement is still visible on the repeat heavily T2-
weighted FLAIR scan (D).
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trations within the CSF space and compared a regular pcFLAIR

sequence with a more optimal heavily T2-weighted pcFLAIR se-

quence acquired at 2 time points after contrast administration.

Our results show increased conspicuity of pericortical hyperin-

tensities due to subtle BBB leakage on the heavily T2-weighted

pcFLAIR sequence because the strong T2-weighting suppresses

the tissue signal, which emphasizes the appearance of CSF en-

hancement due to contrast agent leakage. In addition, we empha-

sized the importance of proper nulling of pure CSF, which also

facilitates the detection of subtle gadolinium leakage.

Previous studies that assessed BBB leakage of gadolinium-

based contrast agents into the CSF with 3T MR imaging used

diverse acquisition parameters; these make it difficult to compare

the results across various studies, such as the prevalence and num-

ber of foci of pericortical enhancement within a specific neuro-

logic disease. Furthermore, previous studies acquired their post-

contrast FLAIR scans at varying time points after contrast

administration, another factor that influences the appearance of

pericortical enhancement. Our results provide guideline acquisi-

tion parameters for future studies that are interested in measuring

subtle gadolinium leakage in CSF. With regard to acquisition tim-

ing, our results show that focal enhancement visible within a short

timeframe after contrast administration can disappear at a later

time, probably because blood gadolinium concentrations and

thereby leakage concentrations decrease with time. However, we

also showed 1 patient with neuroradiologic evidence of recent

ischemic and hemorrhagic brain lesions who had diffuse gadolin-

ium leakage that only became apparent after a 2-hour delay. Thus,

widespread signal enhancement within the sulci in the context of

recent or semirecent cerebrovascular damage may become more

clearly visible at a later acquisition stage due to delayed and/or

cumulative gadolinium leakage, possibly through cerebrovascular

clearance pathways.

An obvious limitation of this study is the small sample size and

variability in the time delay between the first and second imaging

session, which hampers drawing firm conclusions on differences

in the number of pericortical leaks that can be detected with either

FLAIR sequence. Future studies should explore differences in the

number of pericortical leaks that can be detected with either

FLAIR sequence further, along with the dynamic mechanisms un-

derlying focal (probably chronic) and widespread (ie, hyperacute

injury marker-like, possibly postacute lesion-related) signal en-

hancement on pcFLAIR images. Most important, pcFLAIR CSF

signal enhancement forms a promising biomarker for subtle BBB

leakage that can be visually assessed by a neuroradiologist and

could be used to monitor and evaluate treatment efficacy in future

clinical trials that target cerebrovascular integrity.

CONCLUSIONS
The detection of subtle BBB leakage of gadobutrol into the CSF

can be improved by using a heavily T2-weighted pcFLAIR se-

quence. Future studies that aim to detect low gadolinium concen-

trations within the CSF should consider the dynamic aspect of the

enhancement and choose their FLAIR sequence parameters and

acquisition timing carefully.
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ORIGINAL RESEARCH
ADULT BRAIN

Validation of Zero TE–MRA in the Characterization of
Cerebrovascular Diseases: A Feasibility Study

X S. Shang, X J. Ye, X W. Dou, X X. Luo, X J. Qu, X Q. Zhu, X H. Zhang, and X J. Wu

ABSTRACT

BACKGROUND AND PURPOSE: Zero TE–MRA is less sensitive to field heterogeneity, complex flow, and acquisition noise. This study
aimed to prospectively validate the feasibility of zero TE–MRA for cerebrovascular diseases assessment, compared with TOF-MRA.

MATERIALS AND METHODS: Seventy patients suspected of having cerebrovascular disorders were recruited. Sound levels were esti-
mated for each MRA subjectively and objectively in different modes. MRA image quality was estimated by 2 neuroradiologists. The degree
of stenosis (grades 0 – 4) and the z-diameter of aneurysms (tiny group �3 mm and large group �3 mm) were measured for further
quantitative analysis. CTA was used as the criterion standard.

RESULTS: Zero TE–MRA achieved significantly lower subjective perception and objective noise reduction (37.53%). Zero TE–MRA images
showed higher signal homogeneity (3.29 � 0.59 versus 3.04 � 0.43) and quality of venous signal suppression (3.67 � 0.47 versus 2.75 � 0.46).
The intermodality agreement was higher for zero TE–MRA than for TOF-MRA (zero TE, 0.90; TOF, 0.81) in the grading of stenosis. Zero
TE–MRA had a higher correlation than TOF-MRA (zero TE, 0.84; TOF, 0.74) in the tiny group and a higher consistency with CTA (intraclass
correlation coefficient, 0.83; intercept, �0.5084 –1.1794; slope �0.4952 to �0.2093) than TOF-MRA (intraclass correlation coefficient, 0.64;
intercept, 0.7000 –2.6133; slope �1.0344 to �0.1923). Zero TE–MRA and TOF-MRA were comparable in the large group. Zero TE–MRA had
more accurate details than TOF-MRA of AVM and Moyamoya lesions.

CONCLUSIONS: Compared with TOF-MRA, zero TE–MRA achieved more robust performance in depicting cerebrovascular diseases.
Therefore, zero TE–MRA was shown to be a promising MRA technique for further routine application in the clinic in patients with
cerebrovascular diseases.

ABBREVIATIONS: ASL � arterial spin-labeling; AVM � arteriovenous malformation; MRA � magnetic resonance angiography; CTA � computed tomography
angiography; CE � contrast-enhanced; TOF � time-of-flight; zTE � zero echo time; MIP � maximum intensity projection; VR � volume rendering; MCA � middle
cerebral artery; ICA � internal carotid artery

Cerebrovascular diseases are the main causes of ischemic or

hemorrhagic incidents within brain tissues and can lead to

neurologic deficits or even death. Imaging of the cerebral vascu-

lature plays a pivotal role in the initial diagnosis of cerebrovascu-

lar disorders, such as steno-occlusive arterial disease, cerebral an-

eurysm, AVM, and Moyamoya disease, in addition to treatment

decisions and follow-up evaluation.1,2 Although patients sus-

pected of having cerebrovascular disease are best diagnosed with

DSA or CTA due to their superior angiogram quality,3,4 these

protocols place patients at risk of ionizing radiation and contrast-

induced renal insufficiency.

MRA, a noninvasive and radiation-free imaging technique,

has been proposed as a promising alternative for vascular disease

assessment.5 In addition to conventional angiographic tech-

niques, such as TOF-MRA and contrast-enhanced MRA, MRA is

also able to use the principles of arterial spin-labeling (ASL) strat-

egies.6 ASL-MRA was introduced as a noninvasive approach that

uses inflowing blood as an endogenous contrast agent. Recent

technical advances in ASL-MRA have dramatically expanded its

clinical application. In particular, a newly developed zero TE ra-

dial ASL-MRA (zTE-MRA) method that integrates both a contin-

uous ASL strategy and a zTE radial acquisition readout has dem-
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onstrated potential for the follow-up assessment of coiled

aneurysms,7-10 highlighting the clinical value of this approach.

However, it remains unclear whether this technique is also

useful for the assessment of other cerebrovascular disorders.

Meanwhile, the acoustic noise reduction of zTE-MRA has still not

been assessed systematically, though this approach was described

as silent.7-9 To explore this issue, we applied this novel, nonen-

hanced MRA approach in a clinical population with suspected

cerebrovascular diseases. Sound-level assessment and imaging

properties were systematically assessed and compared with those

obtained using TOF-MRA. In addition, CTA measurements were

also performed and used as the criterion standard.

MATERIALS AND METHODS
Patient Cohort
A single-center prospective study was performed with the ap-

proval from local institutional review board of Clinical Medical

College, Yangzhou University (2017-KY081). Patients suspected

of having cerebrovascular disorders were enrolled in this study

from May 2017 to February 2018. Cerebrovascular disorders were

suspected for the first time by 2 experienced neurologists (Yong

Zhen, with 24 years of experience; Long Yu, with 30 years of ex-

perience) on the basis of clinical symptoms (eg, dizziness, head-

ache, paralysis, paresthesia, conscious disturbance, dysmnesia,

dementia, and other psychiatric symptoms) and routine head CT

examinations (eg, infarction, hemorrhage, encephalatrophy, and

other lesions of abnormal density). Written informed consent was

obtained from each participant before MR imaging.

The following criteria for patient exclusion were applied in this

study: 1) contraindication for MR imaging, including severe

claustrophobia, ferromagnetic foreign bodies, or electronic im-

plants; 2) other intracranial lesions, such as tumor or hydroceph-

alus (traumatic or tumor-related); 3) an acute or subacute win-

dow for a vascular event (relatively large acute cerebral infarction

or acute cerebral infarction of the brain stem on DWI); 4) addi-

tional conditions that could potentially cause severe movement or

being uncooperative, such as psychiatric disorders or congenital/

acquired deafness; 5) estimated glomerular filtration rate �60

mL/min/1.73 m2; and 6) younger than 18 years of age. Finally, 69

patients (38 men and 31 women; range, 20 – 83 years of age; mean

age, 60.04 � 13.70 years) were enrolled in this study. One patient

had subarachnoid hemorrhage caused by aneurysm and under-

went only MRA because of an allergy to iodinated contrast media.

The MRA images (On-line Fig 1) were thus used only for image-

quality measurement. Finally, both MRA and CTA were success-

fully performed in 68 patients.

Image Acquisition
MR imaging measurements (DWI, MRA) were obtained 24 hours

before CTA acquisition on a 3T MR imaging scanner (Discovery

MR750w; GE Healthcare, Milwaukee, Wisconsin) using a 24-

channel head-neck united coil. The corresponding scan parame-

ters and source images are shown in Table 1 and On-line Fig 2.

CTA was acquired on a 64-slice spiral CT scanner (LightSpeed

VCT; GE Healthcare) using a contrast medium (iodixanol, Visi-

paque, 320 mg I/mL; GE Healthcare, Piscataway, New Jersey).

The scanning protocol was described in a previously reported

study.11 The corresponding scan parameters are shown in Table 2.

Sound Assessment of MRA Measurements
MRAs were performed in random order and separated by a

5-minute interval during scanning.

After each measurement, the patient was asked to rate the

sound experience subjectively on a 5-point scale12: 0 � no noise,

1 � mild noise, 2 � moderate noise, 3 � loud noise, 4 � very loud

noise, and 5 � unacceptable noise/cancellation of MR imaging.

Objective measurements were obtained in an ambient mode

(without scanning) and scanning mode using a sound-level meter

(Type AS804; Smart Sensor, Guangdong, China) that was placed

1 m from the gantry. Each measurement period lasted for 30 sec-

onds, and measurements were repeated 5 times in different

directions.

Image Analysis
The maximum intensity projection (MIP) and volume-rendering

(VR) methods were used to reconstruct both MRA and CTA data

by a neuroradiologist (Q.Z., with 9 years of experience) using a

commercially available dedicated workstation (Advantage Work-

station, software Version 4.6; GE Healthcare) We made the fol-

lowing standard projections of MIP and VR: 1) coronal view, 2)

lateral view, and 3) the optimal projection used at the lesions.

The corresponding CTA images (source image, MIP, and VR)

were independently and blindly evaluated by 2 experienced neu-

roradiologists (observer C, J.W., with 27 years of experience; ob-

server D, X.L., with 16 years of experience) at separate time points.

The corresponding MRA images (source image, MIP, and VR)

were independently and blindly evaluated by 2 experienced neu-

roradiologists (observer A, H.Z., with 25 years of experience; ob-

Table 1: Parameters of MRA sequences

TR/TE
(ms)

Flip
Angle

FOV
(cm) Matrix

Thickness
(mm) Slices NEX

Bandwidth
(kHz) Slabs

Label
Duration

(sec) Coverage
Time

(min:sec)
zTE-MRA 862/0.016 3o 15 � 15 166 � 166 1.2 320 1 31.25 – 2 Calvarium-mandible 5:48
TOF-MRA 25/3.4 15o 30 � 24 320 � 256 1.4 256 1 41.67 3 – Cingulate cortex–

mesencephalon
5:08

Note:— –indicates no data available; TR, repetition time; TE, echo time; FOV, field of view; NEX, number of excitation.

Table 2: Parameters of CTA sequences

Collimation Pitch
FOV
(cm)

Gantry
Rotation
Time (ms)

Thickness
(mm) Slices

Tube Voltage
(kV�peak	)

Tube
Current
(mAs)

Dose-Length
Product

(mGy × cm) Coverage
CTA 128 � 0.625 0.758 17 � 17 400 0.6 715 100–120 100–450 220–608 Aortic arch–vertex
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server B, J.Y., with 20 years of experience)) at separate time points.

All images were scored to determine signal homogeneity, lesion

conspicuity, quality of venous signal suppression, and diagnostic

confidence. A previously reported 4-point scale was applied13,14:

4 � excellent (excellent-quality diagnostic information with a

clearly detailed vascular architecture, no artifacts), 3 � good

(good-quality diagnostic information with adequate delineation

of the vascular architecture, minimal artifacts), 2 � poor (poor-

quality diagnostic information with ordinary delineation of the

vascular architecture, moderate artifacts), and 1 � not visible (al-

most no signal of the vascular architecture, severe artifacts). The

time interval between the qualitative analyses was 4 weeks. In

cases of disagreement, a consensus was established between

observers.

Observers were also asked to record additional vascular dis-

ease findings based on MRA and CTA images. The measurements

were performed on the VR images. For further quantitative anal-

ysis, the degree of stenosis was graded according to the standard

from NASCET: 0 for �9%, one for �30%, two for 30%– 69%,

three for 70%–99%, and 4 for 100%. In addition, aneurysms were

divided into tiny (�3 mm) and large (�3 mm) groups according

to the long-axis diameters of the lesions as determined on CTA

images.

Statistical Analysis
All statistical analyses were performed using SPSS 19.0 software

(IBM, Armonk, New York).

The differences in subjective noise-level and image-quality

ratings between MRAs were analyzed using Wilcoxon signed rank

tests. One-way analysis of variance tests and least significant dif-

ference tests were used to estimate the difference in the objective

sound-level measurements between MRAs.

For the stenosis analysis, the Spearman correlation coefficient

(r) was used to evaluate the correlation of each MRA to CTA.

Weighted � statistics were used to assess interobserver agreement

and intermodality agreement between the results obtained with

each MRA and CTA.

The aneurysm measurements obtained on MRA were corre-

lated with those obtained on CTA using a Pearson analysis. Bland-

Altman analysis and intraclass correlation coefficients were used

to test the consistency of measurements obtained using the MRAs

and CTAs. A weighted � value or an intraclass correlation coeffi-

cient higher than 0.81 was interpreted as excellent agreement,

while 0.61– 0.81 indicated good, 0.41– 0.60 indicated moderate,

0.21– 0.40 indicated fair, and �0.21 indicated poor agreement.

The 95% confidence interval was calculated. A P value � .05 was

considered statistically significant.

RESULTS
Patient Cohort
CTA revealed 32 steno-occlusive cases in 26 patients, 31 cerebral

aneurysm cases in 22 patients, 11 steno-occlusive cases and 8 ce-

rebral aneurysm cases in 8 patients, 2 patients with AVMS, 3 pa-

tients with Moyamoya disease, and 7 patients without evident

vascular diseases. The distribution of the steno-occlusive arteries

(cases) was as follows: middle cerebral artery (MCA), 18; internal

carotid artery (ICA), 10; posterior cerebral artery, 6; anterior ce-

rebral artery, 5; vertebral artery, 2; and basilar artery 2. The dis-

tribution of the aneurysms was as follows: posterior communicat-

ing artery, 14; anterior communicating artery, 10; ICA, 7; MCA, 4;

anterior cerebral artery, 2; posterior inferior cerebellar artery, 1;

and vertebral artery, 1. The 2 AVM lesions were located in the left

MCA and right ICA (1 each). The 3 Moyamoya lesions were lo-

cated at the origin of a unilateral MCA.

Sound-Level Assessment
Mean sound-level perception based on subjective sound experi-

ence was significantly lower on zTE-MRA than on TOF-MRA

(1.36 � 0.48 versus 4.17 � 0.75, P �

.001). The intensities of sound measured

in different modes are shown in Table 3.

Noise levels recorded during zTE-MRA

scanning were 34.85 dB (37.53%) lower

in sound intensity. In addition, there

was a slight increase (3.12 dB, 5.68%,

P � .001) in sound levels over the ambi-

ent mode.

Image-Quality Evaluation of
zTE- and TOF-MRA
The mean scores for signal homogeneity

(3.29 � 0.59 versus 3.04 � 0.43, P � .03)

and the quality of venous signal suppres-

sion (3.67 � 0.47 versus 2.75 � 0.46,

P � .01) were significantly higher for

zTE-MRA than for TOF-MRA. zTE-

MRA was comparable with TOF-MRA

in lesion conspicuity (3.21 � 0.51 versus

Table 3: Intensity of sound levels in different modes for zTE-MRA
and TOF-MRA

Mode Sound Level (dB) F P
Ambient 54.89 � 0.41a 11,824.06 �.001
zTE-MRA 58.01 � 0.32ab

TOF-MRA 92.86 � 0.64b

a A significant difference compared with the TOF-MRA mode.
b A significant difference compared with the ambient mode.

Table 4: Cross-table of stenosis grade from observers for zTE-MRA (n � 44)a

zTE-MRA
A Grade

zTE-MRA B Grade

0 1 2 3 4 Total
0 1 0 0 0 0 1 (2.27%)
1 0 7 3 0 0 10 (22.73%)
2 0 0 14 0 0 14 (31.82%)
3 0 0 4 8 0 12 (27.27%)
4 0 0 0 1 6 7 (15.91%)
Total 1 (2.27%) 7 (15.91%) 21 (47.73%) 9 (20.45%) 6 (13.64%) 44

a Grading criterion: NASCET. Data represent the number of cases. A and B are observers A and B.

Table 5: Cross-table of stenosis grade from observers for TOF-MRA (n � 44)a

TOF-MRA
A Grade

TOF-MRA B Grade

0 1 2 3 4 Total
0 0 0 0 0 0 0 (0.00%)
1 1 9 0 0 0 10 (22.73%)
2 0 1 8 4 0 13(29.55%)
3 0 0 4 7 0 11 (25.00%)
4 0 0 0 2 8 10 (22.73%)
Total 1 (2.27%) 10 (22.73%) 12 (27.27%) 13 (29.55%) 8 (18.18%) 44

a Grading criterion: NASCET. Data represent the number of cases. A and B are observers A and B.
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3.06 � 0.45, P � .08) and diagnostic confidence (3.23 � 0.46

versus 3.05 � 0.44, P � .06). Additionally, the peripheral vessels

presented on zTE-MRA were less well-defined than on

TOF-MRA.

Quantitative Analysis of zTE- and TOF-MRA Images
The interobserver agreement for CTA was excellent (weighted �,

0.94; 95% CI, 0.90 – 0.99). CTA revealed eleven (25%) cases with

grade 1, thirteen (29.55%) with grade 2, twelve (22.27%) with

grade 3, and seven (15.91%) with grade 4. One case (2.27%) was

wrongly categorized as grade 1 by TOF-MRA, while zTE-MRA,

consistent with CTA, showed that there was no steno-occlusive

lesion (On-line Fig 3).

The correlations of the results obtained using each MRA with

CTA results were both high (zTE, r � 0.94; TOF, r � 0.92). There

was excellent interobserver agreement for zTE-MRA (weighted �:

0.92; 95% CI, 0.87– 0.98) and TOF-MRA (weighted �: 0.89; 95%

CI, 0.84 – 0.96). The intermodality agreement between zTE-MRA

and CTA was excellent (weighted �: 0.90; 95% CI, 0.82– 0.99), and

it was good (weighted �: 0.81; 95% CI, 0.71– 0.92) between TOF-

MRA and CTA. These data are shown in Tables 4 – 6. Some le-

sions, especially at a critical point between 2 grades, may have

been overestimated on TOF-MRA, while on zTE-MRA, the ste-

nosis was equal to that observed on CTA (Fig 1).

All aneurysms (39/39, 100%) were detected by zTE-MRA. On

TOF-MRA, 1 case (2.56%) was missed due to limited coverage.

Thus, there were 23 cases (23/38, 60.53%) in the large group and

15 cases (15/38, 39.47%) in the tiny group. The data are shown in

Table 7. In the tiny group, according to Bland-Altman analysis,

zTE MRA was equal to CTA, whereas TOF-MRA was not. In the

large group, according to Bland-Altman analysis, zTE-MRA and

TOF-MRA were equal to CTA. In the tiny group, zTE-MRA was

more sensitive than TOF-MRA for the depiction of tiny aneu-

rysms (Fig 2). In the large group, zTE-MRA was similar to TOF-

MRA in the depiction of large aneurysms (On-line Fig 4).

Because of their distinct characteristics, the 2 patients with

AVMs (2/2, 100%) and the 3 with Moyamoya disease (3/3, 100%)

were all diagnosed by observers using both MRA sequences. How-

ever, zTE-MRA was superior to TOF-MRA with regard to imag-

ing details, such as the depiction of the nidus, draining vein, and

venous sinus in AVMs (Fig 3) and stenosed arteries and developed

collateral vessels in Moyamoya disease (Fig 4).

DISCUSSION
In this study, by comparing zTE-MRA with TOF-MRA, we dem-

onstrate that zTE-MRA was able to depict cerebrovascular dis-

eases (steno-occlusive arterial disease, cerebral aneurysm, AVM,

and Moyamoya disease) with dramatically reduced acoustic

noise, higher signal homogeneity, and higher quality of venous

signal suppression. Interobserver and intermodality agreement

was higher for zTE-MRA than for TOF-MRA for stenosis grading,

indicating that zTE-MRA is a robust method for stenosis assess-

ment. In addition, zTE-MRA provided more accuracy with regard

to aneurysm-diameter measurement and morphologic assess-

ment, especially in smaller aneurysms. zTE-MRA was superior to

TOF-MRA in the identification of lesion details in both AVM and

Moyamoya disease, despite the relatively small sample size.

Currently, TOF-MRA is the MR imaging technique conven-

tionally used to depict intracranial arteries. However, there are

known major limitations to the use of

TOF-MRA for the delineation of cere-

brovascular disorders, such as pseudo-

occlusions,15 the inaccurate detection of

aneurysms16 and the nidus and draining

veins in AVMs,17 and collateral vessels

in Moyamoya disease.18 The resultant

signal losses are mainly due to saturation

secondary to slow flow or phase-disper-

sion effects caused by turbulent flow,19

which account for the overestimation or

inaccuracy of TOF-MRA observed in

our study. In contrast to TOF-MRA,

zTE-MRA showed some encouraging

characteristics as a nonenhanced MRA

approach. Continuous ASL-based an-

giography was introduced as an endoge-

nous contrast tracer in zTE-MRA to

magnetically label inflowing blood, and

this placed no constraint on the direc-

tion of blood flow.6 Thus, zTE-MRA has

the potential to visualize slow flow and is

independent of flow direction, features

especially important for evaluating the

FIG 1. Coronal projection of stenosis in the right MCA M2 segment (a 74-year-old man). A stenosis
(34%, grade 2) was observed on VR of CTA (A, white arrowhead) and on VR of zTE-MRA (B, white
arrowhead); the stenosis (32%, grade 2) was equal to that on CTA. The stenosis on VR of TOF (C,
white arrowhead) was overestimated (72%, grade 3). In correspondence with MIP of CTA (D, white
arrowhead), flow signal in the stenosis lesion was homogeneous on MIP of zTE-MRA (E, white arrow-
head, score 4) and was heterogeneous on TOF-MRA (F, white arrowhead, score 3).

Table 6: Classification of stenosis grade from observers for
zTE-MRA, TOF-MRA, and CTA (n � 44)a

Stenosis Grade zTE-MRA TOF-MRA CTA
0 1 (2.27%) 0 (0.00%) 1 (2.27%)
1 11 (25.00%) 10 (22.73%) 11 (25.00%)
2 12 (27.27%) 12 (27.27%) 13 (29.55%)
3 11 (25.00%) 11 (25.00%) 10 (22.73%)
4 9 (20.45%) 11 (25.00%) 9 (20.45%)

a Grading criterion: NASCET. Data represent the number of cases.

AJNR Am J Neuroradiol 40:1484 –90 Sep 2019 www.ajnr.org 1487



flow in severe stenosis (grade 3), microaneurysms, and collateral

vessels.

Acoustic noise induced by rapid switching of gradient coils

during long scan times is still the main drawback that causes pa-

tient discomfort and movement.20-22 The zTE technique, which

uses a sequence solution, attenuates acoustic noise by reducing

the slew rate and enabling minimal gradient variations.23,24 Al-

ibek et al12 assessed the noise level and image quality of silent

T1-weighted sequences on a clinical 3T MR imaging scanner.

However, whether a similar amount of acoustic noise reduction

could be achieved using zTE-MRA remains unclear because an

extra ASL-based angiography was integrated into this approach.

In this study, patients were much more comfortable during zTE-

MRA than TOF-MRA, and the reduction in sound intensity be-

tween the 2 was comparable with that of a silent T1-weighted

sequence. Thus, zTE-MRA would be an acceptable alternative an-

giography method for these patients.

In addition to acoustic noise attenuation, a zTE inside-out

radial acquisition could also minimize the phase dispersion of the

labeled blood flow signal in the voxel space, thereby making zTE-

MRA insensitive to turbulent flow.9,25 The flow signal inside the

large aneurysms was more homoge-

neous on zTE-MRA than on TOF-MRA

in our study, though the correlations

with CTA were both high and the con-

sistency with CTA was excellent for the

large group.

Susceptibility artifacts, which occur

mostly in regions adjacent to the skull

base or cavernous sinus, always induce

signal loss as a result of air–soft tissue or

bone–soft tissue boundary interfer-

ence.26 Because of its use of a constant

gradient and a long readout duration,
zTE-MRA is less susceptible to field in-
homogeneity and eddy current and can
acquire more homogeneous flow signals
in vascular lesions, such as stenosis or
aneurysms in the ICA siphon segment.
Moreover, zTE-MRA is less sensitive
than TOF-MRA to motion effects,27 and
it therefore minimizes the misregistra-
tion and degradation of image quality
and achieves improved diagnostic
performance.

According to the principles of the
ASL strategy used by zTE-MRA, images

are acquired via subtraction to yield an angiographic image with

nearly zero background.7 The efficiency of postprocessing (ie, VR

or MIP reconstructions) can be improved with automatic sub-

traction, whereas the artifacts caused by skull and brain tissue on

TOF-MRA must be manually removed. Furthermore, zTE-MRA

demonstrated effective background suppression while a search

for aneurysms was performed in the setting of subarachnoid hem-

orrhage in the presence of residual T1-bright blood. An optimal

postlabel delay was set,6,28 ensuring that the labeled bolus flowed

into the target tissue in the imaging region and that the labeled

protons lost their signal before entering the veins. Thus, better

diagnostic image quality was achieved due to an acceptable signal-

to-noise ratio and the elimination of vein contamination. Addi-

tionally, zTE-MRA can detect arteriovenous shunting on the basis

of this technical feature. In this study, we identified a huge AVM

and found that zTE-MRA was capable of revealing its tubular

structures, nidus, and draining veins and even a venous sinus.

Contrast-enhanced MRA is another commonly used noninva-

sive MRA approach performed by administrating a T1-shorten-

ing paramagnetic contrast medium. Despite the controversy re-

lated to its diagnostic accuracy,15,16 contrast-enhanced MRA has

FIG 2. Oblique projection of aneurysms in the right ICA siphon segment (a 63-year-old woman).
Two aneurysms were found on VR of CTA (A): The diameters were 3.0 � 3.2 mm (white arrow) and
2.4 � 2.1 mm (white arrowhead), respectively. Equal findings were observed on VR of zTE (B, 3.3 �
3.5 mm, white arrow; 2.� 2.4 mm, white arrowhead). On VR of TOF-MRA (C), the large one (3.1 �
3.4 mm, white arrow) was equal to the one on CTA. However, the tiny one was not evident
(1.5 � 1.4 mm, white arrowhead). Concerning MIP of CTA (D, white arrow and white arrowhead),
the same results were observed on MIP of zTE-MRA (E, white arrow and white arrowhead) and
TOF-MRA (F, white arrow and white arrowhead).

Table 7: Statistical analyses of aneurysms measured on MRA for groups
Group MRA Sum ra Intercept (95% CI)b Slope (95% CI)b ICC

Group tinyc zTE 15 0.84 �0.5084–1.1794 �0.4952–0.2093 0.83; 95% CI, 0.57–0.94
TOF 15 0.74 0.7000–2.6133 �1.0344 to �0.1923 0.64; 95% CI, 0.21–0.86

Group larged zTE 23 0.98 �0.6059–0.2130 �0.02625–0.1200 0.98, 95% CI, 0.97–0.99
TOF 23 0.95 �1.1571–0.3062 �0.01380–0.2520 0.95, 95% CI, 0.89–0.98

Note:—ICC indicates intraclass correlation coefficient.
a Pearson correlation coefficient.
b Intercept and slope are by Bland-Altman analysis.
c Group tiny �3 mm.
d Group large �3 mm.
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demonstrated some superiorities over TOF-MRA, such as it is less
vulnerable to blood flow disturbances, has a reduced risk of move-
ment artifacts, and provides large coverage for additional find-
ings, while TOF-MRA also has some advantages over contrast-
enhanced MRA in that it requires no exogenous contrast agent
and is repeatable and easy to manipulate. Although our results
indicate that zTE-MRA integrates these potential aspects beyond
the reduction of venous artifacts, these characteristics need to be
verified by further research.

In the present study, we demonstrated that zTE-MRA is a ro-
bust sequence that maintains both zTE-like and ASL-like charac-

teristics. Several studies7-10 have focused
on zTE-MRA in the follow-up imaging
of various aneurysm embolizations and
have revealed that this method achieves
higher image quality than is obtained by
TOF-MRA. Our study enriches our
knowledge of zTE-MRA and highlights
the clinical usefulness in evaluating cere-
brovascular diseases.

Holdsworth et al24 noted that zTE-
MRA is more prone to blurring of the
vessel edge because of center-out radial
sampling, as shown in Fig 1 and our pre-
vious study.10 Qu et al29 implemented a
hybrid ASL strategy in zTE-MRA that
led to a clearer depiction of vessels.
Therefore, image quality could be fur-
ther improved by the development of
new techniques.

However, some limitations of this
study should be recognized. First, be-
cause of the high accuracy of CTA and
the disadvantages of DSA, CTA was used
as the reference in this study. Further-
more, DSA is not generally routinely
used for screening cerebrovascular dis-
eases, and it would be very difficult to
obtain approval of the ethics committee
to evaluate this issue in our patient pop-
ulation. However, DSA would be more
accurate if used as the reference. Second,
contrast-enhanced MRA was not per-
formed as a comparison method be-
cause there is some concern regarding
the combined adverse effects of MR im-
aging and CTA contrast media on renal
function. In addition, we aimed to in-
vestigate the validation of zTE-MRA in
noncontrast MRA sequences. Third,
when scan time was compromised, the
resolution of peripheral vessels by zTE-
MRA seemed to be lower than that
achieved by TOF-MRA, though larger
coverage was obtained, and cerebrovas-
cular lesions were visualized much bet-
ter on zTE-MRA. The modification of
some parameters would improve the res-

olution of zTE-MRA in future studies. Fourth, the data obtained for
objective sound-level measurements do not reflect the real situation
inside the coil, though noise levels were statistically lower during the
zTE-MRA scan. More advanced and accurate measurement tech-
niques must be used in future studies.

CONCLUSIONS
In this study, we found that compared with TOF-MRA, zTE-

MRA achieved higher image quality and accuracy, provided a

more comfortable experience for the patient, and produced re-

sults more consistent with those obtained using CTA. Due to its

FIG 3. An AVM in the left MCA M1 segment (a 27-year-old man). For the AVM, the nidus (blue
arrow), draining vein (white arrowhead), and venous sinus (transverse sinus and sigmoid sinus,
white arrow) were clearly depicted on VR and MIP of CTA (A and B) and zTE-MRA (C and D),
whereas they were not well-defined (nidus, blue arrow; draining vein, white arrowhead) and were
missed (venous sinus) on VR and MIP of TOF-MRA (E and F).

FIG 4. Oblique projection of Moyamoya disease in the left MCA M1 segment (a 43-year-old woman).
The stenosed MCA (white arrowhead) and developed collateral vessels (white arrow) were scanned
on VR and MIP of CTA (A and B) and zTE-MRA (C and D). A false occlusion in MCA (white arrowhead)
and ill-defined collateral vessels (white arrow) were seen on VR and MIP of TOF-MRA (E and F).
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robust performance, zTE-MRA is demonstrated to be a promis-

ing non-contrast-enhanced alternative MRA technique that

could be more routinely used in the clinic for patients with cere-

brovascular diseases. Future studies should also provide support-

ing evidence and verification in larger clinical populations for

zTE-MRA and should also include additional varieties of diseases.
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ORIGINAL RESEARCH
ADULT BRAIN

Defining Ischemic Core in Acute Ischemic Stroke Using CT
Perfusion: A Multiparametric Bayesian-Based Model

X K. Nael, X E. Tadayon, X D. Wheelwright, X A. Metry, X J.T. Fifi, X S. Tuhrim, X R.A. De Leacy, X A.H. Doshi, X H.L. Chang, and
X J. Mocco

ABSTRACT

BACKGROUND AND PURPOSE: The Bayesian probabilistic method has shown promising results to offset noise-related variability in
perfusion analysis. Using CTP, we aimed to find optimal Bayesian-estimated thresholds based on multiparametric voxel-level models to
estimate the ischemic core in patients with acute ischemic stroke.

MATERIALS AND METHODS: Patients with anterior circulation acute ischemic stroke who had baseline CTP and achieved successful
recanalization were included. In a subset of patients, multiparametric voxel-based models were constructed between Bayesian-processed
CTP maps and follow-up MRIs to identify pretreatment CTP parameters that were predictive of infarction using robust logistic regression.
Subsequently CTP-estimated ischemic core volumes from our Bayesian model were compared against routine clinical practice oscillation
singular value decomposition–relative cerebral blood flow �30%, and the volumetric accuracy was assessed against final infarct volume.

RESULTS: In the constructed multivariate voxel-based model, 4 variables were identified as independent predictors of infarction:
TTP, relative CBF, differential arterial tissue delay, and differential mean transit time. At an optimal cutoff point of 0.109, this model
identified infarcted voxels with nearly 80% accuracy. The limits of agreement between CTP-estimated ischemic core and final infarct
volume ranged from �25 to 27 mL for the Bayesian model, compared with �61 to 52 mL for oscillation singular value decomposi-
tion–relative CBF.

CONCLUSIONS: We established thresholds for the Bayesian model to estimate the ischemic core. The described multiparametric
Bayesian-based model improved consistency in CTP estimation of the ischemic core compared with the methodology used in current
clinical routine.

ABBREVIATIONS: AIS � acute ischemic stroke; ATD � arterial tissue delay; AUC � area under the curve; diff � differential; oSVD � oscillation singular value
decomposition; rCBF � relative CBF

In patients with acute ischemic stroke (AIS), characterization of

ischemic core on baseline imaging is essential for proper treat-

ment decision-making.1-3 While DWI provides the most accurate

estimation of ischemic core,4,5 CTP can improve the diagnostic

yields of CT-based imaging techniques for delineation of ischemic

core to approach those of MR imaging.6-8

Following successful implementation of CTP for improved

treatment selection in patients presenting with large-vessel occlu-

sion and up to 24 hours from the onset,9,10 CTP is now included in

the latest American Heart Association guidelines for treatment

selection in patients with anterior circulation large-vessel occlu-

sion who present beyond 6 hours from the onset of symptoms

(class I, level of evidence A).11

As quantitative CTP is gaining momentum for widespread

clinical use, neurology and radiology communities need to be

aware of its potential pitfalls. One of the disadvantages of CTP is

substantial variability and the potential for erroneous estimation

of the ischemic core, which may be at least partially related to the

inherently noisy nature of CTP datasets.12,13 Because an ischemic

core volume of �50 –70 mL14,15 could potentially exclude pa-

tients from a life-saving treatment, this pitfall could have impor-

tant therapeutic and prognostic implications.

Although recent application of quantitative CTP has shown

promising results in the supervised and controlled environment

of clinical trials, there remains variability and inconsistency in the
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accuracy of quantitative CTP data provided in routine daily

practice.13,16-20

The Bayesian method is a robust probabilistic method that

minimizes the effects of oscillation and high levels of noise

during residue function estimation compared with other de-

convolution methods.21,22 The advantages of the Bayesian

model to provide more accurate estimation of perfusion values

and reduction of variability have been shown in experimental

phantom studies23,24 and also recently in a cohort of patients

with AIS.25

In this study we had 2 aims: first, to define the optimal Bayes-

ian-based thresholds for estimation of ischemic core. In particu-

lar, we aimed to develop a multiparametric model from our CTP

datasets that provides a high degree of accuracy in the estimation

of ischemic core in comparison with MR imaging. The second

aim was a comparative analysis between the diagnostic accuracy

of our Bayesian-based model and routinely used postprocessing

methodology to estimate the ischemic core from CTP datasets in

patients with AIS.

MATERIALS AND METHODS
Patients
We included consecutive patients with AIS who presented to our

institution between January 2016 and July 2018 and had the fol-

lowing inclusion criteria: 1) anterior circulation ischemic stroke

with proximal arterial occlusion (carotid or MCA); 2) baseline

CTP; 3) successful recanalization defined by TICI � 2b via me-

chanical thrombectomy; and 4) follow-up imaging within 1 week

after recanalization to calculate the final infarct volume. We ex-

cluded patients who had the following: 1) time from CTP to re-

canalization of �4 hours; 2) rethrombosis/reocclusion of the re-

canalized artery on follow-up MRA/CTA; or 3) development

of significant intracranial hemorrhage that precluded accurate

estimation of infarct volume on follow-up imaging. The study

was performed under an approved institutional review board

guideline.

CTP Image Acquisition
CTP was performed on 2 CT scanners, a LightSpeed VCT (GE

Healthcare, Milwaukee, Wisconsin) and a Somatom Definition

(Siemens, Erlangen, Germany). We used the following scan

parameters: 100-mm coverage in the z-axis, 80 kV, 150 mA,

effective dose � 3.3 mSv, slice thickness � 5 mm, collima-

tion � 64 � 0.625 mm. Total acquisition time was 60 seconds

(30 consecutive spiral acquisitions of 2 seconds each). A total

of 50 mL of Isovue-370 (iopamidol; Bracco, Princeton, New

Jersey) was injected intravenously followed by a 20-mL saline

flush at 5 mL/s.

Image Analysis
CTP data were processed using FDA-approved postprocessing

software (Olea Sphere Version 6.0; Olea Medical, La Ciotat,

France). First, the arterial input function was detected automati-

cally using a cluster-analysis algorithm.26 This arterial input

function was subsequently used by the Bayesian probabilistic

method22 to generate the perfusion parametric maps, including

TTP, CBF, CBV, arterial tissue delay (ATD), and MTT. Relative

values for CBF and CBV (rCBF, relative CBV) were calculated by

dividing the absolute values of each voxel within the infarction

mask by the mean value of the contralateral side.

Model Development (Voxel-Based Analysis). The first 19 patients

who had pretreatment CTP and postthrombectomy MR imaging

were included for model development. For image registration and

analysis, the CTP template was first thresholded to 0 –180 HU and

the brain was extracted from the CTP template using the FSL

Brain Extraction Tool (f � 0.01) (BET; https://fsl.fmrib.ox.ac.uk/

fsl/fslwiki/BET). To account for regional differences in perfusion

values across brain areas, 5 additional maps were generated (dif-

ference maps) by subtracting the mean value of a cube of 27 voxels

centered on the voxel exactly on the contralateral hemisphere of

each voxel. The contralateral voxel was defined as the voxel on the

opposite hemisphere that had a similar Euclidean distance from

the center (anterior commissure) on the axial plane.

These differential (diff) maps (TTPdiff, rCBFdiff, relative

CBVdiff, ATDdiff, and MTTdiff) in addition to the 5 primary para-

metric maps (a total of 10 variables) were included in image-

analysis and predictive modeling. Extracted brain from all

CTP maps was linearly transformed and registered to brain MR

imaging using the FMRIB Linear Image Registration Tool

(FLIRT; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) with 9 df

and a mutual information cost function. All registrations were

visually inspected for accuracy.

An infarction mask and 2 noninfarction masks, 1 on the

ipsilateral and 1 on the contralateral side of the lesion, were

drawn on the MR imaging for each subject by a board-certified

neuroradiologist. Coregistered DWI was available to guide and

confine the VOI to the region of acute infarction. All CTP voxel

values from these 3 masks in each patient were exported for

statistical analysis.

Volumetric Analysis. The final output of our Bayesian-based pre-

dictive model defined by its logit scores (see Results) was used to

calculate the ischemic core volume in the remaining patients (n �

48), whose CTP data were not used for model development. The

logit scores were programmed into a software developmental kit

(Olea Infinite Software Developmental Kit; Olea Medical). The

DICOM images of Bayesian-processed CTP maps were exported

into this software to calculate the ischemic core volume using the

logit scores of our model.

In addition, the CTP-estimated ischemic core volume for

each patient was calculated by applying the broadly used

threshold methodology (rCBF �30%)7 currently applied in

clinical practice using an oscillation singular value decompo-

sition (oSVD).27

The volume of final infarction was calculated by applying a

volume of interest on the DWI hyperintense region using a

voxel-based signal intensity method subsuming the entire re-

gion of DWI hyperintensity. When follow-up MR imaging was

not available, follow-up CT within 24 – 48 hours from throm-

bectomy was used for determination of final infarct volume. In

these patients, the infarct (defined as established hypodense

regions) was manually delineated by a neuroradiologist with

10 years of experience.
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Statistical Analysis
Voxel-level logistic regression models were used to identify pre-

treatment CTP parameters (5 parametric maps � 5 differential

maps) that were predictive of infarction. Voxels from baseline

CTP that fell within the MR imaging– defined infarct area were

considered true infarction, and all other voxels were considered

not infarcted. Because the infarct status among voxels from the

same subject may be correlated, the Huber-White standard errors

(ie, robust standard errors) were computed to account for the

additional source of variability. CTP parameters that were signif-

icant at the .15 level in the univariate logistic regression analysis

were considered for the multivariable model. A backward-selec-

tion approach was then used to identify significant variables at the

.05 level.

The final multiparametric model was assessed using receiver

operating characteristic curve analysis. The optimal cutoff point

(measured on the logit scale) that identified a voxel as infarct was

determined by the Youden index. Summary measures such as

sensitivity, specificity, and accuracy were calculated on the basis of

the optimal threshold to quantify how well the final model differ-

entiated between infarct and noninfarct voxels.

Finally, the CTP-estimated ischemic core volumes obtained

from oSVD-rCBF �30% (that is used in routine practice) and

from the multiparametric Bayesian model (optimal logit score)

were compared against the final infarct volume using Bland-Alt-

man methods. The optimal volumetric agreement was deter-

mined by the smallest mean magnitude (absolute) difference in

lesion volume. All statistical analyses were performed at the .05

(2-sided) significance level using SAS 9.4 (SAS Institute, Cary,

North Carolina), R 3.1.1 statistical and computing software

(http://www.r-project.org), and SPSS 17.0 (IBM, Armonk, New

York).

RESULTS
A total of 88 charts were reviewed with 67 patients (40 women, 27

men) available for analysis. Two patients were excluded due to

development of a large intracranial hemorrhage. Two patients

were excluded because they had rethrombosis of the recanalized

MCA on follow-up MRA. Nine patients were excluded because of

nondiagnostic CTP (significant motion, n � 4), insufficient con-

trast bolus (n � 2), and a truncated arterial input function (n �

3). Eight patients were excluded due to

having �4 hours of recanalization time
from the onset of CTP. The mean age

was 69.6 � 14.4 years. The median

stroke severity measured by the NIHSS

was 15 (interquartile range, 9 –21). A to-

tal of 15 (22%) patients had internal ca-

rotid artery occlusion, and 52 (78%) had

proximal MCA occlusion (M1, n � 38;

M2, n � 14). The mean of time from

symptom onset was 8.7 � 5.2 hours. A

total of 25 patients presented �6 hours
from the onset, and 42 presented after 6
hours. The median time from CTP to
recanalization was 1.8 hours (interquar-

tile range, 1.3–2.7 hours), and from CTP
to follow-up imaging used for determi-

nation of final infarction, it was 24 hours

(interquartile range, 19 –31 hours). Fi-

nal recanalization scores were TICI 2b

(n � 22, 33%), TICI 2c (n � 16, 24%)

and TICI 3 (n � 29, 43%).

Voxel-Based Analysis
A total of 2,577,261 voxels in 19 patients

were included in the voxel-based analy-

sis. All 10 imaging variables were signif-

icantly associated with infarction in the

univariate analysis (Table 1). The final

FIG 1. Multiparametric voxel-based model for infarction.

Table 1: Voxel-based univariate analysis of infarction and
noninfarction voxelsa

Variable Infarction Noninfarction P Valueb

TTP 32.00 (1.95) 24.30 (1.19) �.001
rCBF 24.78 (2.81) 48.43 (6.49) �.001
rCBV 2.81 (0.46) 4.09 (0.56) .02
ATD 3.58 (0.18) 1.49 (0.16) �.001
MTT 6.58 (0.58) 5.33 (0.15) .01
rCBFdiff �25.60 (10.93) 3.20 (1.20) .02
rCBVdiff �1.15 (0.52) 0.06 (0.06) .03
TTPdiff 8.39 (0.41) 0.25 (0.17) �.001
ATDdiff 2.15 (0.17) �0.16 (0.06) �.001
MTTdiff 2.19 (0.49) �0.12 (0.06) �.001

Note:—rCBV indicates relative CBV.
a The values are presented as mean (SD). The SDs reported are the Huber-White
(robust) standard errors. All units are in seconds, except for rCBF and rCBV, which are
unitless.
b P values are based on a linear regression model with the presence of infarct as the
independent variable and imaging parameters as the outcome.

Table 2: Optimal threshold, sensitivity, specificity, and accuracy for TTP, rCBF, ATDdiff,
MTTdiff, and the final model in identifying infarcted voxels

Variable Threshold Sensitivity Specificity Accuracy AUC
TTP 28.82 seconds 65.3% 77.9% 76.5% 0.76
rCBF 22.10 60.0% 72.9% 71.5% 0.73
ATDdiff 0.87 seconds 68.1% 80.2% 78.9% 0.80
MTTdiff 1.38 seconds 56.2% 74.5% 72.5% 0.69
Final modela 0.109b 74.2% 80.0% 79.4% 0.84

a The final model consisted of TTP, rCBF, ATDdiff, and MTTdiff as the independent variables and the presence of infarct
as the outcome.
b Equation of the final model: logit(P) � �3.9170 � 0.0601 � TTP � 0.0095 � rCBF � 0.4629 � ATDdiff � 0.0989 �
MTTdiff where logit(P) � estimated log odds of infarction for a given voxel. If logit(P) is greater than the optimal
threshold of 0.109, the voxel is classified as infarct.
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multiparametric model contained 4 variables that remained inde-

pendent predictors of infarction when evaluated against other

imaging parameters. The CTP measures that were associated with

an increased log odds of infarction included TTP (10-unit change,

log odds ratio, 0.60; 95% CI, 0.04 –1.16; P � .03), ATDdiff (log

odds ratio, 0.46; 95% CI, 0.30 – 0.63; P � .001), and MTTdiff (10-

unit change, log odds ratio, 0.99; 95% CI, 0.12–1.86; P � .03).

Higher rCBF was protective (10-unit change, log odds ratio,

�0.10; 95% CI, �0.19 to 0; P � .058) (Fig 1). The parameters

relative CBV and MTT were highly cor-

related with rCBF and MTTdiff, respec-

tively, and were subsequently removed.

Based on the final model, the optimal

cut-point value (ie, optimal logit score)

that discriminated infarcted voxels from

noninfarcted ones was 0.109. At this

threshold, the accuracy of the classifica-

tion was 79.4%, with a sensitivity of

74.2% and a specificity of 80%. The area

under the receiver operating character-

istic curve (AUC) was 0.84 (Table 2). Re-

ceiver operating characteristic analysis

was also performed on the individual

components of the final model. The op-

timal thresholds identified were: TTP,

28.82 seconds (AUC � 0.76); rCBF, 22.1

(AUC � 0.73); ATDdiff, 0.87 second

(AUC � 0.80); and MTTdiff, 1.38 sec-

onds (AUC � 0.69).

Volumetric Analysis
Volumetric analysis was based on 48 pa-

tients whose CTP data were not used to

develop the voxel-level models. The

mean final infarct volume calculated from the follow-up MR im-

aging (n � 40) and CT (n � 8) was 36 mL (�41). The mean

estimated ischemic core volumes were 31 mL (�24) for oSVD and
37 mL (�33) for the Bayesian-based logit score.

The means of differences between CTP-estimated ischemic
core volume and final infarct volume were �4 mL (95% CI, �13

to 4 mL) for oSVD-CBF �30% and 1 mL (95% CI, �3 to 5 mL)

for the Bayesian-based logit score. The individualized error bars

for estimation of the final infarct volume between the Bayesian-

FIG 2. Stacked bar graph visualization of errors in ischemic core volume estimation compared with final infarction volume by Bayesian-logit and
oSVD postprocessing. The error values are noticeably greater with oSVD (black bars) compared with Bayesian-logit (gray bars).

FIG 3. A 74-year-old woman who presented with left M1 occlusion and a baseline NIHSS score of
26. She underwent successful mechanical thrombectomy (TICI 2c). The time from CTP to recan-
alization was 78 minutes, and the time from CTP to MR imaging was 19 hours. The 4 CTP maps
included in our final model are shown. Note that the estimated ischemic core derived from our
multiparametric Bayesian-logit model provides more accurate estimation of final infarction on
MR imaging in comparison with what is estimated from oSVD-CBF �30% (current clinical
practice).

1494 Nael Sep 2019 www.ajnr.org



based approach and the currently used clinical method (oSVD-
rCBF �30%) are shown in Fig 2.

Figure 3 shows an example of CTP-estimated ischemic core

using oSVD-rCBF and our Bayesian-based logit score in compar-

ison with MR imaging.

Bland-Altman plots for comparison of CTP-estimated isch-

emic core volume and final infarct volume for each postprocess-

ing method are summarized in Fig 4. The limits of agreement

defined as the mean � 2 times the SD of the differences were �25

to 27 for the Bayesian-based logit score and �61 to 52 for

oSVD-CBF.

DISCUSSION
Although quantitative CTP has been used successfully for treat-

ment selection of patients with AIS in a controlled environment of

randomized clinical trials, its day-to-day use may still be challeng-

ing due to inconsistencies of the results that are reflected in the

literature.13,16,17,19,25,28,29

There are several barriers to effective

implementation of CTP in acute stroke

care, including differences in CT scan-

ners and hardware, postprocessing

methodology such as different software

packages, and different deconvolution

techniques for quantitative analysis.30-33

One of the potential limitations of quan-

titative CTP is related to the inherently

noisy nature of CTP data, which can af-

fect postprocessing and result in errone-

ous calculation of the ischemic core.

This limitation can become a larger

problem when postprocessing is per-

formed by deconvolution via singular

value decomposition, a highly noise-

sensitive technique,34,35 currently used

by most commercially available post-

processing software.

The theoretic advantages of the

Bayesian method for more accurate esti-

mation of perfusion parameters have
been shown in digital phantom and
simulation studies.22-24 A recent study
in patients with AIS also showed re-
duced variability in CTP-estimated isch-
emic core volume by the Bayesian

method in comparison with singular

value decomposition.25

This study, to our knowledge, is the

first to establish optimal thresholds for

estimation of ischemic core volume us-

ing the Bayesian method. We showed
that the most accurate single parameter
for estimation of infarction was ATDdiff

with an overall accuracy of 78.9%

(AUC � 0.80). For every 1-second-delay

difference within the ischemic territory

and contralateral hemisphere, the odds

ratio of a voxel being infarcted was 1.59

(95% CI, 1.35–1.88, P � .001). Most interesting, the threshold for

Bayesian-estimated rCBF was lower than what is used currently

for singular value decomposition– based methodology (22.1%

versus 30%). This finding confirms the results of a recent study

showing that Bayesian-estimated rCBF at the threshold of 30%

can result in overestimation of the ischemic core.25 The final mul-

tiparametric Bayesian-based model provided the highest diagnos-

tic accuracy in predicting infarction, with an overall accuracy of

79.4% (AUC � 0.84). In this model, if the logit score of a voxel

was greater than the optimal threshold of 0.109, the voxel would

be classified as an infarct.

One advantage of our multiparametric model is that it uses a

combination of time maps in addition to currently used rCBF to

provide a more accurate estimation of ischemic core, in particular

for patients in whom some degree of reperfusion of the ischemic

core is present. Increased blood flow within the ischemic territory

is a known phenomenon that increases progressively with time

FIG 4. Bland-Altman plots of calculated final infarct volume and estimated ischemic core volume
using the Bayesian-based logit score (A) and oSVD-rCBF �30% (B). Solid lines represent the mean
differences. Dashed lines indicate 2 SDs above and below the mean differences. The limits of
agreement were �25 to 27 for the Bayesian-based logit score and �61 to 52 for oSVD-CBF �30%.
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from onset,36-38 with the reported incidence of 16% at 8 hours

from the onset of ischemia.36 In the absence of thrombolytic

treatment, the restoration of blood flow within the ischemic core

might be from reperfusion related to spontaneous recanalization

of the occluded artery or via development of collateral flow or

from severe reperfusion/luxury perfusion related to blood-brain

barrier injury.39-41 Regardless of the underlying mechanism, fol-

lowing reperfusion, blood flow within the ischemic core may re-

turn to levels beyond the defined threshold (ie, rCBF �30%),

which, in turn, can result in erroneous estimation of the ischemic

core volume.

The erroneous estimation of ischemic core due to infarct

reperfusion can be best addressed using a combination of para-

metric maps, including time maps and CBF to provide supple-

mentary information that can best approximate the physio-

logic status of a given voxel within the ischemic bed. Because

more patients with AIS are being treated later during their

disease course (up to 24 hours) and because the incidence of

spontaneous reperfusion of the infarct increases with time,36

multiparametric models such as ours can provide a more real-

istic estimation of ischemic core volume over what is estimated

through rCBF alone.

Our multiparametric Bayesian-based approach showed great

reduction in the variability of the estimated ischemic core. Com-

pared with the calculated final infarct volume, the limits of agree-

ment ranged from �25 to �27 mL for our multiparametric

Bayesian-based model compared with �61 to �52 mL for oSVD-

rCBF. With reliance on ischemic core volume to include or ex-

clude patients from attempted revascularization treatment,14,15

accurate and reliable quantification of ischemic core is of para-

mount importance outside the controlled and supervised envi-

ronment of clinical trials if CTP is to be adopted broadly in rou-

tine clinical practice. The reduced variability in the estimation of

the ischemic core afforded by our multiparametric Bayesian

model can play a critical role for the broad acceptance of CTP in

clinical practice and to ensure that patient selection for mechan-

ical thrombectomy is optimized.

One of the limitations of our study is that due to the retrospec-

tive study design, we did not strictly control the time between CTP

and recanalization or the time between CTP and MR imaging

acquisitions. Growth of infarction and increased volume are pos-

sible between CTP and the scans that were used for final infarct

volume calculation. We tried to minimize these confounding fac-

tors by including patients with successful recanalization and by

excluding patients with time from CTP to recanalization of �4

hours. Another limitation is that we used recanalization of �TICI

2b as a cutoff for successful recanalization; however, going for-

ward and with advances in mechanical thrombectomy, �TICI 2c

may be used as a cutoff for successful outcome. Last, the final

imaging study used for determination of final infarct volume

in our volumetric analysis was CT in a subset of patients (16%)

because they could not undergo MR imaging. Although fol-

low-up CT has been used as an acceptable method for deter-

mination of final infarct volume, it is plausible that this can

result in inconsistencies in comparison with the more accurate

MR imaging.

CONCLUSIONS
We established thresholds for the Bayesian model to estimate

ischemic core using CTP. The described multiparametric Bayes-

ian-based model improved consistency in the CTP estimation of

ischemic core in comparison with the methodology used in cur-

rent clinical routine. If its potential is realized in a prospective

study, the described model can be used for accurate estimation

and reduced variability of CTP-estimated ischemic core for

broader acceptance of CTP outside the controlled environment of

clinical trials.
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ORIGINAL RESEARCH
ADULT BRAIN

Color-Mapping of 4D-CTA for the Detection of Cranial
Arteriovenous Shunts

X M. Meijs, X S.A.H. Pegge, X K. Murayama, X H.D. Boogaarts, X M. Prokop, X P.W.A. Willems, X R. Manniesing, and X F.J.A. Meijer

ABSTRACT

BACKGROUND AND PURPOSE: 4D CT angiography is increasingly used in clinical practice for the assessment of different neurovascular
disorders. Optimized processing of 4D-CTA is crucial for diagnostic interpretation because of the large amount of data that is generated.
A color-mapping method for 4D-CTA is presented for improved and enhanced visualization of the cerebral vasculature hemodynamics.
This method was applied to detect cranial AVFs.

MATERIALS AND METHODS: All patients who underwent both 4D-CTA and DSA in our hospital from 2011 to 2018 for the clinical suspicion
of a cranial AVF or carotid cavernous fistula were retrospectively collected. Temporal information in the cerebral vasculature was
visualized using a patient-specific color scale. All color-maps were evaluated by 3 observers for the presence or absence of an AVF or
carotid cavernous fistula. The presence or absence of cortical venous reflux was evaluated as a secondary outcome measure.

RESULTS: In total, 31 patients were included, 21 patients with and 10 without an AVF. Arterialization of venous structures in AVFs was
accurately visualized using color-mapping. There was high sensitivity (86%–100%) and moderate-to-high specificity (70%–100%) for the
detection of AVFs on color-mapping 4D-CTA, even without the availability of dynamic subtraction rendering. The diagnostic performance
of the 3 observers in the detection of cortical venous reflux was variable (sensitivity, 43%– 88%; specificity, 60%– 80%).

CONCLUSIONS: Arterialization of venous structures can be visualized using color-mapping of 4D-CTA and proves to be accurate for the
detection of cranial AVFs. This finding makes color-mapping a promising visualization technique for assessing temporal hemodynamics in
4D-CTA.

ABBREVIATIONS: CCF � carotid cavernous fistula; TTS � time-to-signal

Four-dimensional CT angiography (4D-CTA) is increasingly

used in clinical practice for the assessment of different neuro-

vascular disorders as a noninvasive alternative to invasive DSA.1

Multiple acquisitions over time enable visualization of the cere-

bral vasculature hemodynamics. Dynamic acquisition during the

passage of a contrast bolus enables accurate detection of arterial-

venous shunting, seen as abnormal early contrast enhancement of

a dural sinus or cortical vein, due to an AVM or AVF.2-5 The main

arterial feeders of AVFs can be identified, and the pathway of

venous drainage can be estimated. Compared with DSA, 4D-CTA

is less time-consuming, less expensive, and has a lower risk of

complications.6,7 In addition, 4D-CTA is less sensitive to the tim-

ing of the acquisition relative to the contrast bolus injection as

opposed to static, single-phase CTA.

The high spatial and temporal resolution of 4D-CTA yields

large amounts of data, resulting in a laborious and time-consum-

ing diagnostic evaluation and hampers direct interpretation, even

for experienced observers. The challenge of 4D-CTA lies in com-

prehensively and accurately visualizing the essential parts of the

imaging data. For example, in the diagnostic work-up of cranial

arteriovenous shunts, a continuous 4D-CTA acquisition with

high temporal and spatial resolution is crucial, and hemody-

namics is evaluated by creating dynamic CTA subtraction im-

ages. The evaluation of dynamic CTA requires an accurate

evaluation of multiple individual time points for the detection

of arterialized venous structures. In a more sophisticated ap-
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proach for evaluating the vascular morphology on 4D-CTA,

the whole 4D dataset can be condensed into a 3D dataset using

a temporal maximum intensity projection.8 However, this pro-

jection has the disadvantage of temporal information being

lost.

In this work, a visualization technique for 4D-CTA is pro-

posed that is based on mapping the contrast bolus arrival times in

the cerebral vasculature to a color scale. A flow window is adjusted

specifically for each patient on the basis of the aggregated tempo-

ral information. The method retains temporal (4D) information

in a 3D reconstruction. The 4D-CTA color-mapping method was

evaluated in an observer study for the detection of cranial AVFs.

MATERIALS AND METHODS
Study Design and Study Population
All patients older than 18 years of age who underwent both 4D-

CTA and DSA in our hospital (Radboud University Medical Hos-

pital, Nijmegen) from 2011 to 2018 for the clinical suspicion of a

cranial AVF or carotid cavernous fistula (CCF) were retrospec-

tively collected. Patients with a proved AVM (ie, the presence of

an intervening nidus) were excluded. The study was approved by

the medical ethical committee of our hospital, and informed con-

sent was waived because of the retrospective collection of the

study data. The study was conducted in accordance with the eth-

ical standards of the 1964 Declaration of Helsinki and its later

amendments.

Data Acquisition
All patients underwent whole-brain 4D-CTA on a 320 – detector-

row Aquilion ONE CT scanner (Canon Medical Systems, Tokyo,

Japan). The 4D-CTA scanning protocol consisted of a 10- to 12-

second continuous acquisition (80 kV, 115 mAs, 0.5-second ro-

tation speed) reconstructed at a temporal resolution of 1 volume

per second. A 50-mL contrast agent bolus of iomeprol (300 mg

iodine/mL, Iomeron; Bracco, Milan, Italy) was intravenously in-

jected. A test bolus of 15 mL of contrast agent was used for the

timing of the acquisition. Image reconstruction was performed

with a smooth reconstruction kernel (FC41), resulting in an im-

age matrix of 512 � 512 with voxel sizes of 0.43 � 0.43 � 0.5 mm.

The estimated mean radiation dose for the 4D-CTA examinations

was 6.6 mSv (dose-length product, 3176; k-factor, 0.0021).

Color-Mapping
The color-mapping visualization of 4D-CTA consists of 4 steps

(Fig 1). First, the vessels are segmented using a random forest

classifier using a weighted temporal average and variance as the

main image features.9 The second step is calculation of the con-

trast bolus arrival times in the segmented vessels. Gaussian blur-

ring is applied in the temporal direction with � � 3 seconds to

reduce noise while maintaining spatial resolution. The tissue at-

tenuation curve per voxel describes contrast changes over time in

Hounsfield units (HU). For each vessel voxel, a point on this

curve is searched where the attenuation reaches a fraction, �, of

the maximum signal intensity, corrected for the baseline

intensity:

1) IThreshold � Imin � � � �Imax � Imin�.

Here, Imin and Imax are the minimum and maximum intensity in

the temporal direction for the current voxel. Depending on the

application, � may range from 0 to 1, where 1 resulted in the

FIG 1. Overview of the proposed method. First, the vessels are segmented in the 4D-CTA acquisitions. Second, time-to-signal is calculated per
vessel voxel in the segmentation. Third, the TTS values are aggregated in a histogram, and the start and end of the flow window are determined.
Last, a color scale is mapped to the flow window, and the colors are overlaid on the vessel segmentation.
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temporal maximum intensity projection and the time-to-peak. In

our method, the parameter, �, was set to 0.2 for optimal evalua-

tion of contrast bolus arrival times. The TTS is linearly interpo-

lated using IThreshold and the known acquisition time points as

follows:

2) TTS � T0 � � � �T1 � T0�,

With

3) � �
IThreshold � I0

I1 � I0
.

Here, T0, T1, I0, and I1 are the acquisition time points and intensity

values around IThreshold, respectively, as shown in the profile in-

tensity curve plot in Fig 1. In the next step, all TTS values of the

vessels are aggregated in a histogram that is used to determine a

flow window for each patient specifically. The start and end of the

flow window are defined as the first and last time points that reach

20% of the maximum peak in the histogram, as illustrated by the

TTS histogram in Fig 1. In the final step of the method, a color

scale is adjusted around the flow window and overlaid on the

vessel segmentation to visualize the arrival times and thus the flow

dynamics in the cerebral vasculature.

Diagnostic Evaluation
Three observers, 2 neuroradiologists (F.J.A.M., S.A.H.P.) and a

neurosurgeon (H.D.B.) with various levels of experience in read-

ing 4D-CTA, evaluated the color-mapping visualization datasets.

The cases were presented to the observers in a random order, and

the observers were blinded to clinical symptoms, DSA, and pa-

tient outcome. Initially, only color-mapping processing of 4D-

CTA as an overlay on temporal average images of the 4D-CTA was

presented to the observers (method 1). In a second step, dynamic

subtraction rendering of 4D-CTA was available in addition to

color-mapping (method 2).

The primary outcome measure was the detection of cranial

AVFs. In case an AVF or CCF was identified, the location, domi-

nant arterial feeders, and the pattern of venous drainage were

assessed. The secondary outcome measure was the presence or

absence of cortical venous reflux, which is of relevance for grading

the dural AVF and for treatment decision-making.10 The CCFs

were graded as either direct type (originating from the internal

carotid artery) or indirect type (branches of the external carotid

artery serving as arterial feeders).

Reference Standard and Statistical Analysis
DSA was performed in the clinical diagnostic work-up of all cases,

was independently evaluated by neurovascular interventionalists,

and served as the reference standard for the primary and second-

ary outcome measures. Measures of diagnostic accuracy for the

detection of AVFs on 4D-CTA color-mapping were calculated per

observer. Fleiss 	 statistics11 was used for assessing agreement for

AVF detection among the 3 observers. The Krippendorff statisti-

cal test12 was used for evaluating interobserver agreement on cor-

tical venous reflux (taking possible missing data points into ac-

count). SPSS Statistics (Version 25; IBM, Armonk, New York)

and Python 3.6 were used for data management and data analyses.

RESULTS
Study Population
A total of 34 patients were included, of whom 3 were excluded due

to failure of the vessel segmentation. The failure was the result of

heavy distortion due to metal artifacts and poor contrast opacifi-

cation of the vasculature. The remaining study population con-

sisted of 31 patients, 21 with and 10 without a cranial AVF. The

group of AVFs consisted of 18 dural AVFs and 3 CCFs. An over-

view of the study population demographics and AVF characteris-

tics is provided in Table 1.

Diagnostic Accuracy
The results of the color-mapping evaluation of 4D-CTA per ob-

server are provided in Table 2. Overall, there was high sensitivity

(86%–100%) and moderate-to-high specificity (70%–100%) for

the detection of cranial AVFs on color-mapping 4D-CTA. For

Table 1: Patient demographics and characteristics of the AVFs
Cranial AVF

Present
(n = 21)

Cranial AVF
Absent
(n = 10)

Sex (male/female) 13:8 3:7
Mean age (SD) (yr) 62 (12) 51 (14)
Presenting with pulsatile tinnitus (No.) 8 7
Mean time to DSA (SD) (day) 49 (68) 179 (205)
Dural AVF location (No.)

Dural sinus 9 –
Posterior fossa 5 –
Anterior skull base 2 –
Supratentorial convexity 2 –

Dural AVF classification (No.)
Borden type I 9 –
Borden type II 3 –
Borden type III 6 –

CCF
Direct type 1 –
Indirect type 2 –

Note:— – indicates no data.

Table 2: Diagnostic accuracy of the 3 observers for the detection of cranial AVFs (n � 31), with DSA serving as the reference standarda

Detection of AVF
Observer 1,
Method 1b

Observer 2,
Method 1b

Observer 3,
Method 1b

Observer 1,
Method 2c

Observer 2,
Method 2c

Observer 3,
Method 2c

True-positive, true-negative 19 10 21 10 18 7 20 10 21 10 18 7
False-positive, false-negative 0 2 0 0 3 3 0 1 0 0 3 3
Sensitivity (%) (95% CI) 90 (70–99) 100 (81–100) 86 (63–96) 95 (76–100) 100 (81–100) 86 (63–96)
Specificity (%) (95% CI) 100 (69–100) 100 (66–100) 70 (35–92) 100 (69–100) 100 (66–100) 70 (35–92)
PPV (%) (95% CI) 100 (80–100) 100 (81–100) 86 (63–96) 100 (80–100) 100 (81–100) 86 (63–96)
NPV (%) (95% CI) 83 (57–94) 100 (66–100) 70 (35–92) 91 (60–98) 100 (66–100) 70 (35–92)
Fleiss 	 0.619 (Substantial agreement) 0.661 (Substantial agreement)

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
a The Fleiss 	 for interobserver agreement is shown per method.
b Method 1, color-mapping only.
c Method 2, color-mapping and dynamic subtraction rendering of 4D-CTA.
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observer 1, two cases were rated false-negative on 4D-CTA color-

mapping, of which 1 (a CCF) was detected with additional dy-

namic subtraction rendering. All AVFs were correctly identified

on 4D-CTA color-mapping by observer 2, even before the avail-

ability of dynamic subtraction rendering. For observer 3, three

cases were read as false-negative and 3 cases were read as false-

positive. For observers 2 and 3, there were no changes in the read-

ing before and after the availability of dynamic subtraction ren-

dering. In all cases with a true-positive evaluation of 4D-CTA,

there was full agreement with DSA for the location of the AVFs for

all observers. The interobserver agreement for the detection of

cranial AVFs was substantial (0.619 for method 1 and 0.661 for

method 2).

The diagnostic performance in the detection of cortical ve-

nous reflux was highly variable among the observers (Table 3),

ranging from low-to-high sensitivity (43%– 88%) and moder-

ate specificity (60%– 80%) for both methods. Only for ob-

server 3 was there a slight increase in sensitivity with the avail-

ability of dynamic subtraction rendering because cortical

venous reflux was correctly identified in 1 additional case (ini-

tial false-negative reading on color-mapping). Regarding the 3

cases with a CCF included in the evaluation, 1 case with an

indirect type of CCF was, as mentioned, initially missed on

color-mapping by observer 1 but was detected with the avail-

ability of dynamic subtraction rendering. This case was de-

tected by observers 2 and 3 but was misclassified as a direct type

by observer 2 and could not be classified by observer 3. The

interobserver agreement for the detection of cortical venous

reflux was fair (0.294 for method 1 and 0.372 for method 2).

DISCUSSION
We have presented a visualization technique to represent temporal

information of the cerebral vasculature in a 4D-CTA acquisition,

enabling accurate detection and enhanced visualization of cranial

AVFs. The visualization of contrast bolus arrival times using a color

scale enables temporal information (4D) to be assessed on a 3D vol-

ume without losing information. The 3 observers were able to accu-

rately detect and localize the AVFs using 4D-CTA color-mapping,

even without the availability of dynamic subtraction rendering. The

difference in the diagnostic performance among the observers is

most likely related to the level of experience in reading 4D-CTA stud-

ies and is a reflection of clinical practice. Examples of AVFs in differ-

ent locations as detected on 4D-CTA color-mapping are provided in

Figs 2–4.

The detection of cortical venous reflux on 4D-CTA color-map-

ping, with the availability of dynamic subtraction rendering, proved

FIG 2. Left image, 4D-CTA color-mapping in a patient with a dural AVF located in the left sigmoid sinus. Early contrast bolus arrival and
arterialization of the left sigmoid sinus are depicted in red (large arrow). Middle image, 3D rendering of color-mapping. Right image, conven-
tional angiography. Note the occipital artery branches serving as arterial feeders (small arrows) with anterograde venous drainage in the jugular
vein.

Table 3: Diagnostic accuracy for the detection of cortical venous reflux on 4D-CTA for the correctly identified AVFs by the 3 observers,
with DSA serving as the reference standarda

Cortical Venous Reflux

Observer 1,
Method 1
(n = 16)b

Observer 2,
Method 1
(n = 18)b

Observer 3,
Method 1
(n = 15)b

Observer 1,
Method 2

(n = 17)c

Observer 2,
Method 2
(n = 18)c

Observer 3,
Method 2

(n = 15)c

True-positive,
true-negative

6 6 7 8 3 5 6 6 7 8 4 5

False-positive,
false-negative

3 1 2 1 3 4 4 1 2 1 3 3

Sensitivity (%) (95% CI) 86 (42–100) 88 (47–100) 43 (10–82) 86 (42–100) 88 (47–100) 57 (18–90)
Specificity (%) (95% CI) 67 (30–93) 80 (44–97) 63 (25–92) 60 (26–88) 80 (44–97) 63 (24–91)
PPV (%) (95% CI) 67 (43–84) 78 (50–93) 50 (23–78) 60 (40–77) 78 (50–93) 57 (31–80)
NPV (%) (95% CI) 86 (48–98) 89 (55–98) 56 (35–74) 86 (48–98) 89 (55–98) 63 (32–84)
Krippendorff � 0.294 (Fair agreement) 0.372 (Fair agreement)

Note:—PPV indicates positive predictive value; NPV, negative predictive value.
a The Krippendorff � for interobserver agreement is shown per method.
b Method 1, color-mapping only.
c Method 2, color-mapping and dynamic subtraction rendering of 4D-CTA.
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challenging. The performance in the detection of cortical venous re-

flux was probably also related to the observers’ experience in reading

4D-CTA because observers 1 and 2 were considerably more experi-

enced in reading 4D-CTA than observer 3. Cortical venous reflux can

be depicted on 4D-CTA, as has been reported previously1,13, but

there were discrepancies with DSA in a considerable number of cases.

Although our study population was scanned with a continuous 4D-

CTA volume acquisition, the temporal resolution was set at 1 volume

per second based on which color-mapping was applied. A higher

temporal resolution would enable targeted color-mapping in a more

specific timeframe during the acquisition, which could improve the

evaluation of cortical venous reflux.

The cerebral vessel segmentation is an important part of the

presented method. It allows the arrival times to be extracted di-

rectly from the vascular system, and it reduces the large amount of

4D-CTA data to the essential parts needed for the diagnostic eval-

uation and visualization of the cerebral vasculature hemodynam-

ics. The accuracy of the color-mapping method is therefore

strongly dependent on the quality of the vessel segmentation,

which is especially challenging for small-caliber arteries and veins.

When combined with vessel labeling, this method could serve as a

base for automated detection of AVFs.

Three patients were excluded due to failed color-mapping,

which resulted from insufficient vessel segmentation. Although

only 3 patients were excluded, it is a relatively large percentage of

the small dataset. The vessel segmentation algorithm was primar-

ily developed for a discontinuous 4D-CTA scanning protocol

used in acute ischemic stroke.9 This feature may cause the vessel-

segmentation algorithm to be less equipped to handle image arti-

facts and suboptimal contrast opacification of the vasculature. A

vessel segmentation algorithm optimized for a continuous 4D-

CTA scanning protocol might result in a decreased failure rate of

the vessel segmentations.

The � factor in the TTS calculation of the presented method

defines the threshold for the contrast bolus arrival time in the

cerebral vasculature and determines the final visualization. A low

� factor is more suited to a detailed distinction in early contrast-

arrival times, making it more sensitive for the detection of arteri-

alized venous structures (ie, arteriovenous shunts). In other pa-

thologies such as ischemic stroke, a higher � factor resembles the

time-to-peak, which is beneficial for the evaluation of the collat-

eral vessel status, which is an important independent predictor of

patient outcome.14 Preliminary results already showed that the

temporal dynamics of collateral flow in the circle of Willis can be

FIG 3. Left image, 4D-CTA color-mapping in a patient with a small dural AVF located at the left anterior skull base. Middle image, 3D
rendering of color-mapping. Right image, conventional angiography. Early contrast bolus arrival of the AVF is seen as a prominent red
(arrow). The ophthalmic artery with ethmoidal branches serving as the arterial feeder and arterialization of a tortuous cortical draining
vein are clearly seen.

FIG 4. Left image, 4D-CTA color-mapping of 4D-CTA in a patient with a dural AVF located in the left condylar venous plexus (white arrow).
Middle image, 3D rendering of the color-mapping. Right image, conventional angiography. The ascending pharyngeal artery serves as the feeding
artery (black arrow), and venous drainage is into the green jugular vein.
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depicted in patients with a unilateral carotid artery occlusion us-

ing the presented method.15 It is expected that color-mapping

could also be beneficial for 4D-CTA evaluation of vascular mal-

formations in other organ systems or in the evaluation of cardio-

vascular pathology. The visualization of arrival times using a color

scale has been suggested before in 2D-DSA16-18 and in 4D-

CTA,19,20 but none of these methods are adjusted for each patient

individually independent from the cerebral blood flow, heart rate,

and cardiac output function. The application of a histogram to

normalize the arrival times for each patient individually is a novel

approach that allows an automatic visualization and comparison

among patients with different contrast bolus arrival times. The

20% threshold on the TTS histogram was chosen to ensure the

detection of the contrast bolus arrival at a reasonable signal-to-

noise ratio. Relevant arrival times in other parts of the vasculature

that might be outside the flow window are still visualized as the

flow-window servers as anchor points the color scale and no ar-

rival times are masked out.

Our study has some limitations. First, our study population

was collected retrospectively with the risk of selection bias. Our

findings therefore need validation in a prospective cohort

study. Second, dynamic subtraction rendering of 4D-CTA was

not independently evaluated from color-mapping because we

chose to evaluate color-mapping in a manner similar to that

applied in clinical practice in which both color-mapping and

dynamic subtraction rendering are available. Our goal was not

to repeal dynamic subtraction rendering of 4D-CTA but to

provide color-mapping as an initial evaluation tool of 4D-

CTA, enabling accurate detection of an AVF, with dynamic

subtraction rendering available for further detailed analysis.

However, a direct comparison is of added value, which can be

evaluated in a future prospective study. Third, the role of 4D-

CTA in the diagnostic work-up of AVFs is still under debate,

and a direct comparison of the diagnostic accuracy of 4D-CTA

with DSA or time-resolved MR angiography is lacking. MR

angiography is preferable to 4D-CTA because the patient is not

exposed to radiation. On the contrary, 4D-CTA is preferable to

dynamic MR angiography because 4D-CTA is much less lim-

ited by the trade-off between temporal and spatial resolu-

tion.21 In addition, the radiation dose of 4D-CTA is currently

considerably reduced by advanced noise filtering and registra-

tion techniques, though this reduction still strongly depends

on the exact scanning protocol. Last, we did not include sub-

jects with intracranial AVMs in our cohort to have a more

homogeneous study population. It is expected that AVMs can

also be detected with high accuracy using 4D-CTA color-map-

ping because an AVM is also characterized by AV shunting.

Nevertheless, a follow-up study is needed to validate this

assumption.

CONCLUSIONS
Arterialization of venous structures is visualized by color-map-

ping of 4D-CTA and proves to be accurate for the detection of

cranial AVFs. This finding makes color-mapping a promising vi-

sualization technique for 4D-CTA.
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ORIGINAL RESEARCH
INTERVENTIONAL

Quantitative and Qualitative Comparison of 4D-DSA with
3D-DSA Using Computational Fluid Dynamics Simulations in

Cerebral Aneurysms
X S. Lang, X P. Hoelter, X A.I. Birkhold, X M. Schmidt, X J. Endres, X C. Strother, X A. Doerfler, and X H. Luecking

ABSTRACT

BACKGROUND AND PURPOSE: 4D-DSA allows time-resolved 3D imaging of the cerebral vasculature. The aim of our study was to
evaluate this method in comparison with the current criterion standard 3D-DSA by qualitative and quantitative means using computational
fluid dynamics.

MATERIALS AND METHODS: 3D- and 4D-DSA datasets were acquired in patients with cerebral aneurysms. Computational fluid dynamics
analysis was performed for all datasets. Using computational fluid dynamics, we compared 4D-DSA with 3D-DSA in terms of both
aneurysmal geometry (quantitative: maximum diameter, ostium size [OZ1/2], volume) and hemodynamic parameters (qualitative: flow
stability, flow complexity, inflow concentration; quantitative: average/maximum wall shear stress, impingement zone, low-stress zone,
intra-aneurysmal pressure, and flow velocity). Qualitative parameters were descriptively analyzed. Correlation coefficients (r, P value) were
calculated for quantitative parameters.

RESULTS: 3D- and 4D-DSA datasets of 10 cerebral aneurysms in 10 patients were postprocessed. Evaluation of aneurysmal geometry with
4D-DSA (rmaximum diameter � 0.98, Pmaximum diameter �.001; rOZ1/OZ2 � 0.98/0.86, POZ1/OZ2 � .001/.002; rvolume � 0.98, Pvolume �.001)
correlated highly with 3D-DSA. Evaluation of qualitative hemodynamic parameters (flow stability, flow complexity, inflow concentration)
did show complete accordance, and evaluation of quantitative hemodynamic parameters (raverage/maximum wall shear stress diastole � 0.92/0.88,
Paverage/maximum wall shear stress diastole � .001/.001; raverage/maximum wall shear stress systole � 0.94/0.93, Paverage/maximum wall shear stress systole �

.001/.001; rimpingement zone � 0.96, Pimpingement zone � .001; rlow-stress zone � 1.00, Plow-stress zone � .01; rpressure diastole � 0.84, Ppressure diastole �

.002; rpressure systole �0.9, Ppressure systole � .001; rflow velocity diastole �0.95, Pflow velocity diastole � .001; rflow velocity systole �0.93,Pflow velocity systole � .001)
did show nearly complete accordance between 4D- and 3D-DSA.

CONCLUSIONS: Despite a different injection protocol, 4D-DSA is a reliable basis for computational fluid dynamics analysis of the
intracranial vasculature and provides equivalent visualization of aneurysm geometry compared with 3D-DSA.

ABBREVIATIONS: AWSS � average wall shear stress; CFD � computational fluid dynamics; dmax � maximum diameter; IZ � impingement zone; LSZ � low-stress
zone; MWSS � maximum wall shear stress; OZ � ostium size; r � correlation coefficient; V � flow velocity; WSS � wall shear stress

Due to its accuracy, cerebral angiography consisting of 2D-

and 3D-DSA is regarded as the criterion standard for visual-

ization of the cerebral vasculature.1,2 Despite the high image qual-

ity of 2D-DSA and the opportunity for 3D visualization of the

vasculature using 3D-DSA, both methods have limitations. On

the one hand, 2D-DSA offers a dynamic, high-resolution illustra-

tion of vessels in selected projections. On the other hand, delin-

eation of anatomic details might be impaired by exclusive use of

2D-DSA.3 Whereas 2D-DSA has overlap of arterial and venous

structures, 3D-DSA is limited by its lack of temporal resolution.

Hence, especially in complex pathologies, 2D-DSA should be

combined with 3D-DSA to improve the validity of cerebral

angiography.

Recently a novel method has been implemented4 that offers

both static and time-resolved 3D volumes (4D-DSA). 4D-DSA

has become a reliable method for improved visualization of vas-

cular anatomy that shows excellent agreement with 2D-DSA.5-8

Despite 3D- and 4D-DSA both being based on the rotational ac-
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quisitions of mask and fill projection images, there are relevant

technical differences between 3D- and 4D-DSA. For realization of

time-resolved 3D imaging, a different acquisition protocol is re-

quired. Compared with 3D-DSA, 4D-DSA consists of a longer

scanning time (4D-DSA � 12 seconds versus 3D-DSA � 5 sec-

onds) and a higher rotational angle (rotational angle 4D-DSA �

260° versus rotational angle 3D-DSA � 200°) to record the in-

and outflow of contrast medium. If one took into account that

4D-DSA represents a new and different approach for 3D visual-

ization of vasculature, the question of noninferiority of the static

reconstructions of 4D-DSA compared with 3D-DSA comes auto-

matically to the fore. Because of high intra- and interrater incon-

sistencies due to different windowing, even “simple” measure-

ments of, for example, the height and length of an aneurysm in 2

different datasets, are challenging. Thus, an objective method for

comparing both techniques would be desirable.

In this context, computational fluid dynamics (CFD) analysis

of cerebral vasculature might be helpful. Despite the controversial

discussion on its clinical relevance,9 CFD is considered an estab-

lished method to evaluate intra-aneurysmal hemodynamics.10,11

Whereas 3D-DSA is commonly used as a basis for CFD analysis of

cerebral aneurysms,12,13 there are no data regarding the qualifica-

tion of 4D-DSA datasets for CFD. Considering that the geometry

of the vascular structure has a significant influence on the deduc-

tion of flow parameters,14-17 we concluded that CFD analysis of 1

aneurysm based on both 3D- and 4D-DSA could be useful for the

evaluation of the static reconstruction of a 4D-DSA dataset. If one

assumes that established flow parameters (eg, wall shear stress and

so forth) represent the vascular geometry in aneurysms, CFD

might be a suitable method to compare the quality of 3D imaging

of 4D-DSA with that of 3D-DSA.

In this article, we present our initial experience with 4D-DSA

for the calculation of typical CFD parameters. Our aim was to

evaluate 4D-DSA in comparison with 3D-DSA using CFD regard-

ing quantitative and qualitative parameters.

MATERIALS AND METHODS
Patients
Patients with cerebral aneurysms who underwent both a 3D-

DSA at the diagnostic stage and a 4D-DSA immediately before

the intervention due to optimization of working projections

(eg, in case of different head positioning) were included in this

study retrospectively.

Data Acquisition and Postprocessing
Angiography (including 3D-DSA and 4D-DSA) was performed

using a biplane flat panel detector angiographic system (Artis zee

biplane; Siemens, Erlangen, Germany). By standard angiographic

methods (via the transfemoral route), a diagnostic catheter (5F)

was positioned in the proximal internal carotid artery or in the

vertebral artery to obtain standard projections (2D-DSA). Addi-

tionally, 3D- and 4D-DSA datasets were acquired using com-

mercially available angiographic applications (12-second syngo

Dyna 4D and 5-second DSA; Siemens) as previously described.8

The datasets were postprocessed with commercially available

software (Dyna 4D; Siemens). According to standardization, we

used established reconstruction parameters for both 3D- and 4D-

DSA datasets (kernel type: “edge enhanced”; image characteris-

tics: “smooth”; mode of reconstruction: “subtracted”; 512 � 512

image matrix; isotropic voxel size � 0.15 mm). To provide com-

parability with 3D-DSA, we used the static 3D reconstruction of

4D-DSA exclusively for CFD analysis.

CFD
The simulation was performed on a research prototype (Sie-

mens).18 Both 3D- and 4D-DSA volumes were cropped to the

ROI (ie, the aneurysm and parent vessels). Intensity thresholding

was used for segmenting the vessels in the volumetric domain.

Threshold values were chosen empirically to obtain comparable

vessel diameters and aneurysm volumes. In case of intraluminal

contrast inhomogeneities within the processed volume (eg, miss-

ing contrast caused by crossflow via a nearby vessel), the segmen-

tation was manually corrected to allow proper flow simulations.

First, voxel-based representation was transferred to a mesh rep-

resentation. Second, inlets and outlets, which describe areas of

blood entering and leaving the simulated domain, were specified

for vessels proximal and distal to the aneurysm. A homogeneous

velocity profile across the complete inflow cross-section with the

velocities given by the inflow curve (Fig 1) was applied as a bound-

ary condition for the inlets. Blood entered the simulated domain

with an average flow velocity of 0.196 m/s, varying between 0.127

and 0.300 m/s. Zero pressure was defined as outflow boundary

conditions. For the hemodynamic simulation itself, the simulated

blood was modeled as Newtonian fluid with a viscosity of 0.004

Pa � s and a density of 1000 kg/m3. The heart rate was 69 beats per

minute or 0.87 seconds for 1 heart cycle, respectively.

Data Evaluation
All 3D- and 4D-DSA datasets were anonymized and stored in

random order. Evaluation of the acquired 3D-DSA and 4D-DSA

datasets was performed by 2 experienced neuroradiologists in a

consensus reading, blinded to clinical information.

Image Quality
All 3D- and 4D-DSA datasets were evaluated for parameters com-

prising image and diagnostic quality (eg, movement artifacts).

FIG 1. Flow waveform at the inflow representing the inflow condi-
tions used for CFD analysis. A homogeneous velocity profile across
the complete inflow cross-section with the velocities given by the
inflow curve was applied as inflow boundary conditions. The outflow
boundary conditions were defined as zero pressure.
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The quality of the acquired 3D- and 4D-DSA datasets was assessed

in a consensus reading using a 5-fold scaled grading system: 4 �

excellent (high contrast, no artifacts); 3 � good (high contrast,

minimal artifacts, eg, due to movement or metallic implants); 2 �

compromised (eg, noticeable movement artifacts and/or reduced

homogeneity of the vessel contrast); 1 � heavily compromised

(low contrast and/or strong movement artifacts); 0 � not diag-

nostic (vasculature is not differentiable due to heavy artifacts

and/or missing contrast).

Fluid Dynamics Analysis

Geometry, Pressure, and Flow Velocity. Quantitative morpho-

logic aneurysmal parameters comprising maximum diameter

(dmax) (in millimeters), maximum volume (in cubic millimeters),

and ostium size (OZ1/OZ2 in millimeters) were analyzed in all

3D- and 4D-DSA datasets (Fig 2). Intra-aneurysmal pressure (P)

(in pascals; mean of all elements) and intra-aneurysmal flow ve-

locity (V) (in millimeters/second, mean) during systole and dias-

tole have been additionally analyzed for all 3D- and 4D-DSA

datasets.

Hemodynamics. According to Cebral et al,10 we assessed both

3D- and 4D-DSA datasets regarding the following hemodynamic

parameters:

● Flow complexity: Intra-aneurysmal flow has been analyzed

regarding the configuration of the recirculation zone.

Simple flow means a single recirculation zone within the

aneurysm. Complex flow patterns are indicated by flow

divisions within the aneurysm and feature more recircu-

lation zones.

● Flow stability: Intra-aneurysmal flow is regarded as stable if

there is no change of the flow pattern during 1 cardiac cycle.

● Inflow concentration: Concentrated inflow streams pene-

trate deeply into the aneurysmal sac and are thin in the main

flow direction. Diffuse inflow is defined as thick flow

streams (compared with the aneurysmal neck) that disperse

quickly once they enter the aneurysmal sac.

● Wall shear stress: Because WSS is seen as one of the most

important parameters regarding the initiation of cerebral

aneurysms,19 average and maximum wall shear stress

(AWSS, MWSS) have been analyzed for systole and diastole

(in pascals), respectively. Taking different WSS values into

account, we specified 2 different zones of the aneurysmal

wall.

● Impingement zone: The impingement zone (IZ) is considered

a region of the aneurysmal sac where the inflow streams impact

the aneurysmal wall and change their direction. The area of the

impingement zone (in cubic millimeters) has been defined as

the area with WSS of �80% (in pascals) of the maximum WSS

and was assessed for both 3D- and 4D-DSA.

● Low-stress zone: The low-stress zone (LSZ) is considered an

area of the aneurysmal wall where no impact of inflow

streams on the aneurysmal wall is detectable. The low-stress

zone was defined as the area (in cubic millimeters) with WSS

values of �0.4 Pa at the end of the diastole, and it was as-

sessed for both 3D- and 4D-DSA.

Statistical Analysis
All statistical analyses were performed using commercially avail-

able software (SPSS Statistics, Version 19; IBM, Armonk, New

York). Qualitative parameters (eg, flow complexity, flow stability,

inflow concentration, and so forth) were analyzed using descrip-

tive statistics only. Quantitative parameters (ostium size, aneurys-

mal diameter and volume, intra-aneurysmal pressure, flow veloc-

ity, WSS, impingement zone, low-stress zone, and so forth) were

tested for normal distribution using the Kolmogorov-Smirnov

test. Correlation of quantitative parameters was analyzed by the

Spearman rank correlation coefficient (r). A P value � .05 was

considered statistically significant.

RESULTS
Patients
In total, 10 pairs of 3D-DSA and 4D-DSA datasets were acquired

in 10 patients with 1 incidental aneurysm each (6 women and 4

men; mean age, 52.3 � 8.2 years; age range, 41–78 years). Aneu-

rysm location was in both the anterior and the posterior circula-

tions (ICA � 6, MCA � 2, basilar artery � 2).

Image Quality
Both reviewers completely agreed regarding image quality. All

3D- and all 4D-DSA datasets were rated as diagnostic (3D-DSA:

grade 4 � 10; 4D-DSA: grade 4 � 10).

Geometry, Pressure, and Flow Velocity. There was no significant

difference regarding geometry between 3D- and 4D-DSA in terms

of maximum diameter (dmax 3D-DSA � 13.11 � 5.7 mm;

dmax 4D-DSA � 13.08 � 5.51 mm; rdmax � 0.988; P � .001), max-

imum volume (volume3D-DSA � 721 � 848 mm3; volume4D-DSA �

698 � 813 mm3; rvolume � 0.976; P � .001), and ostium size

(OZ1/3D-DSA � 5.67 � 2.31 mm, OZ2/3D-DSA � 5.23 � 2.07 mm;

OZ1/4D-DSA � 5.71 � 5.42 mm, OZ2/4D-DSA � 5.34 � 2.09 mm;

FIG 2. Images exemplarily show measurements of the aneurysmal
ostium (A and B) and the aneurysm itself (C and D) for calculation of
the ostium size, maximum diameter, and aneurysmal volume.
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rOZ1 � 0.976, P � .001; rOZ2 � 0.857, P � .002). There was no

significant difference between 3D- and 4D-DSA regarding intra-

aneurysmal pressure (systole: Pmean 3D-DSA � 502.8 � 242.24 Pa;

Pmean 4D-DSA � 492.2 � 300.07 Pa; diastole: Pmean 3D-DSA �

189.3 � 99.13 Pa; Pmean 4D-DSA � 181.4 � 114.4 Pa; rP systole �

0.903, P � .001; rP diastole � 0.842, P � .002). Regarding intra-

aneurysmal flow velocity, no significant difference between 3D-

and 4D-DSA was detected (systole: V3D-DSA mean � 80.8 � 50.94

mm/s; V4D-DSA mean � 74.89 � 48.02 mm/s; diastole:

V3D-DSA mean � 31.61 � 22.2 mm/s; V4D-DSA mean � 29.9 � 21.45

mm/s; rV systole � 0.930, P � .001; rV diastole � 0.952, P � .001). See

also Tables 1 and 2 for an overview.

Hemodynamics. Qualitative analysis of hemodynamics did not

demonstrate differences between 3D-

and 4D-DSA. Assessment of flow com-

plexity (simple 3D-DSA/4D-DSA � 2/2,

complex 3D-DSA/4D-DSA � 8/8), flow

stability (stable 3D-DSA/4D-DSA �

8/8, unstable 3D-DSA/4D-DSA � 2/2),

and inflow concentration (diffuse 3D-

DSA/4D-DSA � 4/4, concentrated 3D-

DSA/4D-DSA � 6/6) did not show any

difference between readers. Analysis of

WSS did not provide significant differ-

ences between 3D- and 4D-DSA in

terms of AWSS (systole: AWSS3D-DSA �

0.933 � 1.02 Pa; AWSS4D-DSA �

0.835 � 0.853 Pa; diastole: AWSS3D-DSA �

0.26 � 0.28 Pa; AWSS4D-DSA � 0.24 �

0.25 Pa; rAWSS systole � 0.936;

P � .001; rAWSS diastole � 0.918;

P � .001) and MWSS (systole:

MWSS3D-DSA � 5.95 � 1.83 Pa;

MWSS4D-DSA � 5.63 � 1.64 Pa; dias-

tole: MWSS3D-DSA � 1.84 � 0.73

Pa; MWSS4D-DSA � 1.78 � 0.69

Pa; rMWSS systole � 0.927; P � .001;

rMWSS diastole � 0.879; P � .001). Calcu-

lation of impingement zones (IZ3D-DSA �

12.4 � 14.2 mm2; IZ4D-DSA � 8.9 � 6.81

mm2; rIZ � 0.957; P � .001) and low-

stress zones (LSZ3D-DSA � 254.6 �

203.55 mm2; LSZ4D-DSA � 263.9 �

199.08 mm2; rLSZ � 1.00; P � .01) did

not show significant differences. See

Table 2 for an overview and Figs 3 and 4

for illustrative cases.

DISCUSSION
To date, 2D-DSA (in combination with

3D-DSA) is considered the criterion

standard for visualization of the cerebral

vasculature. As a novel imaging method,

4D-DSA offers the advantages of both

modalities by providing not only time-

resolved but also 3D images. Despite the

acquisition time of 4D-DSA differing

marginally from that of 3D-DSA (12 versus 5 seconds), total time

and effort necessary for postprocessing 4D-DSA volumes are

comparable with those of 3D-DSA and do not impair the clinical

workflow. On the contrary, 4D-DSA might help reduce the

amount of 2D-DSA series (eg, target projections).

Thus, 4D-DSA has the potential to reduce the dose and the

amount of contrast medium necessary for cerebral conventional

angiography, especially for the diagnostic work-up of complex

neurovascular pathologies. Recent literature indicates a high level

of reliability of 4D-DSA regarding qualitative parameters,5-8 yet

knowledge of 4D-DSA regarding quantitative parameters is still

limited. Furthermore, injection protocols differ significantly be-

tween 3D- and 4D-DSA because time-resolved 4D-DSA datasets

FIG 3. Illustrative case 1. CFD simulations show a saccular aneurysm of the ICA. Upper row (A–D)
and lower row (E–H) show reconstruction results derived from a 3D-DSA and a 4D-DSA dataset,
respectively. A and E, 3D view of the aneurysm using a volume-rendering technique and demon-
strating comparable aneurysmal morphology. B and F, A color-coded visualization of intra-aneu-
rysmal flow using streamlines (red and blue indicate high- and low-velocity magnitudes). The peak
velocities show a laminar distribution along the longitudinal axis. C and G, In concordance, note
maximum systolic wall shear stress (red and blue indicate high and low WSS) in the corresponding
area. D and H, The aneurysmal ostium, the associated flow conditions, and the corresponding
areas with high-velocity magnitude (red and blue indicate high- and low-velocity magnitude).
Overall, the congruence of hemodynamic characteristics between 3D- and 4D-DSA shows geo-
metric accordance between both techniques.

Table 1: Aneurysmal geometry
Parameter 3D-DSA (Median, IQR) 4D-DSA (Median, IQR) r

Max. diameter (mm) 11 (9–20) 11 (9–20) 0.988 (P � .001)
Max. volume (mm3) 356 (161–1196) 381 (159–1065) 0.976 (P � .001)
Ostium size1 (mm) 5 (4–7) 5 (4–7) 0.976 (P � .001)
Ostium size2 (mm) 5 (4–6) 5 (4–6) 0.857 (P � .002)

Note:—Max. indicates maximum; IQR, interquartile range.

Table 2: Aneurysmal pressure, flow velocity, and hemodynamics
Parameter 3D-DSA (Mean) 4D-DSA (Mean) r

Intra-aneurysmal pressuresystole (Pa) 502.8 � 242.24 492.2 � 300.07 0.903 (P � .001)
Intra-aneurysmal pressurediastole (Pa) 189.3 � 99.13 181.4 � 114.4 0.842 (P � .002)
Flow velocitysystole (mm/s) 80.8 � 50.94 74.89 � 48.02 0.930 (P � .001)
Flow velocitydiastole (mm/s) 31.61 � 22.2 29.9 � 21.45 0.952 (P � .001)
AWSSsystole (Pa) 0.933 � 1.02 0.835 � 0.853 0.936 (P � .001)
AWSSdiastole (Pa) 0.26 � 0.28 0.24 � 0.25 0.918 (P � .001)
MWSS systole (Pa) 5.95 � 1.83 5.63 � 1.64 0.927 (P � .001)
MWSS diastole (Pa) 1.84 � 0.73 1.78 � 0.69 0.879 (P � .001)
IZ (mm2) 12.4 � 14.2 8.9 � 6.81 0.957 (P � .001)
LSZ (mm2) 254.6 � 203.55 263.9 � 199.08 1 (P � .01)
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are acquired using a dynamic injection protocol, whereas 3D-

DSA datasets are acquired by continuous injection of contrast

medium. Therefore, we analyzed the ability of 4D-DSA to repro-

duce the vascular geometry in comparison with conventional

3D-DSA. On the one hand, we wanted to evaluate the applicabil-

ity of 4D-DSA for performing CFD analysis. On the other hand,

we wanted to use CFD itself for comparison of 3D- and 4D-DSA

datasets with the help of the resulting (qualitative and quantita-

tive) flow parameters.

In our series, all 3D- and 4D-DSA datasets were suitable for

CFD analysis. Despite 4D-DSA yielding an insignificant underes-

timation of hemodynamic parameters compared with 3D-DSA in

our series (that might refer to the different injection protocols),

our analysis revealed that both qualitative and quantitative CFD

parameters showed excellent agreement in the corresponding da-

tasets. Therefore, we conclude that this consistency regarding

CFD parameters derives from a consistent representation of an-

eurysmal geometry and that the dynamic injection protocol for

acquisition of 4D-DSA does not influence or compromise the

visualization of cerebral vasculature.

There is scant literature comparing the quantitative reliability

of 4D-DSA with that of 2D and 3D. A single publication addresses

detailed the quantitative accuracy of 4D-DSA in comparison with

2D-DSA: Lang et al8 evaluated 4D-DSA in 26 cases of cerebral

aneurysms, AVMs, and dural arteriovenous fistulas regarding

quantitative and qualitative parameters. Quantitative analysis of

injection vessels, aneurysmal size, AVM nidus size, and the diam-

eter of a main feeder of a fistula in 4D-DSA datasets demonstrated

excellent agreement with 2D-DSA. Furthermore, qualitative eval-

uation of 4D-DSA was comparable with that of 2D-DSA. A com-

parison between 4D-DSA and 3D-DSA was not performed in

their series though. Therefore, our data close the gap of knowl-

edge regarding qualification of 4D-DSA for 3D imaging of the

cerebral vasculature. In line with the re-

sults of the excellent agreement between

4D- and 2D-DSA, our data demonstrate

excellent agreement between 4D- and

3D-DSA.

So far, other authors studying 4D-

DSA have focused on qualitative com-

parisons of 4D-DSA with 3D- and 2D-

DSA. In this context, the publication of

Sandoval-Garcia et al5 aroused our in-

terest in the diagnostic utility of 4D-DSA

compared with 2D- and 3D-DSA in the

diagnosis of cerebrovascular abnormal-

ities. Their analysis demonstrated in 26

cases of AVMs, dural arteriovenous fis-

tulas, cerebral aneurysms, stenosis, and

healthy individuals that the information

content of 4D-DSA reconstructions is

largely equivalent to that of the combi-

nation of 2D- and 3D-DSA. The specific

comparison of 4D-DSA with 3D-DSA

regarding quantitative parameters was

not the object of this publication, yet the

authors observed, concordant with our

results, no significant disagreements between 4D-DSA and 2D-/

3D-DSA concerning quantitative characteristics (eg, nidus size,

aneurysm dimensions, and so forth).

Another publication of Sandoval-Garcia et al6 addressed the

comparison of 4D-DSA with 2D- and 3D-DSA in the analysis of

normal vascular structures in a canine model. The authors as-

sessed, in 15 datasets, the qualification of 4D-DSA for analysis of

the cerebral vasculature. The comparison among the 3 modalities

was performed exclusively qualitatively though. 4D-DSA was

rated superior to 2D- and 3D-DSA, respectively, and was regarded

as the preferred method for vascular assessment. The authors did

not observe any restriction or inferiority as a consequence of using

4D-DSA, corresponding to our results. Furthermore, the authors

concluded that the use of 4D-DSA leads to a reduction in radia-

tion and contrast doses.

Limitations
Although data analysis was successful in all 10 cases, our analysis

has several limitations. First, it was limited by the small sample

size and the rather mid-to-large size of the included aneurysms.

Because the literature has shown the applicability of CFD analysis

for small aneurysms as well,14 we conclude that our results are

valid for not only mid-to-large size aneurysms but also small an-

eurysms. Second, our work covers only 1 type of vascular pathol-

ogy (cerebral aneurysms) and only datasets acquired by selective

injections either via the ICA or the vertebral artery. Comparable

with other publications on CFD analyses, missing standardization

for postprocessing is a relevant limitation. However, approxima-

tions and assumptions regarding blood viscosity and flow condi-

tions are mandatory for CFD.10 In agreement with the experience

of other authors, we could observe a high level of correlation

between the hemodynamic patterns in our CFD models, the un-

derlying raw data, and the corresponding 2D-DSA series.20

FIG 4. Illustrative case 2. CFD simulations show a large saccular aneurysm of the carotid T. Upper
row (A–D) and lower row (E–H) show reconstruction results derived from a 3D-DSA and a 4D-DSA
dataset, respectively. A and E, 3D view of the aneurysm using a volume-rendering technique and
demonstrating comparable aneurysmal morphology. B and F, Color-coded visualization of intra-
aneurysmal flow using streamlines (red and blue indicate high- and low-velocity magnitudes). The
peak velocities show a predominant basal distribution. C and G, In concordance, note maximum
systolic wall shear stress (red and blue indicate high and low WSS) in the corresponding area. D
and H, Aneurysmal ostium, the associated flow conditions, and the match of areas with high-
velocity magnitude (red and blue indicate high- and low-velocity magnitude). Overall, the con-
gruence of hemodynamic characteristics between 3D- and 4D-DSA shows geometric accordance
between the techniques.
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CONCLUSIONS
Despite a different injection protocol, 4D-DSA is a reliable basis

for CFD analysis of the intracranial vasculature and provides

equivalent visualization of intracranial aneurysm geometry com-

pared with 3D-DSA.
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ORIGINAL RESEARCH
INTERVENTIONAL

Analysis of Flow Dynamics and Outcomes of Cerebral
Aneurysms Treated with Intrasaccular Flow-Diverting Devices

X J.R. Cebral, X B.J. Chung, X F. Mut, X J. Chudyk, X C. Bleise, X E. Scrivano, X P. Lylyk, X R. Kadirvel, and X D. Kallmes

ABSTRACT

BACKGROUND AND PURPOSE: Intrasaccular flow diversion offers a promising treatment option for complex bifurcation aneurysms. The
purpose of this study was to compare the flow conditions between successfully occluded and incompletely occluded aneurysms treated
with intrasaccular devices.

MATERIALS AND METHODS: The hemodynamics in 18 completely occluded aneurysms after treatment with intrasaccular devices was
compared against 18 that were incompletely occluded at follow-up. Hemodynamic and geometric parameters were obtained from
computational fluid dynamics models constructed from 3D angiographies. Models of the intrasaccular devices were created and interac-
tively deployed within the vascular models using posttreatment angiography images for guidance. Hemodynamic and geometric variables
were compared using the Mann-Whitney test and univariate logistic regression analysis.

RESULTS: Incomplete occlusion was associated with large posttreatment mean aneurysm inflows (P � .02) and small reductions in the
mean inflow rate (P � .01) and inflow concentration index (P � .03). Incompletely occluded aneurysms were larger (P � .002) and had wider
necks (P � .004) than completely occluded aneurysms and tended to have more complex flow patterns, though this trend was not
significant after adjusting for multiple testing.

CONCLUSIONS: The outcome of cerebral aneurysm treatment with intrasaccular flow diverters is associated with flow conditions
created immediately after device implantation. Flow conditions unfavorable for immediate and complete occlusion seem to be created
by improper positioning or orientation of the device. Complete occlusion is more difficult to achieve in larger aneurysms, aneurysms with
wider necks, and aneurysms with stronger and more complex flows.

ABBREVIATIONS: AR � aspect ratio; Asize � aneurysm size; AUC � area under the curve; BF � bottleneck factor; corelen � vortex corelen length; ICI � inflow
concentration index; UI � undulation index; NSI � nonsphericity index; Nsize � neck size; Q � mean aneurysm inflow; Qpost � posttreatment aneurysm inflow rate;
VE � mean aneurysm velocity; VO � mean vorticity; VOR � volume-to-ostium ratio

Flow diversion (ie, the endoluminal placement of a flow-divert-

ing stent) has become an attractive treatment option for many

large and complex aneurysms in which coiling alone tends to have

high rates of recompaction and recanalization.1 However, these

flow-diversion techniques are not free of complications. Prob-

lems associated with the treatment of cerebral aneurysms with

endoluminal flow diverters include incomplete occlusion or per-

sistent filling of the aneurysm, thromboembolic events, in-stent

stenosis or myointimal hyperplasia, delayed aneurysm rupture,

and delayed distal hemorrhage.2,3 In addition, 2 further concerns

are the use of dual-antiplatelet therapy, which increases the

chances of other complications, and the treatment of bifurcation

aneurysms in which at least 1 of the daughter branches would be

jailed by endoluminal devices, which increases the chances of

thromboembolic events or vessel occlusions.

Intrasaccular flow-diverting devices offer the possibility of ad-

dressing some of these concerns.4-6 The devices have been devel-

oped specifically for bifurcation aneurysms, and most cases do

not require the use of dual-antiplatelet therapy as with endolumi-

nal devices. Therefore, they constitute a promising approach for
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complex bifurcation aneurysms7 and an alternative to other tech-

niques such as Y-stent placement and coiling.8,9 However, not all

aneurysms are immediately occluded after implantation of in-

trasaccular flow diverters. Thus, the objective of our study was to

identify aneurysm and flow characteristics (and their change) as-

sociated with subsequent outcome after intrasaccular device im-

plantation (ie, complete or incomplete occlusion). This informa-

tion is important to understand the reasons underlying failures,

pinpoint problematic cases, and enable the prediction of long-

term outcomes to improve treatment planning and device

selection.

MATERIALS AND METHODS
Data
A total of 42 aneurysms in 39 patients (35 women and 4 men;

mean age, 64 years) treated with intrasaccular devices were stud-

ied. The aneurysms were imaged with 3D rotational angiography

immediately before treatment. 2D-DSA images were acquired im-

mediately before and after implantation of the intrasaccular de-

vices. All aneurysms were treated with the Woven EndoBridge

(WEB; Sequent Medical, Aliso Viejo, California) device,4 33 with

Dual-Layer (DL), 8 with Single-Layer (SL), and 1 with a Single-

Layer Spherical (SLS) devices. Typically, the device size is chosen

to be 1 mm larger in diameter compared with the aneurysm width

and 1 mm smaller in length than the aneurysm depth (size from

the neck to the dome), to allow the device to expand into the

aneurysm dome and conform to the aneurysm walls. Of the 42

aneurysms, 6 were discarded because there were no follow-up

angiographic studies to evaluate the treatment outcome. Patient,

aneurysm, and device characteristics of the remaining 36 aneu-

rysms in 33 patients are summarized in On-line Table 1.

Models
Patient-specific vascular models were constructed from the 3D

rotational angiography images using previously developed meth-

ods.10 Unstructured grids composed of tetrahedral elements that

fill the lumen of the vascular models were constructed using an

advancing front grid generator.10 Models of the intrasaccular de-

vices were created and interactively placed within the vascular

models using DSA image-guidance tools and techniques recently

developed.11 Briefly, the vascular model is rendered semitrans-

parent and is superimposed on the DSA image; it is then interac-

tively rotated, zoomed, and translated to make sure it coincides

with the vessels visible in the DSA image (ie, both have the same

projection). Next, the device is interactively translated and ro-

tated to make the virtual device markers coincide with the actual

device markers visible in the DSA image. The process is repeated

with different DSA images acquired in different projections (ie,

different views) to guide the placement of the 3D virtual device

within the vascular model. The process is illustrated with a repre-

sentative case in On-line Fig 1.

Computational fluid dynamics simulations were performed

by numerically solving the Navier-Stokes equations using an in-

house finite-element solver.12 Pulsatile flow conditions were im-

posed at the inlet boundary by scaling flow waveforms measured

in healthy subjects.13 To simulate the blood flow after intrasaccu-

lar device implantation, we used an immersed boundary method

operating on adaptive unstructured grids.14 In this approach, the

device wires were discretized as a series of overlapping spheres and

the mesh elements intersected by the spheres were adaptively re-

fined to resolve the wires. Single-layer devices were modeled as a

structure composed of 144 wires of 25 �m in diameter braided at

an angle of 80°. Double-layer devices of �8 mm were modeled as

an outer layer of 144 wires of 19 �m in diameter and an inner layer

of 144 wires of 38 �m in diameter, both braided at an angle of 80°.

Double-layer devices �8 mm had 108 wires in each layer instead

of 144. Because these devices contain numerous thin wires, the

resulting meshes after adaptive refinement were quite large, rang-

ing between 100 and 200 million tetrahedra.

Flow simulations were performed for 2 cardiac cycles, and the

results from the second cycle were used to compute a number of

flow parameters to quantitatively characterize the aneurysm he-

modynamic environment.15 In particular, these variables charac-

terize the mean aneurysm inflow (Q) and concentration (ICI) of

the inflow jet, and the mean aneurysm velocity (VE) and mean

vorticity (VO, corelen) of the intra-aneurysmal flow pattern. Sim-

ilarly, a number of geometric parameters were calculated to char-

acterize the size (aneurysm size [Asize], neck size [Nsize]) and

shape (aspect ratio [AR], bottleneck factor [BF], volume-to-os-

tium ratio [VOR], undulation index [UI], nonsphericity index

[NSI]) of the aneurysms.16 A list of the geometric and hemody-

namic variables used and their basic meaning are provided in

On-line Table 2. Hemodynamic analysis was performed blinded

to aneurysm occlusion outcomes.

Analysis
The outcomes of the treatments were evaluated at follow-up with

angiography imaging. Aneurysms were classified into 4 catego-

ries: A) no remnant or filling of the aneurysm or device, B) small

remnant associated with filling of the proximal recession of the

device, C) filling of the proximal compartment of the device

(dual-layer only), and D) filling of the distal compartment of the

device. Categories A and B were grouped into a “complete” occlu-

sion group, and categories C and D, into an “incomplete” occlu-

sion group. Outcome assessment was performed blinded to the

computational fluid dynamics results.

Hemodynamic variables computed for the pretreatment and

posttreatment configurations, as well as their percentage change

(reduction) from pre- to posttreatment, were compared between

the complete and incomplete occlusion groups using the non-

parametric Mann-Whitney test. Geometric characteristics of the

aneurysms of these 2 groups were similarly compared. Differences

were considered significant at P � .05 (95% confidence). P values

were adjusted for multiple comparisons using the Bonferroni

method. For each of the variables with statistically significant dif-

ferences, univariate logistic regressions were performed, receiver

operating characteristic curves were created, and the area under

the curve (AUC) was calculated to assess the discriminatory

power of each of these variables. Optimal thresholds were com-

puted as the point on the receiver operating characteristic curve

closest to the upper-left corner. Multivariate logistic regression

analysis was performed with statistically significant variables. All

statistical analyses were performed using codes written in R sta-

tistical and computing software (http://www.r-project.org/).
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RESULTS
Of the 36 aneurysms with follow-up included in the study, 18 were

classified into the complete occlusion group and 18 into the incom-

plete occlusion group. The mean and SD of geometric and hemody-

namic variables (and their percentage change) in each aneurysm

group are presented in Table 1. The P values of the Mann-Whitney

univariate tests and the P values adjusted for multiple testing are

provided, and significant differences are indicated by footnote b. The

AUC and optimal threshold for the univariate logistic regressions are

provided for variables with statistically significant differences be-

tween complete and incomplete occlusion groups.

These results indicate that large posttreatment aneurysm in-

flow rates (Q, P � .02) and small reductions in inflow (�Q, P �

.01) and inflow concentration (�ICI, P � .03) from pre- to post-

treatment are associated with incomplete occlusion. Pre- and

posttreatment flows tended to be more complex (ie, larger vortex

corelen length [corelen]) in incompletely occluded aneurysms

compared with completely occluded aneurysms, but these differ-

ences were not significant when adjusting for multiple testing.

Geometrically, incompletely occluded aneurysms were larger

(Asize, P � .002) with wider necks (Nsize, P � .004) than com-

pletely occluded aneurysms. Incompletely occluded aneurysms

also tended to have larger volume-to-ostium ratios (ie, larger cav-

ities for similar neck sizes), but this association only reached mar-

ginal statistical significance after adjusting for multiple testing

(VOR, P � .06).

Multivariate statistical logistic regression was performed with

the statistically significant variables (Asize, Nsize, posttreatment

aneurysm inflow rate [Qpost], �Q, and �ICI). Stepwise variable

selection using the Akaike information criterion retained Asize,

Nsize, and Qpost as independent predictors of incomplete occlu-

sion with an AUC � 0.93 and a prediction error of 22% during

cross-validation (On-line Fig 2). The linearized model coeffi-

cients (measure of the relative importance of the variables) were

Asize � 4.58, Nsize � 2.35, Qpost � 3.87.

DISCUSSION
Associations with Incomplete Occlusion
The results of this study indicate that incomplete aneurysm oc-

clusion after treatment with intrasaccular flow diverters is associ-

ated with a high persistent inflow rate into the aneurysm imme-

diately after treatment and a small reduction in the inflow rate

(and inflow jet concentration) from pre- to posttreatment condi-

tions. These results are not surprising and are consistent with

previous studies analyzing the relationship between flow condi-

tions and outcomes of aneurysms treated with endoluminal flow

diverters.17-19 Furthermore, our results suggest that the change in

inflow rate (�Q) from pre- to posttreatment, and/or the final

posttreatment inflow rate could discriminate between incomplete

and complete occlusions at follow-up with a predictive power of

approximately 82%– 83%, as suggested by the corresponding

AUCs. Our results also indicate that, in general, it is more difficult

to achieve complete occlusions in larger aneurysms, aneurysms

with wider necks, and aneurysms with stronger and more com-

plex flows. The multivariate analysis suggests that adding flow

information (especially posttreatment inflow rate) improves the

Table 1: Hemodynamic parameters before treatment, after treatment, and their change (reduction), along with geometric
characteristics of aneurysms in the complete and incomplete occlusion groupsa

Variable

Complete (n = 18) Incomplete (n = 18) Comparison

Mean SD Mean SD P P Adjusted AUC Threshold
Geometry

Asize 0.781 0.131 1.060 0.213 �.001b .002b 0.87 1.04
Nsize 0.502 0.097 0.660 0.132 �.001b .004b 0.85 0.70
AR 1.335 0.424 1.507 0.352 .11 .85
BF 1.349 0.215 1.483 0.190 .05 .53
VOR 0.776 0.390 1.258 0.500 .004b .06 0.79 1.15
UI 0.124 0.046 0.097 0.052 .09 .77
NSI 0.190 0.042 0.192 0.030 .71 1.00

Pre-Tx hemodynamics
ICI 1.57 0.85 1.72 0.59 .29 1.00
Q 1.09 0.59 1.67 0.78 .02b .26 0.74 1.60
VE 14.75 8.87 13.79 7.08 .81 1.00
VO 405.54 272.72 317.64 196.43 .54 1.00
Corelen 1.99 0.95 4.47 3.60 .04b .49 0.71 6.54

Post-Tx hemodynamics
ICI 1.03 1.13 1.65 1.01 .03b .37 0.72 2.05
Q 0.61 0.50 1.49 0.96 .001b .02b 0.82 1.64
VE 3.15 2.90 4.72 4.44 .18 1.00
VO 130.07 107.78 148.18 128.19 .54 1.00
Corelen 37.95 41.87 55.34 28.82 .02b .35 0.73 84.32

Hemodynamic reduction (%)
�ICI 46.39 34.55 8.07 32.45 .002b .03b 0.81 29.17
�Q 47.46 28.25 9.93 33.41 �.001b .01b 0.83 30.10
�VE 80.88 11.19 62.90 36.63 .03b .41 0.72 20.41
�VO 67.40 13.96 46.11 44.86 .04b .49 0.70 �8.83
�corelen �1855.60 1721.87 �2068.93 1965.52 .81 1.00

Note:—Pre-Tx indicates pretreatment; Post-Tx, posttreatment.
a Results of univariate analysis between these 2 aneurysm groups.
b Statistically significant differences (P � .05).
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assessment of future occlusion based on geometry alone. Further-

more, according to the linearized coefficients of this model, an-

eurysm size and inflow rate seem to be the most important vari-

ables to predict or explain outcomes.

Previous studies have proposed the mean aneurysm flow am-

plitude ratio, derived from dynamic DSA images, as a predictor of

aneurysm occlusion after flow diversion.20 Additionally, a previ-

ous study showed that mean aneurysm flow amplitude is related

to the VE determined through computational fluid dynamics

analysis.21 Most interesting, in our study, the reduction in the

mean aneurysm flow velocity (�VE) tended to be larger in com-

pletely occluded aneurysms compared with incompletely oc-

cluded aneurysms, but this trend did not achieve statistical signif-

icance when adjusting for multiple comparisons. Nevertheless,

our univariate logistic regression analysis indicated that �VE (and

thus perhaps the mean aneurysm flow amplitude ratio) could

discriminate between complete and incomplete occlusions with

approximately 72% accuracy (AUC � 0.72).

Examples of 3 aneurysms in the complete occlusion group are

shown in Fig 1. This figure presents visualizations of the inflow jet

before and after treatment. A noticeable reduction in the inflow

jet into the aneurysm can be observed in these 3 cases. Similarly,

examples of 3 aneurysms in the incomplete occlusion group are

presented in Fig 2. In the first case (upper row), it can be seen that

the position of the device is not optimal—that is, the device is not

well-apposed to the walls at the aneurysm opening but further

into the sac, allowing flow into the aneurysm. In the second case

(center row), there seems to be substantial flow into the aneurysm

because of suboptimal orientation of the base of the device with

respect to the aneurysm opening. In the third case (lower row),

though the device seems properly placed, the inflow jet is quite

strong and is not sufficiently disrupted by the device. These results

seem to be consistent with a previous study of endoluminal flow

diversion that indicated that proper sizing of the stent (which

produces minimal change in the device cells compared with its

reference configuration) is associated with a higher rate of com-

plete aneurysm occlusion.22

Clinical Implications
Our findings indicate that treatment failure (ie, incomplete occlu-

sion) could result not only because of poor device deployment

(which is more common in large aneurysms with wide necks) but

also because the devices may not provide sufficient flow disrup-

tion, even if appropriately placed, in cases with strong inflow jets.

FIG 1. Examples of 3 aneurysms treated with intrasaccular devices that
are completely occluded at follow-up. Left column (A, C, and E) shows
visualizations of the inflow jet before treatment, and right column (B, D,
and F) shows corresponding visualizations immediately after treatment.
Upper row, ICA bifurcation aneurysm. Center row, MCA bifurcation an-
eurysm. Lower row, Anterior communicating artery aneurysm.

FIG 2. Examples of 3 aneurysms treated with intrasaccular devices
that are incompletely occluded at follow-up. Left column (A, C,
and E) shows visualizations of the inflow jet before treatment, and
right column (B, D, and F) shows corresponding visualizations im-
mediately after treatment. All 3 aneurysms were at the MCA
bifurcation.
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Therefore, in addition to the aneurysm geometric features that

predispose them to failure (size and neck), knowledge of pretreat-

ment flow characteristics (in particular the location and strength

of the inflow jet) could help select devices (porosity) and place

them optimally to achieve the largest flow disruption possible

(lower porosity regions blocking the inflow jet). Additional quan-

titative knowledge of posttreatment flow conditions could also be

used to predict outcomes using statistical models such as the mul-

tivariate logistic model presented here. This information is valu-

able for evaluating the procedure and potentially recommending

further steps (eg, deployment of a flow-diverting stent if failure is

anticipated). This hemodynamic information could potentially

be derived from computational fluid dynamics models, but this

step would require significantly reducing the time required for

posttreatment computational fluid dynamics simulations. This

could be achieved with steady-state simulations (and perhaps re-

duced vascular models) that can yield mean flow quantities such

as the ones presented here in a much shorter time (minutes).

Alternatively, flow conditions could be potentially inferred from

in vivo measurements such as the mean aneurysm flow amplitude

derived from dynamic DSA images (though these techniques

would have to be improved for estimating flows in the presence of

intrasaccular devices).

Limitations
Patient-specific flow conditions were unavailable; therefore, they

were adapted from measurements in healthy subjects. Vessel walls

were approximated as rigid, and blood, as a continuous Newto-

nian fluid. There are uncertainties associated with the exact place-

ment of the virtual devices inside the vascular model. Our inter-

active image-guided device-placement approach attempted to

minimize these uncertainties by reproducing the position and ori-

entation of the device by visually matching the virtual and actual

device markers visible in the DSA images from all available view-

points. Finally, our findings should be further confirmed with

larger samples and more aneurysms at different locations.

CONCLUSIONS
The outcomes of cerebral aneurysm treatment with intrasaccular

flow-diverting devices are associated with the flow conditions cre-

ated immediately after implantation of these devices. In particu-

lar, a high posttreatment aneurysm inflow rate and a small reduc-

tion in the inflow rate (and inflow jet concentration) from pre- to

posttreatment conditions are associated with incomplete occlu-

sions. Flow conditions unfavorable for immediate and complete

occlusions can be created by improper positioning or orientation

of the device. Complete occlusions are more difficult to achieve in

larger aneurysms, aneurysms with wider necks, and aneurysms

with stronger and more complex flows.
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ORIGINAL RESEARCH
INTERVENTIONAL

Two-Center Experience in the Endovascular Treatment of
Intracranial Aneurysms Using the Woven EndoBridge 17

Device Including Midterm Follow-Up Results: A
Retrospective Analysis

C. Maurer, I. König, A. Berlis, W. Weber, and S. Fischer

ABSTRACT

BACKGROUND AND PURPOSE: The Woven EndoBridge device proved its effectiveness in the treatment of ruptured and unrup-
tured intracranial aneurysms as a stand-alone device. Before 2016, Woven EndoBridge deployment required at least a 0.021-
inch microcatheter. In 2016, a smaller device, the Woven EndoBridge 17 with finer size increments that used a 0.017-inch micro-
catheter, was introduced. We retrospectively analyzed our initial and follow-up results with the Woven EndoBridge 17 in rup-
tured and unruptured aneurysms.

MATERIALS AND METHODS: One hundred twenty-seven intracranial aneurysms in 117 patients were scheduled for treatment with
the Woven EndoBridge 17 between June 2017 and February 2019. Twenty-nine aneurysms were ruptured.

RESULTS: Treatment was performed as intended in 124 of 127 cases (97.6%). Additional devices such as stents or coils were used in
12 cases (9.7%). Five thromboembolic complications and 1 hemorrhagic complication were encountered, resulting in clinical deterio-
ration in 2 patients. The overall morbidity and mortality in the entire series have been 1.7% and 0.0% to date, respectively. The fol-
low-up results at 3 and 12months revealed complete occlusion in 76.1% (70/92) and 78.0% (32/41).

CONCLUSIONS: The Woven EndoBridge 17 device is safe in the treatment of small broad-based aneurysms without the general
need for additional devices. The low complication rate and the promising follow-up results underline the value of this technique in
a growing range of endovascular treatment options for intracranial aneurysms.

ABBREVIATIONS: AcomA ¼ anterior communicating artery; GCP ¼ good clinical practice

The concept of intra-aneurysmal flow disruption consists of a

hemodynamically active implant placed inside the aneu-

rysm sac, which, in combination with an attenuated coverage of

the neck area, acts as a scaffold for final neointimal growth,

resulting in an intra-aneurysmal thrombosis. Experience with

the Woven EndoBridge device (WEB; Sequent Medical, Aliso

Viejo, California) as the most established flow disruptor is grow-

ing, and its safety and effectiveness in the treatment of ruptured

and unruptured aneurysms have been documented in numerous

publications including clinical trials.1–7 A potential drawback in

treatment with the WEB device consisted of comparatively large

microcatheters needed for deployment. In the initial phase, a

0.033- or a 0.027-inch microcatheter was necessary for every

WEB device, while in 2015, a modification of the device resulted

in the possibility of implanting WEB devices via a 0.021-inch

microcatheter. The WEB 17 system, which became available in

December 2016, is supposed to facilitate the treatment of small

broad-based aneurysms. The possibility of using a 0.017-inch

microcatheter might enable the operator to catheterize more

distally located lesions and to treat more complex and smaller

aneurysms with a potentially lower risk of vessel injury com-

pared with larger catheters. The addition of the WEB 17 system

to the pre-existing range of WEB devices, therefore, expands the

possibilities and indications for endovascular treatment by

intra-aneurysmal flow diversion.
This study is a retrospective evaluation of the immediate

and follow-up results of 2 neurovascular centers using the
WEB 17 device in the treatment of ruptured and unrup-
tured intracranial aneurysms.
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MATERIALS AND METHODS
WEB Device
The WEB device is an intra-aneurysmal self-expanding elec-
trothermically detachable implant available in 2 versions, a
Single-Layer Sphere (SLS) and a more oblong Single-Layer
(SL) configuration. It consists of a braided mesh of platinum-
cored nitinol wires that converge at the bottom and the top of
the device. A detailed summary of the design and development
of the WEB device including its evolutionary steps is given in
the literature.6,8,9

The size of the microcatheter needed for delivery of the de-
vice depends on the width of the WEB used. While the SL ver-
sion comes in well-defined width and length sizes, the length of
each SLS device is 1.6mm less than its width. While devices
from 4 to 7mm in width are compatible with a 0.021-inch
microcatheter, larger ones need a 0.027-inch (8–9mm) or a
0.033-inch (10–11mm) microcatheter. The WEB 17 system is
compatible with a 0.017-inch microcatheter and comes in sizes
from 3 to 7mm with 0.5-mm increments between the 3- and 5-
mm devices. Devices with sizes from 6 to 7mm are compatible
with both a 0.017- or a 0.021-inch delivery catheter in the SL
and SLS configurations. Even though the total number of wires
that build the device is less in the WEB 17 compared with the
WEB 21 version, the metal coverage at the bottom, as an ele-
mentary factor for intra-aneurysmal thrombosis and neointimal
growth, is not less (approximately 60% in both versions).6,8 The
VIA Microcatheter (Sequent Medical) is exclusively designed
for the delivery of the WEB device and is therefore available in
the mentioned sizes from 0.033 to 0.017 inch. The aneurysms
analyzed in the present study were exclusively treated with the
WEB 17 system using a VIA 17 microcatheter.

Decision-Making for Treatment with WEB
All cases were discussed in a weekly interdisciplinary conference
including neurosurgical, neurologic, and neurointerventional ex-
pertise, and the decision for an endovascular treatment was
reached by consensus following an “endovascular first” concept
at both institutions. The final endovascular treatment strategy
was determined by the neurointerventionalist. Clinical and mor-
phologic factors were considered, whereas absolute exclusion cri-
teria for an endovascular approach with the WEB 17 device were
a neck width larger than the fundus width referring to an aspect
ratio of <1, an incorporation of a branch into the aneurysmal
sac, and an aneurysm size below or above the suitable range for
the WEB 17 device given by the manufacturer's sizing guide
(<2.0 to >6.5mm). Informed consent was obtained at least
24 hours before the procedure. Decision-making in cases of
acutely ruptured aneurysms was reached outside the scheduled
conference with the responsible neurosurgeon. The treatment
results of acute cases were retrospectively analyzed in the follow-
ing neurovascular conference. Patients in a poor clinical condi-
tion following an acute SAH were treated without prior informed
consent on the basis of an emergency indication.

Endovascular Procedure: Device Selection
The basic procedural setup with the WEB 17 did not differ from
the general institutional standards for any endovascular

aneurysm treatment in both participating centers. The analyzed
procedures were performed by 4 neurointerventionalists, each
with comprehensive experience in the endovascular treatment
of intracranial aneurysms. Procedures were exclusively per-
formed with the patient under general anesthesia on a biplane
angiographic system, including the option of rotational angiogra-
phy (Artis Q; Siemens, Erlangen, Germany). In unruptured
aneurysms, a bolus of 5000 IU of heparin was administered, and
patients were placed on dual-antiplatelet therapy before the pro-
cedure if mandatory to preserve the parent artery with a stent.
After termination as intended, patients were kept on 100mg of
acetylsalicylic acid daily for 4–6 weeks. In cases of acutely rup-
tured aneurysms, the procedure was performed with 5000 IU of
heparin without antiplatelet therapy.

Once the target artery was catheterized with an 8F or 6F
guiding catheter or a combination of both, the aneurysm was
visualized in an appropriate working position free from
superimpositions of surrounding arteries. The selection of a
WEB device suitable for the aneurysm resulted from cali-
brated measurements of its height and width in 2 orthogonal
projections. The mean value of both determined the selection
of the device based of the basic principle of an oversizing of
the WEB in width with a compensatory undersizing of its
height as described elsewhere.6,8 This principle became
known as the “þ1/�1 rule” before the introduction of the
WEB 17 system, indicating an oversizing and undersizing of
1mm for the appropriate WEB device. The horizontal com-
pression of the device results in a longitudinal extension of
1mm.10 The fixed value of 1 mm became improper for very
small aneurysms, especially with regard to 0.5-mm incre-
ments for WEB 17, meaning that the required extent of over-
sizing is less in smaller aneurysms. This resulted in a sizing
calculator based on an algorithm created by the manufac-
turer. The size selection of WEB 17 in this study was based on
this sizing calculator.

The selected WEB 17 device was than advanced toward the
aneurysm with a VIA 17 microcatheter placed in the proximal
fundus. The complete unfolding of the device resulted from a
gentle withdrawal of the microcatheter in combination with an
advancement of the device. Both the microcatheter and the device
were finally pushed forward to obtain a stable position inside the
aneurysm with a proper apposition to the aneurysmal wall. The
device was left undetached for approximately 10 minutes. In cases
of malposition or an inadequate size (indicated by contrast filling
between the device and the aneurysm wall or an extension toward
the parent artery), the device was withdrawn and a larger or
smaller device was implanted. In cases of a mild extension of the
WEB device inside the parent artery with an anticipated flow dis-
turbance, a self-expanding stent was applied to stabilize the de-
vice and to protect the parent artery. This decision was based on
the individual interventionalist's estimation during an observatio-
nal period of 10 minutes before the final detachment of the
device.

Data Analysis and Follow-Up Schedule
Angiographic and clinical data were collected in retrospect and
entered in a previously adapted data base. The initial and follow-
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up angiographic results were graded on a 5-point scale as sug-
gested by Caroff et al2 (no residual flow in the aneurysm/WEB, 1;
opacification of the proximal recess of WEB, 2; neck remnant, 3;
residual flow inside the WEB, 4; aneurysm remnant, 5).

In the final descriptive analysis, grades 1–2 were summarized
as complete occlusion, grades 3 and 4 indicated a neck remnant
or flow inside the WEB, and grade 5 represented an aneurysm
remnant.

The angiographic follow-up schedule at the 2 centers does not
differ from that of interventionally treated aneurysms in general,
with examinations planned after 3 and 12 months. The clinical
condition of each patient was determined according to the mRS
on admission, at discharge, and at each follow-up visit by the re-
sponsible neurosurgeon or neurointerventionalist. Patients with a
clinical deterioration were analyzed separately with regard to the
underlying cause.

Statistical Analysis
The statistical analysis of all variables was performed inde-
pendently using Excel (Microsoft, Redmond, Washington).
Continuous variables were given as the median and range.
Independent variables were described as percentages.

Ethics Statement
We declare that all human and animal studies have been
approved by the ethics committee of Ruhr Universität, Bochum,
Germany. The study was performed in accordance with the ethi-
cal standards established in the 1964 Declaration of Helsinki and
its later amendments. A separate informed consent from each
patient before inclusion in this study was not required due to the
retrospective design of the study.

RESULTS
Patients
A total of 117 patients (median age, 53 years; range, 25–
81 years) with 127 intracranial aneurysms planned for treat-
ment with the WEB 17 were included at the 2 participating
centers during the sample period (June 2017 to February
2019). Of those, 29 aneurysms were acutely ruptured (SAH
within 7 days before hospital admission) and the remaining 98
were unruptured.

Aneurysms Treated with WEB 17
One hundred thirteen (88.9%) aneurysms included were located
in the anterior circulation, and the remaining 14 (11.1%) were
posterior circulation aneurysms. Table 1 summarizes the aneu-
rysm locations in detail.

While 29 aneurysms were acutely ruptured, 91 were found
incidentally, 6 were remnants or previously coiled or clipped
aneurysms, and 1 was a flow-related aneurysm in a patient with a
large arteriovenous malformation. The median width of all
aneurysms was 4.0mm (range, 2.0–6.0mm) with a median height
of 4.0mm (range, 2.0 –7.0mm) and a median neck size of
3.0mm (range, 2.0–6.0 mm).

Primary Results
Treatment with the WEB 17 was successful in all except 3 proce-
dures. One was an incidental finding of an aneurysm of the

middle cerebral artery bifurcation in a patient with a previously
ruptured aneurysm of the basilar artery treated previously by coil-
ing. The small aneurysm was difficult to catheterize with the VIA
17 microcatheter due to an unfavorable angle, and once a WEB
17 device of 3mm in width and 2mm height was deployed, the
inferior branch of the middle cerebral artery showed a narrowing.
A repositioning of the WEB device ideally with a temporary inva-
gination of the proximal marker to optimize the configuration of
the device inside the aneurysm might have been necessary to pre-
serve the parent artery but appeared impossible given the angular
anatomy of the parent artery. Therefore, the operator decided to
recapture the device. The aneurysm was finally treated by stent-
assisted coiling without problems. In the other failed case of an
internal carotid artery aneurysm with a tight angulation to the
parent artery, the WEB Device (WEB 17-SLS, 4mm) dislocated
into the middle cerebral artery directly after detachment, which
was probably related to a combination of improper sizing and an
interaction of the microcatheter with the detached device. The
device was withdrawn from the middle cerebral artery using an
Alligator retrieval device (Medtronic, Dublin, Ireland) without
problems, and the aneurysm was finally treated by balloon-
assisted coiling. The third case was a residual filling of a large rup-
tured, previously coiled aneurysm of the anterior communicating
artery. Several attempts to place the smallest WEB 17 (SL3-2)
failed due to the broad-based morphology, so the aneurysm rem-
nant was finally treated with coils assisted by a remodeling
balloon.

Therefore 124 successfully treated aneurysms were ana-
lyzed in the study. In 10 cases, the primary selected WEB 17
device was recaptured and a device of a different size was suc-
cessfully implanted; and in 2 other cases, the final detachment
of the WEB was after 2 other devices had to be withdrawn.
Criteria to recapture the WEB were an incomplete filling of the
aneurysm by the device or an extension of the mesh into the
parent artery.

Additional devices such as self-expanding stents or coils were
used in 12 (9.7%) cases; this addition was part of the intended
treatment strategy in 7 (5.6%) cases (4 cases with stents [LVIS,
MicroVention, Tustin, California; and Neuroform Atlas, Stryker

Table 1: Location of the 127 intracranial aneurysms treated
with WEB 17

Location No. Ratio (%)
Anterior circulation (n = 113) (88.9%)
ACA AcomA 33 26.0%
ACA A2 11 8.6%
MCA bif 52 41.0%
MCA M1 2 1.6%
ICA PcomA 10 7.8%
ICA bif 5 4.0%

Posterior circulation (n = 14) (11.1%)
BA tip 7 5.4%
PCA 1 0.8%
PICA 3 2.4%
Superior cerebellar artery 3 2.4%

100.0%

Note:—ACA indicates anterior cerebral artery; ACA A2, anterior cerebral artery
A2 segment; bif, bifurcation; PcomA, posterior communicating segment; BA tip,
basilar artery tip; PCA, posterior cerebral artery.
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Neurovascular, Kalamazoo, Michigan] to stabilize the device
inside the aneurysm and to preserve the parent artery; 3 cases
combined with coiling). In the remaining 5 (4.0%) cases, a self-
expanding stent was used as a bailout strategy to protect the par-
ent artery. The decision for the additional implantation of a stent
was made by the interventionalist as described above.

Angiographic Results
As with extra-aneurysmal flow diverters, an unchanged or at least
reduced aneurysm perfusion directly after placement of the WEB
device is the typical finding because the process of complete
intra-aneurysmal thrombosis and neointimal growth may need
up to several months. Nevertheless, some aneurysms occlude
promptly after placement of an extra- or intra-aneurysm flow di-
verter.4,11 We found an initial rate of complete aneurysm occlu-
sion in 25 (20.2%) of our 124 cases. This rate changed to 76.1%
and 78.0% during the follow-up period of 3 and 12months
(median, 3.6 and 12.3 months; range, 0.2–12.4 and 4.40–
24.2months). Table 2 summarizes the initial and follow-up
results according to the 5-point scale of Caroff et al.2

We observed 2 cases of clustering of the WEB device during
the follow-up period. One of those was a carotid artery aneurysm
(ICA posterior communicating artery), and the other was an
anterior communicating artery (AcomA) aneurysm that was
retreated by stent-assisted coiling. Two other aneurysms were
retreated during the follow-up period due to a remaining perfu-
sion of the neck not covered by the device. The decision for
retreatment was made following a discussion in the neurovascu-
lar board.

Peri- and Postprocedural Complications
We observed thrombus formation within the parent artery after
placement of the WEB 17 in 5 cases. Of those, 3 were successfully
treated by an intravenous bolus of 500mg of acetylsalicylic acid
(n=2) or a weight-adapted bolus of eptifibatide. There was a
spontaneous regression of the thrombus in 1 case. All those were
cases of unruptured aneurysms. The last case was a ruptured,
irregularly shaped aneurysm of the middle cerebral artery that
was treated by a combination of coils and a 4 � 2mm WEB 17
device placed at the base of the aneurysm. The device dislocated
during the detachment process resulting in an occlusion of the in-
ferior branch of the middle cerebral artery followed by a clinically
relevant ischemia in the dependent vascular territory. The opera-
tor decided against an attempt to reopen the occluded branch
with antithrombotic drugs because the patient was scheduled for

the acute evacuation of the intracerebral hematoma caused by the
ruptured aneurysm directly after the endovascular intervention.

Another patient with a ruptured MCA bifurcation aneurysm
was treated with a 5 � 3mm WEB 17 device without problems
but showed an increasing subarachnoid hemorrhage on the post-
interventional CT scans. Although no contrast extravasation was
observed peri-interventionally, this case was classified as an intra-
procedural or early postinterventional subarachnoid hemorrhage.
The patient developed a mild permanent deficit with an ongoing
disorder of concentration and a reduction of mental capacity
without any focal neurologic deficit (mRS 1), probably related to
the described circumstance.

The 2 patients described experienced a clinically relevant dete-
rioration, probably related to the procedure, resulting in a mor-
bidity rate of 1.7% (2/117) and a mortality rate of 0.0%.

DISCUSSION
Our results underline the technical and clinical efficacy of the
WEB 17 system in the treatment of ruptured and unruptured in-
tracranial aneurysms, with an acceptable safety profile and con-
vincing complete and adequate occlusion rates of 77.1% and
89.2% after 3 months.

The concept of intra-aneurysmal flow diversion with the
WEB device proved its effectiveness in several good clinical prac-
tice (GCP) studies and single-center series before the introduc-
tion of the WEB 17 system. These GCP studies revealed a
midterm adequate occlusion rate of 79.1% and a mortality rate
of 1.2%.12 The recently published 1-year results of the WEB
Intrasaccular Therapy (WEB-IT) study with 148 patients treated
with the WEB device showed complete and adequate occlusion
rates of 58.8% and 84.6%, respectively, with a safety profile com-
parable with that of the previous GCP studies.13 The introduction
of the WEB 17 system expanded the indications toward smaller
and more distally located aneurysms. The results of the GCP
studies (including larger aneurysms partly treated with the
older Double-Layer system [WEB-DL]) are therefore not
transferrable to the group of aneurysms exclusively treated
with the WEB 17 without restriction because smaller aneur-
ysms are generally known for a lower risk of recurrence or
reperfusion compared with larger ones.14 Nevertheless, the
occlusion and complication rates found in our series are simi-
lar to those of previously published series with the primary
versions of the WEB device.4,6,10,12,13

To date, there are only limited series of aneurysms exclusively
treated with the WEB 17. Van Rooij et al8 analyzed their 46

Table 2: Immediate and follow-up results of the aneurysms treated with WEB 17 according to the 5-point scale of Caroff et al2,a

Grade No. Immediate Ratio (%) 3-Month Follow-Up Ratio (%) 12-Month Follow-Up Ratio (%)
124 100.0% 92 74.2% 41 33.1%

1 23 18.6% 20.2% 62 67.4% 76.1% 29 70.8% 78.0%
2 2 1.6% 8 8.7% 3 7.3%
3 2 1.6% 70.9% 11 12.0% 20.7% 6 14.6% 17.1%
4 86 69.4% 8 8.7% 1 2.4%
5 11 8.8% 8.9% 3 3.2% 3.2% 2 4.9% 4.9%

a Grade 1: no residual flow in aneurysm/WEB 17; grade 2: opacification of the proximal recess of WEB 17; grade 3: neck remnant; grade 4: residual flow inside the WEB 17;
grade 5: aneurysm remnant. Grades 1–2 are summarized as complete occlusion, grades 3 and 4 indicate a neck remnant or flow inside the WEB, and grade 5 represents an
aneurysm remnant.
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aneurysms treated with theWEB 17 system. Of those, 25 were rup-
tured. They found 2 thromboembolic complications related to the
procedure but not the device, and the patients remained without
permanent clinical impairment. The complete and adequate occlu-
sion rates at 3 months of 72% and 95% are comparable with the
occlusion rates found in our series. Most interesting, there was
only 1 case of an aneurysm remnant not sealed by the WEB device
directly after placement. We did not analyze the number of cases
with remnants or daughter aneurysms not sealed by the device, but
in our experience, a complete filling of the entire aneurysm sac is
not obligatory as long as the neck area is completely covered by the
attenuated bottom of the WEB device, which facilitates a subse-
quent thrombosis of the entire aneurysm (see the illustrative case
in the Figure). This characteristic is helpful, especially in the treat-
ment of acutely ruptured aneurysms because potentially more vul-
nerable blebs of the aneurysm sac do not need to be catheterized
separately.

In another study of 28 unruptured aneurysms treated with the
WEB 17, 1 delayed thromboembolic complication was encoun-
tered. The complete occlusion rate was 91.7% during the short-
and midterm follow-up periods.15

Besides these convincing angiographic and clinical results,
the technical alterations of the WEB 17 allow the treatment of
not only smaller aneurysms. With the possibility of introduc-
ing the WEB through a 0.017-inch microcatheter, catheteriza-
tion of more distally located aneurysms with a tight angulation
to the parent artery becomes easier compared with the larger
VIA microcatheters. There were 8.6% distally located aneur-
ysms of the anterior cerebral artery in our series. The WEB 17
consists of 72–108 wires compared with 144 wires in the previ-
ous versions. However, the amount of metal coverage at the
bottom of the device, the hemodynamically active section, does
not differ among all available sizes of the WEB. The metal
coverage of approximately 60% for the WEB 17 is a conse-
quence of a different braiding design compared with the previ-
ous versions. The lower amount of material makes it easier to
deploy the device in tortuous anatomies with a more stable
position of the microcatheter compared with the previous ver-
sions. The formability of the WEB 17 seems to be more pro-
nounced, facilitating configuration within the aneurysm sac
and allowing a recapture with less traction if necessary.
Nevertheless, a triaxial access to the aneurysm increases the

stability during the implantation of the device, especially in
tortuous anatomies.

Pierot et al16 presented a series of aneurysms in “atypical”
locations treated with the WEB device, with impressive angio-
graphic and clinical results. “Atypical” in this context means a
location or morphology other than a bifurcation as the typical in-
dication for the WEB device. With the WEB 17 being a softer de-
vice compared with previous versions, treatment of these atypical
(sidewall) locations becomes straightforward. Our series with
several aneurysms in atypical locations (A2, ICA posterior com-
municating artery, PICA) underlines this expansion of indica-
tions for WEB 17.

Asnafi et al,4 in a systemic review of 15 studies on the WEB
device (all performed without the WEB 17), found a 12.0% rate
of additional devices used in combination with the WEB. This is
in line with the 9.7% in our series, in which additional devices
were applied as a bailout strategy in 4.0%. Most interesting, in the
series of van Rooij et al8 with the WEB 17, all aneurysms were
treated without additional devices. This might be the conse-
quence of the high rate of acutely ruptured aneurysms in their se-
ries (54%), in which the use of stents with their need for a dual-
antiplatelet therapy is unfavorable. This refers to our treatment
regimen with the WEB. In cases of unruptured aneurysms,
patients were placed on dual-antiplatelet therapy before the pro-
cedure with a monotherapy of 100mg of acetylsalicylic acid pre-
scribed for 4–6 weeks. This concept not only allows a switch to
stent-assisted coiling in cases of failure with the WEB but also
allows a stent to stabilize the WEB or to preserve the parent artery
in cases of doubt.

The design of WEB 17 with a lower number of wires might
promote a compaction during the follow-up period with poten-
tially lower occlusion rates compared with the previous version
of the device. This relation, based on the WEB 17 being a softer
device, remains hypothetic, and we think that with an exact siz-
ing, the rate of compaction will not be different from that with
the previous device.

The retreatment rate in our series was 2.4%, which is rele-
vantly lower than the rates of 12.3% and 21.1% reported in other
series with the WEB device.17,18 One reason can be found in the
increasing experience with the WEB device (learning curve),
resulting in a more appropriate initial size selection with a lower
retreatment rate as described in the literature.18,19 Another reason

FIGURE. The complete occlusion of an unruptured bilobulated aneurysm of the AcomA in a patient with a history of SAH from another aneu-
rysm. Injection of the left ICA with visualization in left-anterior-oblique view (A), deployment of a 6-mmWEB-SLS in the lower lobule of the an-
eurysm covering the orifice of the upper lobule (B), progressive thrombosis in both the lower and upper lobules of the aneurysm (C),
visualization of the WEB 17 in the lower lobule of the aneurysm (fluoroscopy) (D), and 9-month follow-up angiography with stable and complete
occlusion of the aneurysm (E).
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might be found in the smaller aneurysm size in this series and the
comparatively short follow-up period. A comparative analysis of
all aneurysms treated with WEB 21 and WEB 17 with longer fol-
low-up data that is currently being conducted at our institution
will help to identify the factors influencing a stable long-term
occlusion.

Our study has several limitations that are mainly related to
the retrospective design. The angiographic results were not ana-
lyzed independently. Because the WEB 17 system is a compara-
tively new device (available in Europe since December 2016),
only midterm follow-up results are reported in our series, which
impedes a direct comparison with other treatment options for
broad-based bifurcation aneurysms. The mismatch of unrup-
tured and ruptured aneurysms makes a statistically exploitable
comparison unfeasible.

CONCLUSIONS
TheWEB 17 device is safe in the treatment of broad-based aneur-
ysms without the general need for additional devices or dual anti-
platelet therapy. The system enlarges the indications toward
smaller, otherwise difficult-to-treat, aneurysms. The low compli-
cation rate and the promising follow-up results underline the
value of this technique in the growing range of endovascular
treatment options for intracranial aneurysms. Comparative clini-
cal trials with longer follow-up data will allow a direct compari-
son with conventional endovascular techniques.
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INTERVENTIONAL

Sentinel Angiographic Signs of Cerebral Hyperperfusion after
Angioplasty and Stenting of Intracranial Atherosclerotic

Stenosis: A Technical Note
X M. Ghuman, X A.C.O. Tsang, X J.M. Klostranec, and X T. Krings

ABSTRACT
SUMMARY: Cerebral hyperperfusion syndrome is a serious complication of endovascular angioplasty and stent placement for long-
standing intracranial stenosis, resulting in neurologic dysfunction, seizure, or reperfusion hemorrhage. Rigorous control of blood pressure
is commonly used in the perioperative period to prevent cerebral hyperperfusion syndrome, but the optimal blood pressure is often
arbitrary. We describe the angiographic features that reflect impaired cerebral autoregulation and microvascular transit abnormality,
which may be used to gauge the optimal blood pressure parameters in the immediate postintervention period for prevention of cerebral
hyperperfusion syndrome.

ABBREVIATIONS: BP � blood pressure; CHS � cerebral hyperperfusion syndrome; ICAS � intracranial atherosclerosis; ICH � intracranial hemorrhage

Cerebral hyperperfusion syndrome (CHS) is a well-described

complication associated with cerebral revascularization after

extracranial angioplasty and stent placement.1 CHS following in-

tracranial angioplasty is less well-studied but is estimated in ob-

servational studies to occur in 3.4% of patients with nearly

80% mortality when complicated by intracerebral hemorrhage

(ICH).2-4 This likely contributed to the adverse outcomes in the

intervention arm of the Stenting vs Aggressive Medical Manage-

ment for Preventing Recurrent Stroke in Intracranial Stenosis

(SAMMPRIS) trial.4-6

While the exact pathophysiology of CHS is still not fully un-

derstood, impaired cerebral autoregulation and cerebral hemody-

namic alterations following revascularization are considered the

major mechanisms involved.4,5 In patients with intracranial ath-

erosclerosis (ICAS), CHS development is associated with poor

control of postoperative blood pressure (BP) and impaired collat-

eral circulation.4 For extracranial stenosis, other well-known risk

factors include baseline hypertension, carotid stenosis of �90%,

and impaired cerebrovascular reserve.4-6 These factors coupled

with maximal arteriolar dilation, compromised cerebral autoreg-

ulation, and systemic hypertension translate to an increased cere-

bral perfusion pressure and cerebral hyperperfusion.

Stringent systemic BP control is a widely used prophylactic

strategy in the postrevascularization period and has been shown

to reduce the incidence of CHS in high-risk individuals.7,8 Ideally,

quantitative cerebral blood flow should be monitored to guide the

hemodynamic management, but continuous and reliable means

of measurement are lacking in routine clinical practice.4,5,8 This

article illustrates the angiographic signs of hyperperfusion imme-

diately after intracranial stent placement and angioplasty, and

their utility in titrating individual BP targets in the postoperative

period for the prevention of CHS. This method has been used in

our center to select patients for aggressive BP control following

intervention.

Techniques
We treat patients with symptomatic ICAS when they are refrac-

tory to aggressive medical treatment or if the ischemic symptom is

secondary to critical hypoperfusion downstream of the ICAS ste-

nosis instead of perforator occlusion or artery-to-artery embo-

lism. Typically, predilation of the stenotic intracranial ICA or

MCA segment is followed by delivery of a Wingspan stent system

(Stryker, Kalamazoo, Michigan).9

Immediately after stent placement, a control angiogram is ob-

tained at the baseline systemic BP. Particular attention is paid to

the downstream vascular field for 2 sentinel signs suggestive of

maximal arteriolar dilation and disrupted cerebral autoregulation
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and thus a risk for hyperperfusion: first, an early draining vein of

the treated ischemic territory, defined as early contrast filling of a

regular anatomic vein in the late arterial or capillary phase of the

angiogram that drains the territory downstream of the treated

vessel; second, a prominent capillary blush in the ischemic terri-

tory, secondary to abnormal luxurious perfusion of the treated

territory in the arterial phase, which becomes denser in the capil-

lary phase compared with the rest of the arterial territory and

persists late into the venous phase (Figure and On-line Figure).
In patients with an early draining vein and capillary blush after

revascularization, systemic hypotensive therapy is commenced in

close collaboration with the neuroanesthesiologist. Control an-

giograms with the same contrast flow rate (pump injections) are

repeated in 10-minute intervals at decreasing BP thresholds (20

mm Hg intervals below baseline) until disappearance of the sen-

tinel signs of hyperperfusion are observed. This BP threshold is

then maintained in the first 24 hours postintervention in the neu-

rocritical care unit with the patient being kept intubated and se-

dated to prevent BP spikes and to better control BP during a

24-hour period. Contralateral angiograms are also obtained to

assess the adequacy of perfusion and collateral status, given the

potential for ischemia due to the in-

duced hypotensive state. After 24 hours,

patients who exhibit the above sentinel

signs of hyperperfusion are awakened

and BP control is gradually relaxed

while closely monitoring symptoms

of CHS such as new or worsening

headache and/or change in neurologic

function. Patients developing these

symptoms would receive a prolonged

duration of hypotensive therapy.

Of 14 symptomatic patients with

ICAS stenosis treated endovascularly

from January 2016 to March 2019, four

patients had an early draining vein

and/or the capillary blush sign immedi-

ately after angioplasty at baseline BP

(On-line Table). Individual BP thresh-

olds were titrated using the above-men-

tioned technique, and continuous hypo-

tensive therapy was maintained with

intravenous labetalol infusion for 1–2

days. None of these patients had devel-

oped symptoms or complications of

CHS at the last clinical follow up, and

there were no procedure-related com-

plications. None of the 10 patients in

whom no sentinel signs of hyperperfu-

sion were observed developed signs or

symptoms of CHS.

DISCUSSION
The present study describes sentinel an-

giographic signs of cerebral hyperperfu-

sion following revascularization of pa-

tients with ICAS stenosis and how these

markers are used in our practice in the im-

mediate postangioplasty phase to identify a BP threshold to avoid

CHS and its related complications.

We surmise that the occurrence of an early draining vein

and capillary blush in the previously ischemic territory is due

to the presence of maximally dilated arterioles and capillary

bed secondary to long-standing cerebral ischemia. The local-

ized reduction in vascular resistance and hence shortened ar-

terial-venous transit time resulted in an abnormal early drain-

ing vein.

At present, there is no description of angiographic features in

the literature for assessing the risk for CHS after ICAS revascular-

ization therapy. Our preliminary and observational results sug-

gest that these angiographic signs can serve as sentinel markers of

CHS and can be used to optimize the hypotensive therapy BP

threshold individually. Moreover, the average time for CHS com-

plication development following extracranial carotid artery an-

gioplasty and stent placement is 12 hours.5 Hence, we institute

hypotensive therapy for 24 hours after revascularization in pa-

tients at risk of CHS. Intraprocedural and postprocedural trans-

cranial Doppler sonography is another technique to monitor for

FIGURE. A 66-year-old female patient (patient 1) who presented with left-sided transient
ischemic symptoms. A, Noncontrast CT of the brain shows hypodensity consistent with
previous ischemic infarct in the right corona radiata in the cerebral internal watershed zone.
CT angiography and CT perfusion (not shown) revealed high-grade stenosis of right mid-M1
segment of the MCA with corresponding large areas of perfusion mismatch suggestive of
salvageable ischemia, B and C, Pre- and postangioplasty right ICA angiograms demonstrate
restoration of the severely compromised lumen of the proximal M1 MCA (white arrow),
following angioplasty and stent placement. Note the medial shift of the watershed zone
after revascularization, D, Late arterial phase angiographic image immediately postangio-
plasty and stent placement at a baseline systolic blood pressure of 158 mm Hg demonstrates
early opacification of a vein that drains into the deep venous system (black arrows) with
prominent capillary blush in the central MCA territory (white arrowheads). E and F, Capillary
and venous phase images obtained at a systolic blood pressure of 100 mm Hg depict resolu-
tion of early arteriovenous shunting and restoration of homogeneity of the capillary stain,
with the filling of the index vein in the normal venous phase. SBP indicates systolic blood
pressure.
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CHS after extracranial carotid endarterectomy and may be of use

in the titration of hypotensive therapy.10

Angiographic blush and early filling vein were previously de-

scribed in the setting of acute ischemic stroke following intra-

arterial thrombolysis or endovascular thrombectomy and were

associated with hemorrhagic transformation.11-13 In acute isch-

emic infarct, these signs were thought to be due to hyperemia seen

in the early stages of infarction, a so-called “luxury perfusion”

state.11-14 It is most conceivable that the early venous filling is

secondary to rapid cerebrovascular transit and not true shunting.

It is believed that blood flow is accelerated secondary to the

marked vasodilation as a result of ischemia.12 Increased local cir-

culatory rates to maintain perfusion and the opening of precapil-

lary arteriovenous shunts have also been proposed after the initial

focal vasodilation effect following infarction.11

Although our patients did not have acute infarction, the distal

vessels did not immediately recover to their normal state of reac-

tivity after revascularization but rather continued to be maximally

dilated. This resulted in the described imaging findings that we

believe may be related to an increased rate of postreperfusion

hemorrhage. Future work would be needed to validate this ap-

proach in a larger patient cohort and to correlate with long-term

clinical outcome.

CONCLUSIONS
In this small study, the angiographic signs of an early draining

vein and capillary blush in patients with ICAS stenosis treated

with endovascular revascularization were used as sentinel signs to

detect cerebral hyperperfusion reflecting the underlying impaired

cerebral vascular autoregulation. Progressive reduction of sys-

temic arterial pressure to achieve reversal of these angiographic

signs seems to be of clinical use to gauge postangioplasty hypo-

tensive therapy for the prevention of catastrophic complications

associated with cerebral hyperperfusion syndrome.
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BRIEF/TECHNICAL REPORT
INTERVENTIONAL

Distal Transradial Access in the Anatomic Snuffbox for
Diagnostic Cerebral Angiography

P. Patel, N. Majmundar, I. Bach, V. Dodson, F. Al-Mufti, L. Tomycz, and P. Khandelwal

ABSTRACT

SUMMARY: The aim of this study was to describe the feasibility, technique, and safety of distal transradial access in the anatomic
snuffbox for diagnostic cerebral angiography. A retrospective review of diagnostic cerebral angiograms obtained during a 6-month
period with distal transradial access was performed. Thirty-four successful procedures were performed via distal transradial access.
There were 4 failed attempts. This single-center experience using distal transradial access suggests that this technique is safe and
effective.

ABBREVIATIONS: dTRA ¼ distal transradial access; TFA ¼ transfemoral approach; TRA ¼ transradial approach

While the transradial approach (TRA) has been used by car-
diologists for coronary angiography since its first reported

use in 1989, the TRA has been more recently adopted by neuroin-
terventionalists.1 At our institution, the transfemoral approach
(TFA) was traditionally used for diagnostic cerebral angiograms
until last year, when we started using the TRA for diagnostic cere-
bral angiograms. The benefits of the TRA include reduced access
site complications, increased patient comfort, earlier ambulation,
and decreased time for postprocedural monitoring. Thus, the
TRA was adopted for routine use at our institution for diagnostic
cerebral angiography, and the TFA is used when access through
the radial artery is difficult. However, the TRA also has its limita-
tions and complications, including radial artery spasm, throm-
botic occlusion, hematoma, pseudoaneurysm, arteriovenous
fistula, positioning difficulties, the depth of the radial artery in
large arms, and compartment syndrome.2

Distal transradial access (dTRA) involves accessing the radial
artery immediately above the scaphoid or trapezium bones via
the anatomic snuffbox.3 dTRA limits many of the complications
of the TRA. Cannulation and sheath placement of the radial ar-
tery through the anatomic snuffbox can be performed with the
arm in a neutral position, thus foregoing total supination of the
wrist and allowing the patient to place the forearm in a more

natural position. Studies of dTRA in interventional cardiology
procedures have demonstrated technical and procedural success,
markedly reduced access site complications, and decreased rates
of radial artery occlusion.2,4

MATERIALS AND METHODS
We performed a retrospective chart review from a prospectively
maintained data base of all patients undergoing diagnostic cere-
bral angiography from October 2018 through March 2019. Two
attending physicians and 1 neuroendovascular fellow performed
dTRA for the study. All had received formal training either in
their fellowship or during a dedicated dTRA training course. This
approach was only used for diagnostic cerebral angiography and
not for interventional procedures because interventional proce-
dures require larger catheters. Patients who had CT angiography
of the head and neck available were studied to assess any ana-
tomic variation before undergoing diagnostic cerebral angiogra-
phy. Patients were excluded from the study if the caliber of the
radial artery was <2mm, if there was a need for an extensive
diagnostic study including the left vertebral artery or thyrocervi-
cal trunk, if the radial artery was occluded, if there was evidence
of an aberrant subclavian artery or variation of the aortic arch, or
due to patient preference. Procedures were performed with a
local anesthetic with conscious sedation. Patient demographics,
procedural complications, procedural time, and postprocedural
care information were collected. Possible major complications
included radial artery perforation, pseudoaneurysm formation,
or hand ischemia. Possible minor complications included forma-
tion of a hematoma or pain at the puncture site. The retrospective
study was approved by the Rutgers New Jersey Medical School
Institutional Review Board.
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Procedural Technique
Right radial artery diameter was measured in the anatomic snuff-
box using sonography in all patients. If the radial artery diameter
was<2mm, a different access site was chosen. The patient’s right
arm was kept in a midprone position and elevated to the level of
the body. The hand was kept slightly flexed and deviated toward
the ulna to straighten the radial artery and to bring it to a more
superficial plane. Two-to-3 mL of lidocaine (1%) was injected in
the skin of the anatomic snuffbox. By means of a 2-cm 21-ga
micropuncture needle, the radial artery was punctured with sono-
graphic guidance using a single-wall technique. A 5F Prelude
Ideal (Merit Medical, South Jordan, Utah) or a 5F Glidesheath
Slender (Terumo, Somerset, New Jersey) vascular sheath was
introduced over the wire (Fig 1). Next, 2.5mg of verapamil and
200mcg of nitroglycerin were injected intra-arterially after hemo-
dilution. A radial artery roadmap was then obtained. A 5F diag-
nostic Sim 2 catheter (Terumo) was introduced over a 0.035-inch
angled glide wire. The Sim 2 catheter was formed either in the
ascending or descending aorta. After we completed the diagnostic
cerebral angiography, the sheath was removed. An external com-
pression device was applied over the puncture site to achieve pat-
ent hemostasis. We used either a standard TR Band (Terumo)

after removing the hard plastic from it or the PreludeSync Distal
Band (Merit Medical), a dedicated distal radial closure band (Fig
2). Hand perfusion patency was confirmed with continuous pulse
oximetry on the right thumb.

RESULTS
A total of 129 cerebral angiograms were obtained during the
study period, of which 34 were successfully performed in 31
patients using dTRA. Patients ranged from 33 to 78 years of age
(Table). Four patients had failed attempts of dTRA due to severe
vasospasm of the radial artery in the proximal segment. In 2 of
these patients, conventional TRA was performed after resolution
of the spasm. The other 2 patients were converted to TFA. These
failures occurred earlier in our transition to dTRA. An average of
3.8 vessels (range, 1-6 vessels) were catheterized per procedure.
After successful access, we were able to catheterize all intended
vessels. No major complications were recorded. The only
reported minor complication was pain of the right wrist in 2
patients, which lasted 1 week. The 12 patients who had previously
undergone the TFA reported that they preferred dTRA.
Fluoroscopy time per vessel decreased with time, demonstrating
that the learning curve associated with this novel procedure can
be overcome with experience (Fig 3). While postprocedurally
only 2 hours of nursing supervision was required, the average
elapsed time between the end of the procedure and discharge was
3 hours 15minutes due to a variety of patient-related factors and
not due to extended monitoring requirements.

DISCUSSION
This retrospective review of dTRA cases found no major compli-
cations. While this finding is consistent with those in other stud-
ies investigating dTRA, studies that directly compare the
complication rates of dTRA and TRA are scarce. It has, however,
been demonstrated by Koutouzis et al4 that while the

FIG 1. A 5F short vascular sheath in the distal radial artery at the ana-
tomic snuffbox. The hand is secured in a slightly flexed and ulnar-
deviated position.

FIG 2. External compression device for closure of the arteriotomy
site.

Demographics

Mean Age
(yr)

%
Female

Mean No. of
Vessels

Catheterized

Mean Total
Fluoroscopy
Time (min)

Mean
Fluoroscopy
Time per

Vessel (min)
54.5 6 11.5 50% 3.8 6 1.4 14.4 6 6.5 3.9 6 1.4

FIG 3. Fluoroscopy time (in minutes) per vessel decreases with
increasing operator experience.
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complication rates of both techniques are similar, dTRA is associ-
ated with shorter manual hemostasis. They also, however, found
an increased time to cannulation associated with dTRA, high-
lighting the importance of clinical experience in learning this
novel technique.

Radial artery occlusion is a serious concern with the TRA,
reported to occur in 1%–10% of coronary procedures.5 While ra-
dial artery occlusion is generally asymptomatic and rarely affects
a patient’s quality of life, it can limit future access in that arm.
The distal part of the radial artery passes deep through the ana-
tomic snuffbox and continues distally as the deep palmar arch of
the hand. Most important, for dTRA, the radial artery is accessed
distal to the origin of the superficial palmar branch of the radial
artery (Fig 4). This is important in preventing postprocedural
hand ischemia because the superficial palmar arch is not at risk
of occlusion if the distal radial artery becomes occluded during or
after interventional procedures.6 With dTRA, any occlusion of
the radial artery is distal to the takeoff of the superficial palmar
branch of the radial artery. Therefore, if dTRA results in occlu-
sion of the distal radial artery, anterograde blood flow is pre-
served via the superficial palmar arch.

In our dTRA case series, 4 patients had to be converted to a
different access site due to radial artery vasospasm. Overall, the
dTRA failure rate has been reported to be around 5.8%.2,4,6,7

Spasm is a well-known complication of the TRA and dTRA,
though the use of preprocedural sonography to evaluate radial ar-
tery diameter can mitigate its risk. The size of the radial artery
can be up to 20% smaller in the snuffbox. In addition, the radial
artery tends to be smaller in female patients.8 Injudicious selec-
tion of patients for dTRA may lead to higher conversion rates to
different access sites and an increased number of multiple trials
before successful cannulation. Sonographic assistance is therefore

highly recommended and is considered mandatory at our institu-
tion for any radial approach. Preprocedural radial artery evalua-
tion can limit many access complications that can arise.
Experience with the procedure is also important. Training for the
dTRA is straightforward. Operators, including neuroendovascu-
lar fellows, attended a dedicated dTRA course with hands-on
training with manikins and cadavers. As with most procedures,
there is a learning curve associated with a new technique.
Fluoroscopy time and the number of failed trials decreased with
increased experience (Fig 3).

CONCLUSIONS
We demonstrated that the dTRA can provide an alternative
approach to conventional radial or transfemoral approaches, with
some potential advantages. In our experience, this technique is
safe and effective and can potentially reduce procedural costs
compared with the more conventional approaches, particularly
the TFA. While we did not encounter any major complications,
this approach needs to be studied in a larger patient dataset to
elucidate its safety and feasibility.
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Non-Contrast-Enhanced Carotid MRA: Clinical Evaluation of a
Novel Ungated Radial Quiescent-Interval Slice-Selective MRA

at 1.5T
X S. Peters, X M. Huhndorf, X U. Jensen-Kondering, X N. Larsen, X I. Koktzoglou, X R.R. Edelman, X J. Graessner, X M. Both,

X O. Jansen, and X M. Salehi Ravesh

ABSTRACT

BACKGROUND AND PURPOSE: Non-contrast-enhanced MRA techniques have experienced a renaissance due to the known correlation
between the use of gadolinium-based contrast agents and the development of nephrogenic systemic fibrosis and the deposition of
gadolinium in some brain regions. The purpose of this study was to assess the diagnostic performance of ungated non-contrast-enhanced
radial quiescent-interval slice-selective MRA of the extracranial supra-aortic arteries in comparison with conventional contrast-enhanced
MRA in patients with clinical suspicion of carotid stenosis.

MATERIALS AND METHODS: In this prospective study, both MRA pulse sequences were performed in 31 consecutive patients (median
age, 68.8 years; 19 men). For the evaluation, the cervical arterial system was divided into 35 segments (right and left side). Three blinded
reviewers separately evaluated these segments. An ordinal scoring system was used to assess the image quality of arterial segments and the
stenosis grading of carotid arteries.

RESULTS: Overall venous contamination in quiescent-interval slice-selective MRA was rated as “none” by all readers in 84.9% of cases and
in 8.1% of cases in contrast-enhanced MRA (P � .0001). The visualization quality of arterial segments was considered good to excellent in
40.2% for the quiescent-interval slice-selective MRA and in 52.2% for the contrast-enhanced MRA (P � .0001). The diagnostic accuracy of
ungated quiescent-interval slice-selective MRA concerning the stenosis grading showed a total sensitivity and specificity of 85.7% and
90.0%, respectively.

CONCLUSIONS: Ungated quiescent-interval slice-selective MRA can be used clinically as an alternative to contrast-enhanced MRA
without a significantly different image quality or diagnostic accuracy for the detection of carotid stenosis at 1.5T.

ABBREVIATIONS: CE � contrast-enhanced; QISS � quiescent-interval slice-selective; RF � radiofrequency; CTA � computed tomography angiography; DSA �
digital subtracted angiography; DUS � duplex ultrasound; ECG � electro-cardiogram; FLASH � fast low angle shot; FOCI � frequency offset corrected inversion;
MRA � magnetic resonance angiography; NASCET � North American Symptomatic Carotid Endarterectomy Trial

Extracranial ICA stenosis is a common disease and a risk

factor for an ischemic stroke.1 Atherosclerosis is the main

cause of ICA stenosis.2,3 Typical risk factors for atherosclerosis

are hypertension, history of smoking, diabetes, obesity, and an

elevated low-density cholesterol level.4,5 An ICA stenosis can

be treated either conservatively, for example with risk-factor

control and best medical therapy, or invasively (endarterec-

tomy or stent and angioplasty).3,6 The decision on the pre-

ferred method for the treatment of an ICA stenosis depends on

several factors. Besides the existence of symptoms, the grade of

the stenosis is an important factor.3,7 Therefore, determina-

tion of the stenosis grade is essential to assess the appropriate

treatment.

Duplex sonography, CT angiography, and MR angiography

are the non-minimally invasive imaging modalities to evaluate

the ICA.8 The accuracy of a duplex ultrasound examination of

the carotid arteries depends on the experience of the investi-

gator, so a second imaging technique is required in most cases.
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Additionally, extensive calcified plaques of the vessel wall im-

pair accurate assessment of the grade of stenosis, which is dif-

ficult due to acoustic shadowing. Contrast-enhanced MRA

(CE-MRA) using a gadolinium-based contrast agent is an often

used minimally invasive method for grading an ICA stenosis.

In patients with renal insufficiency, a gadolinium-based con-

trast agent should be used with caution.9 For these patients, the

CE-CTA is not a suitable alternative due to the use of a poten-

tially nephrotoxic iodine contrast medium. Furthermore, the

deposition of a gadolinium-based contrast agent in the brain of

patients even with good renal function is a subject of ongoing

discussions and investigations into using non-CE MR imaging

techniques.10,11 The above concerns about MR imaging con-

trast agent safety have spurred new developments in non-CE

MR imaging techniques with reliable clinical results.12-14 2D/

3D-TOF-MRA is a commonly used non-contrast-enhanced

approach for MRA of the extracranial carotid arteries. How-

ever, both techniques are time-consuming compared with CE-

MRA. The image quality and anatomic coverage provided by

TOF-MRA is inferior to that of CE-MRA.15,16 Moreover, TOF

is more sensitive to respiratory and flow artifacts and has a

tendency to overestimate stenoses.14

Recently, a new technique for non-CE-MRA of the arteries

was presented. The so-called quiescent-interval slice-selective

(QISS)17 MRA was first used to examine the peripheral arteries

and showed promising results.13 Recent advances in the QISS

technique facilitate non-CE-MRA of other vessels,18 in particular

the extracranial carotid arteries at 3T.19,20 The aim of this study

was to test the feasibility of an ungated radial implementation of

QISS-MRA at 1.5T and to assess its diagnostic performance for

imaging the extracranial carotid arteries compared with the clin-

ical standard technique of CE-MRA. For simplification, the un-

gated non-CE radial QISS-MRA is abbreviated as ungated

QISS-MRA.

MATERIALS AND METHODS
Patients
Patients who were included in this prospective study had been

consecutively referred to our center from May to September

2018 for clinically indicated extracranial MRA of the supra-

aortic arteries. The medical history of all patients was reviewed

to determine the reason for the clinically requested MR imag-

ing examination of the carotid arteries. The study exclusion

criteria were a history of carotid stent placement; renal insuf-

ficiency that precluded the administration of a gadolinium-

based contrast agent, as indicated by an estimated glomerular

filtration rate of �30 mL/min/1.73 m21; other contraindica-

tions for gadolinium-based contrast agent; and contraindica-

tions for MR imaging.

This study was performed according to the protocol (No. D

508/18) approved by the ethics committee at the university med-

ical center in Kiel in accordance with the ethical standards estab-

lished in the 1964 Declaration of Helsinki and its later amend-

ments. Our patients gave written informed consent.

Table 1: Imaging parameters for ungated QISS and CE-MRA sequences
Parameter Ungated QISS-MRA CE-MRA

Imaging mode 2D 3D
FLASH TR/TE (ms) 15.0/4.7 3.09/1.2
QISS sequence TR (ms) 1100.8 –
Acquisition matrix (Px) 384 � 384 512 � 512
Acquisition pixel (mm2) 0.5 � 0.5 0.6 � 0.6
In-plane interpolation On On
Slice thickness (mm) 2.0 1.0
No. of slices 128 80
Slice distance factor (%) �33 20
No. of averages 1 1
Receiver bandwidth (Hz/Px) 303 540
Flip angle 30° 30°
Slice orientation Tilted transversal to coronal (45° tilt) Coronal
K-space trajectory Radial Cartesian
No. of radial projections 204 –
No. of shots per slice 3 –
Phase oversampling (%) 0 40
Filter Distortion correction Distortion correction

(2D); prescan normalizer (3D); prescan normalizer
B0 shim mode Heart Tune-up
Asymmetric echo Off On
RF pulse type Normal Normal
Gradient mode Fast Fast
RF spoiler On On
iPAT modus (acceleration factor/No. of reference lines) – 2/24
Partial Fourier (phase and slice) – 6th/8th
Venous saturation slab thickness (mm) 100 –
Distance between venous saturation and imaging slab (mm) 10 –
TI (ms) 530 –
Acquisition time (min:sec) 7:03 0:20

Note:—iPAT indicates integrated parallel imaging technique; TI, time from in-plane and venous saturation to the acquisition of central k-space (ky � 0); Px, pixel; –, sequence
parameter is not available; TR, repetition time; TE, echo time; RF, radiofrequency; Hz, Hertz.
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Demographic Data of Study Population
Pertinent demographic data (age, weight, body mass index at MR

imaging, examination date, and sex) of the study population were

recorded.

MRA Imaging
Imaging was performed on a 1.5T MR imaging system

(MAGNETOM Aera, XQ gradients, Siemens Healthcare GmbH,

Erlangen, Germany) with a maximum gradient strength of 45

mT/m and a maximum slew rate of 200 mT/m/ms. The MR im-

aging system was operated by the latest software (Syngo, version

E11C, Siemens Healthcare GmbH, Er-

langen, Germany). The MR signal was

received using a 20-element head coil, a

4-element neck coil, and a 32-element

array coil placed on the upper chest (Sie-

mens Healthcare GmbH, Erlangen,

Germany)

The ungated QISS-MRA was per-

formed in all subjects without electro-

cardiogram gating using a 2D single-

shot radial FLASH readout. Flow

compensation minimized blood flow

artifacts.

Breath-hold first-pass CE-MRA

was performed after ungated QISS-

MRA in all subjects with the adminis-

tration of 0.1 mmol/kg body weight

of gadolinium-based contrast agent

(Gadovist, 1.0 mmol/mL, gadobutrol;

Bayer Pharma AG, Berlin, Germany)

in an antecubital vein at a rate of 2

mL/s. After the CE-MRA examination,

the CE-MRA images were subtracted

from a native MRA image (mask),

which was acquired with the same pa-

rameters before contrast agent injec-

tion. The imaging parameters for both

MRA pulse sequences are summarized

in Table 1.

Image Analysis
Three blinded board-certified radiolo-

gists (S.P., M.H., U.J.-K.) each with at

least 7 years of experience in neuroradi-

ology and MRA, evaluated all MR imag-

ing datasets independently and during

separate reading sessions. Source images

and rotating MIP images were reviewed.

The image analysis was performed on an

Impax EE workstation (Agfa-Gevaert,

Mortsel, Belgium).

The overall diagnostic quality of MR

images was rated using a scoring scale of

1–3 with respect to the arterial signal and

the presence of artifacts (including par-

allel acquisition reconstruction artifacts,

motion artifacts, and/or noise):

Grade 1: poor image quality, inadequate arterial signal, and/or

the presence of a significant amount of artifacts/noise

impairing the diagnosis.

Grade 2: good image quality sufficient for diagnosis, adequate

arterial signal, and/or mild-to-moderate amounts of

artifacts/noise not interfering with diagnosis.

Grade 3: Excellent image quality for highly confident diagnosis,

good arterial signal, and no-to-minimal amount of

artifacts/noise.

Table 2: Evaluation of ungated QISS-MRA versus CE-MRA based on the introduced 3-, 4-,
and 5-point scale scoring systems in the section “Image Analysis” using the Wilcoxon
signed rank test

Variablea QISS-MRAb CE-MRAb

P Value
(QISS-MRA vs

CE-MRA)
Image quality 2 (1–3) 2 (1–3) .46
Venous contamination 0 (0–2) 1 (0–3) �.0001
Global quality of arterial visualization 2 (1–4) 3 (1–4) �.0001
Stenosis grading

Right 1 (1–5) 1 (1–5) .64
Left 1 (1–5) 1 (1–5) .73

Segmental quality of arterial visualization
Right side

Origin of brachiocephalic artery (1) 3 (1–4) 3 (1–4) �.0001
Origin of CCA (2) 3 (1–4) 3 (1–4) �.0001
CCA (3) 3 (1–4) 4 (1–4) .03
Bifurcation of CCA (4) 3 (1–4) 4 (1–4) .002
ICA-C1 (cervical) (5) 3 (1–4) 4 (1–4) .011
ECA (superior thyroid artery) (6) 1 (1–3) 2 (1–4) .007
ECA (lingual artery) (7) 1 (1–3) 2 (1–4) .0002
ECA (facial artery) (8) 2 (1–3) 2 (1–4) .0003
ECA (occipital artery) (9) 2 (1–3) 2 (1–4) .043
ECA (posterior auricular artery) (10) 1 (1–3) 1 (1–4) .16
ECA (suprafacial temporal artery) (11) 2 (1–3) 2 (1–4) .002
ECA (maxillary artery) (12) 2 (1–3) 2 (1–4) .001
ECA (ascending pharyngeal artery) (13) 1 (1–3) 1 (1–4) .39
Origin of subclavian artery (14) 2 (1–4) 3 (1–4) �.0001
Origin of vertebral artery (V0) (15) 2 (1–4) 2 (1–4) .19
V1 (preforaminal) (16) 3 (1–4) 3 (1–4) .064
V2 (foraminal) (17) 3 (1–4) 3 (1–4) .51
V3 (atlantic, extradural, or extraspinal) (18) 3 (1–4) 3 (1–4) .097

Left side
Origin of CCA (1) 2 (1–4) 3 (1–4) .0003
CCA (2) 3 (2–4) 4 (1–4) .01
Bifurcation of CCA (3) 3 (2–4) 4 (1–4) .008
ICA-C1 (cervical) (4) 3 (1–4) 4 (1–4) .02
ECA (superior thyroid artery) (5) 2 (1–3) 2 (1–3) .02
ECA (lingual artery) (6) 1 (1–3) 2 (1–3) .002
ECA (facial artery) (7) 2 (1–3) 2 (1–4) �.0001
ECA (occipital artery) (8) 2 (1–4) 2 (1–3) .34
ECA (posterior auricular artery) (9) 1 (1–3) 1 (1–3) .98
ECA (suprafacial temporal artery) (10) 2 (1–3) 2 (1–4) .0003
ECA (maxillary artery) (11) 2 (1–3) 2 (1–4) .0008
ECA (ascending pharyngeal artery) (12) 1 (1–3) 1 (1–3) .34
Origin of subclavian artery (13) 2 (1–4) 3 (1–4) �.0001
Origin of vertebral artery (V0) (14) 2 (1–4) 2 (1–4) .001
V1 (preforaminal) (15) 3 (1–4) 3 (1–4) .002
V2 (foraminal) (16) 3 (1–4) 3 (1–4) .88
V3 (atlantic, extradural, or extraspinal) (17) 3 (1–4) 3 (1–4) .11

Note:—CCA indicates common carotid artery; ECA, external carotid artery.
a Numbers in parentheses indicate the arterial segments on the right and left sides.
b Data are median (minimum-maximum).
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Potentially contaminating venous signal was evaluated on a

scale of 0 –3:

Grade 0: none.

Grade 1: minimal, allowing interpretation with a high degree of

diagnostic confidence.

Grade 2: moderate, exceeding acceptable degree and limiting di-

agnostic confidence.

Grade 3: severe, markedly limiting diagnostic confidence.

The cervical arteries were divided into 35 segments (Table 2).

The continuity, visibility, and edge sharpness of these segments

were assessed in all subjects. Visualization of each segment was

assessed using a scoring scale of 1– 4:

Grade 1: nondiagnostic, barely visible lumen rendering of the

segment.

Grade 2: fair, ill-defined vessel borders with suboptimal image

quality for diagnosis.

Grade 3: good, minor inhomogeneities not influencing vessel

delineation.

Grade 4: excellent, sharply defined arterial borders with excellent

image quality for highly confident diagnosis.

The image quality of an arterial segment was deemed diagnos-

tic (grade �3) if the reader was confidently able to visualize the

lumen of the structure of the carotid artery in its entirety.

The stenosis grading of the right and left internal carotid ar-

teries was evaluated on the basis of the NASCET trial22 criteria

using a scoring scale of 1–5:

Grade 1: 0% normal patency.

Grade 2: �50% stenosis.

Grade 3: 50%– 69% stenosis.

Grade 4: �70% stenosis.

Grade 5: 100% occlusion.

When multiple stenotic lesions occurred in a particular arte-

rial segment, the most stenotic lesion was considered the diagnos-

tic grade and was used in the analysis.

Detailed information about the ungated QISS-MRA and the

statistical analysis are available in the On-line Appendix.

RESULTS
Patient Characteristics
Our study population consisted of 31 patients (median age, 65.0

years [range, 27.7–91.4 years]; weight, 79.2 kg [range, 53.4 –120.0

kg]; body mass index, 26.3 kg/m2 [range, 17.4 –37.9 kg/m2]), in-

cluding 19 male and 12 female subjects. In 21 subjects, the MR

imaging was requested due to the suspicion of an arterio-arterial

embolic ischemic stroke or a suspected stroke, in 5 cases for ex-

clusion of a severe carotid stenosis before a cardiac or aortic op-

eration, and in 5 cases to exclude a dissection of the cervical arter-

ies after a trauma or after previous dissections.

FIG 1. Example of an excellent imaging quality (grade 3) without any
venous contamination (grade 0). Maximum intensity projection (MIP)
with angulation to the left carotid bifurcation of the CE-MRA (A, slice
thickness: 14.5 mm) and the ungated QISS-MRA (B, slice thickness: 14.1
mm) of a 76-year-old patient with clinically suspected infarction of
the right hemisphere and suspected stenosis of the right cervical
internal carotid artery by sonography (same patient as in Fig 5).

Table 3: Interobserver agreement for the evaluation of QISS-
MRA and CE-MRA based on the introduced 3-, 4-, and 5-point
scale scoring systems in the “Image Analysis” sectiona

Variable
Interobserver

Agreement
Image quality 0.54 (0.46–0.62)
Venous contamination 0.86 (0.80–0.91)
Quality of global arterial visualization

Right side 0.72 (0.70–0.74)
Left side 0.71 (0.69–0.72)

ICA stenosis
Right side 0.94 (0.89–0.97)
Left side 0.95 (0.90–0.98)

a Data are agreement (95% CI).

Table 4: Comparison of ungated QISS-MRA and CE-MRA for assessment of the stenosis grade of the extracranial carotid arteriesa

Right Sideb Left Sideb

1 2 3 1 2 3
Sensitivity (%) 66.7 (9.4–99.2) 100.0 (15.8–100.0) 50.0 (1.3–98.7) 100 (39.8–100.0) 83.3 (35.9–99.6) 100.0 (39.8–100.0)

All readers 71.4 (29.0–96.3) 92.9 (66.1–99.8)
Both sides 85.7 (63.7–97.0)

Specificity (%) 89.3 (71.8–97.7) 86.2 (68.3–96.1) 89.7 (72.7–97.8) 92.6 (75.7–99.1) 88.0 (68.8–97.5) 96.3 (81.0–99.9)
All readers 87.7 (78.5–93.3) 92.4 (84.2–97.2)
Both sides 90.0 (84.3–94.2)

a Data are sensitivity/specificity (95% CI).
b Numbers 1, 2, and 3 refer to the readers.
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Image Quality
A total of 62 datasets (31 datasets per QISS-MRA and CE-MRA)

were evaluated by 3 readers.

For QISS-MRA, reader 1 graded the overall image quality in 6.5%

(2/31) as “poor,” in 38.7% (12/31) as “good,” and in 54.8% (17/31) of

cases as “excellent”; reader 2 graded 16.1% (5/31) as poor, 71.0%

(22/31) as good, and 12.9% (4/31) of cases as excellent; and reader 3

graded 3.2% (1/31) as poor, 93.5% (29/31) as good, and 3.2% (1/31)

of cases as excellent.

For CE-MRA, reader 1 graded the overall image quality in

9.7% (3/31) as poor, in 48.4% (15/31) as good, and in 41.9%

(13/31) of cases as excellent; reader 2 graded 16.1% (5/31) as poor,

38.7% (12/31) as good, and 45.2% (14/31) of cases as excellent;

and reader 3 graded 9.7% (3/31) as poor, 80.6% (25/31) as good,

and 9.7% (3/31) of cases as excellent.

Image quality was graded in 23.7% (22/93) of QISS-MRA

cases and in 32.3% (27/93) of CE-MRA cases as excellent by all

readers. There was no significant difference between the two MRA

pulse sequences concerning the image quality (2 median [range,

1–3] versus 2 median [range, 1–3], P � .46, Table 2).

Venous Contamination
For QISS-MRA, reader 1 graded the contaminating venous signal

in 77.4% (24/31) as “none,” in 19.4% (6/31) as “minimal,” and in

3.2% (1/31) as “moderate”; reader 2 graded 93.5% (29/31) as

none, 3.2% (1/31) as minimal, and 3.2% (1/31) as moderate; and

reader 3 graded 83.9% (26/31) as none and 16.1% (5/31) as

minimal.

For CE-MRA, reader 1 graded the contaminating venous sig-

nal in 3.2% (1/31) as none, in 83.4% (26/31) as minimal, in 6.5%

(2/31) as moderate, and in 6.5% (2/31) of cases as “severe”; reader

2 graded 12.9% (4/31) as none, 64.5% (20/31) as minimal, 16.1%

(5/31) as moderate, and 6.5% (2/31) as severe; and reader 3

graded 9.7% (3/31) as none, 61.3% (19/31) as minimal, 19.4%

(6/31) as moderate, and 9.7% (3/31) of cases as severe.

Overall venous contamination was rated as none by all

readers in 84.9% (79/93) of QISS-MRA cases and in 8.1% (8/

93) of CE-MRA cases (0 [range, 0 –2]versus 1 [range, 0 –3], P �

.0001, Table 2).

Visualization of Arterial Segments
A total of 3255 arterial segments (35 arterial segments, 18 on the

right side and 17 on the left side) for each patient per QISS-MRA

and CE-MRA were evaluated once by all 3 readers.

For QISS-MRA, reader 1 scored 11.2% (121/1085) of seg-

ments with grade four, 30.9% (335/1085) with grade three, 29.8%

with grade two (323/1085), and 28.2% (306/1085) with grade 1.

Reader 2 identified 11.2% (121/1085) of segments with grade

four, 30.6% (332/1085) with grade three, 45.0% with grade two

(488/1085), and 13.3% (144/1085) with grade 1. Reader 3 graded

11.6% (126/1085) of segments with grade four, 25.2% (273/1085)

with grade three, 30.5% with grade 2 (331/1085), and 32.7% (355/

1085) with grade 1.

The overall median rating grades of all readers was 2 (range,

1– 4).

For CE-MRA, reader 1 identified 22.3% (242/1085) of seg-

ments with grade four, 28.1% (305/1085) with grade three, 28.6%

with grade two (310/1085), and 21.0% (228/1085) with grade 1.

Reader 2 scored 28.6% (310/1085) of segments with grade four,

36.3% (394/1085) with grade three, 29.0% with grade two (315/

1085), and 6.1% (66/1085) with grade 1. Reader 3 graded 16.8%

(182/1085) of segments with grade four, 24.6% (267/1085) with

grade three, 28.8% with grade two (312/1085), and 29.9% (324/

1085) with grade 1.

The overall median rating grades of readers 1 and 2 was 3

(range, 1– 4), and of reader 3, it was 2 (range, 1– 4).

The visualization quality of arterial segments was considered

good to excellent (grade �3) in 40.2% (1308/3255) for the QISS-

MRA and in 52.2% (1700/3255) for the CE-MRA (2 [range, 1– 4]

versus 3 [range, 1– 4], P � .0001). A detailed comparison among

all arterial segments between both MRA-pulse sequences is shown

in Table 2.

There was a strong correlation between the QISS-MRA and

CE-MRA sequence concerning the detection of carotid stenosis

on both sides (r � 0.92, P � .0001) with an excellent interobserver

agreement of 0.94 for both sides (Table 3).

The interobserver agreement for the QISS-MRA and CE-MRA

concerning the image quality was 0.54, contamination with the

venous enhancement was 0.86, and visualization of arterial seg-

ments on the left and right sides was 0.71.

Detailed information about the evaluation results are available

in Tables 2, 3, and 4. Clinical examples are provided in Figs 1–5.

FIG 2. The effect of venous contamination on the image quality. MIP
with angulation to the left carotid bifurcation of the CE-MRA (A, slice
thickness: 13.9 mm) and the QISS-MRA (B, slice thickness: 13.5 mm) of a
33-year-old patient with suspected cerebral infarction. In the CE-
MRA, the bolus is slightly missed, resulting in a severe venous contam-
ination, whereas the QISS-MRA shows no venous signal.
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DISCUSSION
Due to the known correlation between

the use of gadolinium-based contrast

agents and the development of neph-

rogenic systemic fibrosis in patients

with end-stage renal disease9 and also

the deposition of gadolinium in some

brain regions,10 non-CE-MRA tech-

niques have experienced a renaissance

in research and development and clin-

ical application.12,23

Since the introduction of non-CE

QISS-MRA for evaluating the lower ex-

tremities in 2010,17 this technique and

its variants have been used and clinically

evaluated in a variety of vascular territo-

ries. In 2016, Koktzoglou et al19 pre-

sented the feasibility of a cardiac-gated

Cartesian QISS sequence variant for

non-CE MRA of the extracranial carotid

arteries in 5 healthy volunteers and 5 pa-

tients at 3T. The results of QISS were

compared with those of 2D-TOF and

CE-MRA, and they found that QISS

provided better image quality than 2D

TOF. Moreover, their initial results sug-

gested that cardiac-gated QISS has po-

tential utility as a non-CE alternative to

CE-MRA. A recent retrospective study

conducted at 3T has also demonstrated

improved image quality of radial QISS

with respect to 2D-TOF.20

In our prospective study, for the first

time the diagnostic accuracy of ungated

QISS-MRA was compared with CE-

MRA in patients with suspected ex-

tracranial carotid artery stenosis at 1.5T.

The main findings of this study are the

following: 1) QISS-MRA provides good

visualization of the supra-aortic arteries

without contrast agent and without

cardiac gating; 2) on the basis of the

performed segmental evaluation by 3

experienced radiologists, ungated QISS-

MRA showed high sensitivity and speci-

ficity and a significant correlation with

CE-MRA for the detection of carotid ar-

tery stenosis; and 3) ungated QISS-MRA

is therefore a reliable technique for diag-

nosing carotid artery stenosis, in partic-

ular in patients with contraindications

to gadolinium-based contrast agents.

QISS was originally described as a

technique that leverages cardiac gating

to optimally synchronize the quiescent

intervals and readout to rapid systolic

and slow diastolic arterial flow, respec-

FIG 3. Influence of an implanted stent on the image quality. MIP of the CE-MRA (A, slice thickness:
13.0 mm) and the ungated QISS-MRA (B, slice thickness: 13.0 mm) with angulation to the left
internal carotid artery of a 50-year-old patient who was stented 5 years ago due to a carotid
artery dissection. The corresponding MIP of a CE-CTA (C, slice thickness: 1.4 mm) was obtained 2
years, and DSA, 1 year after stent placement. In both MRA techniques, there are just slight artifacts
at the ends of the stent, and the lumen is well visualized. This patient was not included in this
study.

FIG 4. Visualization of internal carotid artery stenosis using CE-MRA and ungated QISS-MRA
compared with CE-CTA. MIP with angulation to the left carotid bifurcation of the CE-MRA (A,
slice thickness: 13.1 mm), QISS-MRA (B, slice thickness: 13.0 mm), and CE-CTA (C, slice thickness: 13.0
mm) of a 55-year-old patient with confirmed infarction of the left hemisphere and suspected
stenosis of the left internal carotid artery using sonography. All 3 techniques verified the diagno-
sis of carotid stenosis (white arrows).
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tively. However, because most MR imaging protocols for imaging

in the head and neck are performed without cardiac or peripheral

pulse triggering, it is most convenient from a clinical perspective

to image without cardiac synchronization.

In this study, an ungated implementation of the QISS-MRA

pulse sequence leveraging radial k-space sampling was used. The

consistent arterial contrast obtained using QISS-MRA in this

study was predicated on 3 factors: first, the continuous flow found

in the brain circulation; second, the combination of a rather

lengthy interecho spacing (�15 ms) and a low flip angle (30°),

which minimized saturation of arterial flow; and third, the use of

radial k-space sampling to suppress arterial pulsation artifacts.

The duration of the measurement time using ungated QISS-

MRA was fixed to 7 minutes and was independent of patient heart

rate and electrocardiogram quality. While the measurement time

of CE-MRA on paper is only 20 seconds, the total time to perform

CE-MRA is, in fact, longer than that needed for ungated QISS-

MRA. This is due to the extra time required for the preparation of

patients for contrast agent injection, acquisition of a precontrast

dataset as a mask for CE-MRA (�20 seconds), and also the post-

processing of the CE dataset (�30 seconds), which is not needed

for the ungated QISS-MRA procedure. The ungated QISS-MRA

can be repeated as often as required without problems with ve-

nous contamination, for instance for the diagnosis of various ar-

terial abnormalities in head and neck region and also for serial

follow-up imaging. Images of the intracranial arteries can also be

acquired in addition to the extracranial arteries when the slice-

distance factor is set to a value of �20% to �25% instead of

�33% (used in this study), without any

extension of measurement time.

As demonstrated in this study, the

image quality of ungated QISS-MRA

was comparable with that of CE-MRA

and was graded as good or excellent in

most cases. In some cases, the informa-

tive value of the ungated QISS-MRA was

even higher due to less venous signal.

There was almost no residual venous

signal observed in the ungated QISS-

MRA. This result indicates sufficient

suppression of venous spins by the

tracking venous inversion radiofre-

quency (RF) pulse, despite the use of

tilted slices. Compared with axial slices,

a possible drawback of tilted slices is the

potential for insufficient inflow into ves-

sel segments parallel to the slice direc-

tion. A slight reduction of arterial signal

intensity was most visible in the aortic

arch near the aortic branches. On the ba-

sis of our data, however, this reduction

of image contrast does not affect the di-

agnostic accuracy for grading a carotid

stenosis. In comparison, some CE-MRA

examinations showed severe venous

contamination due to mistiming of the

image acquisition with respect to the first pass of the contrast

bolus.

The acquisition of a CE-MRA dataset of the extracranial ca-

rotid arteries was performed in breath-hold to reduce the image

artifacts due to respiratory motion. To avoid possible image arti-

facts during swallowing, we asked the patients to stop swallowing

(eg, for about 20 seconds). In contrast, ungated QISS-MRA could

be performed in free breathing. The ungated QISS-MRA pulse

sequence is largely insensitive to respiratory motion and arterial

pulsation artifacts due to its use of radial k-space sampling, which

oversamples the center of the k-space and dilutes the impact of

respiratory and flow-related signal fluctuations that occur in a

minority of radial views. These physiological signal fluctuations

were suppressed with the use of radial k-space sampling so far that

there was no residual stripping apparent with ungated QISS-

MRA. Meanwhile, the use of an image-based navigator reduced

the impact of intermittent swallowing motion artifacts.

All 35 extracranial segments with different shapes, lengths, and

diameters were analyzed in our study to show even small, clini-

cally irrelevant differences in imaging quality. The CE-MRA pro-

vided slightly better visualization of the small vessels. However,

these differences did not influence patient management. More-

over, the clinically relevant findings were also reliably detected by

the QISS-MRA.

The results of ungated QISS-MRA correlated strongly with

those of CE-MRA concerning the stenosis grading. All 3 neurora-

diologists graded the carotid artery stenosis in nearly 90% of seg-

FIG 5. Visualization of internal carotid artery stenosis using CE-MRA and ungated QISS-MRA
compared with invasive DSA. MIP with angulation to the right carotid bifurcation of the CE-MRA
(A, slice thickness: 14.0 mm) and the QISS-MRA (B, slice thickness: 13.5 mm) of a 76-year-old patient
with clinically suspected infarction of the right hemisphere and suspected stenosis of the cervical
internal carotid artery on the right by sonography (same patient as in Fig 1). The corresponding
DSA of the right carotid bifurcation (C) before stent angioplasty confirmed the stenosis (white
arrows).
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ments (right side, 87.0%; left side, 93.5%) with the same score in

ungated QISS-MRA and CE-MRA. In 5 cases, QISS-MRA over-

estimated the grade of stenosis, and in 1 case, QISS-MRA under-

estimated it. In 2 cases, the overestimation and in 1 case the un-

derestimation of stenosis grading by QISS-MRA led to a change

between grade 1 and 2 (0% to 50% stenosis) without therapeutic

relevance.

In 2 cases, the overestimation of stenosis grading by QISS-

MRA led to a change between grades 2 and 3. In one of these cases,

the stenosis overestimation would have affected patient manage-

ment due to the presence of symptoms for the right carotid ste-

nosis, but in the other case, this overestimation did not affect the

therapy management because the patient did not have the re-

quired symptoms on that side.

In the last case, the diagnosis based on the results of QISS-

MRA led to an overestimation of the stenosis grade in the right

carotid artery from 3 to 4. This change in grading did not affect the

therapy management because therapy was indicated due to the

symptoms on this side. Discrepancies in stenosis evaluation occur

not only between QISS-MRA and CE-MRA but also among dif-

ferent modalities used for the assessment of ICA stenosis such as

CE-CT, duplex ultrasound, and DSA. In cases with discrepant

results or borderline stenosis grading, we perform conventional

angiography prepared for optional stent implantation. Therefore,

relevant stenosis will not be missed and will be treated. The diag-

nostic accuracy of ungated QISS-MRA showed a total sensitivity

and specificity of 85.7% and 90.0%, respectively. Furthermore,

the evaluation of the ICA stenosis grading revealed an excellent

interobserver agreement. These data indicate that ungated QISS-

MRA can be potentially used as an alternative to CE-MRA for

grading carotid artery stenosis.

The number of patients in our single-center study was rela-

tively small. Potentially, a higher number of patients in a multi-

center study is necessary to confirm the diagnostic performance of

ungated QISS-MRA across a wider range of clinical indications.

CONCLUSIONS
This study indicates that ungated QISS-MRA is a reliable an-

giographic technique with significant clinical potential for the

visualization of the extracranial carotid arteries and detection

of their stenosis at 1.5T. Ungated QISS-MRA is a feasible alter-

native for patients with contraindications to gadolinium-based

contrast agents, especially in high-risk patients with severe re-

nal insufficiency and an irregular cardiac rhythm. Further-

more, ungated QISS-MRA can avoid the timing-related diffi-

culties of CE-MRA.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

Carotid Plaque CTA Analysis in Symptomatic Subjects with
Bilateral Intraplaque Hemorrhage: A Preliminary Analysis

X L. Saba, X G. Lanzino, X P. Lucatelli, X F. Lavra, X R. Sanfilippo, X R. Montisci, X J.S. Suri, and X C. Yuan

ABSTRACT

BACKGROUND AND PURPOSE: The presence of IPH is considered the most dangerous feature because it is significantly associated with
clinical ipsilateral cerebrovascular events. Our aim was to explore the characterization of plaque with CT in symptomatic subjects with
bilateral intraplaque hemorrhage.

MATERIALS AND METHODS: Three-hundred-forty-three consecutive patients with recent anterior circulation ischemic events (�2
weeks) and CT of the carotid arteries (performed within 14 days of the cerebrovascular event) evaluated between June 2012 and September
2017 were analyzed for plaque volume composition to identify all subjects with bilateral intraplaque hemorrhage. Plaque volume was
semiautomatically measured, and tissue components were classified according to the attenuation values such as the following: calcified
(for values of �130 HU), mixed (for values of �60 and �130 HU), lipid (for values of �25 and �60 HU), and intraplaque hemorrhage (for
values of �25 HU). Twenty-one subjects (15 men; mean age, 70 � 11 years; range, 44 – 87 years) had bilateral intraplaque hemorrhage and
were included in the analysis.

RESULTS: Volume measurement revealed significantly larger plaques on the symptomatic side compared with the asymptomatic one
(mean, 28 � 9 versus 22 � 8 mm, P � .007). Intraplaque hemorrhage volume and percentage were also significantly higher in the plaque
ipsilateral to the cerebrovascular event (P � .001 and � .001, respectively). The volume of other plaque components did not show a
statically significant association except for lipid and lipid � intraplaque hemorrhage percentages (23% versus 18% and 11% versus 15%), which
were significantly different between the symptomatic and the asymptomatic sides (.016 and .011, respectively). The intraplaque hemor-
rhage/lipid ratio was higher on the symptomatic side (0.596 versus 0.171, P � .001).

CONCLUSIONS: In patients with bilateral intraplaque hemorrhage and recent ischemic symptoms, the plaque ipsilateral to the symp-
tomatic side has significantly larger volume and a higher percentage of intraplaque hemorrhage compared with the contralateral, asymp-
tomatic side.

ABBREVIATIONS: IPH � intraplaque hemorrhage; ROC � receiver operating characteristic

Recent studies of cervical carotid stenosis have shown that the

degree of stenosis alone should not be considered the most

important parameter to predict the risk of plaque rupture; in-

stead, plaque composition should also be considered in making

therapeutic decisions.1,2

Plaque features associated with an increased risk of plaque

rupture include the following: intraplaque hemorrhage (IPH),

thin or ruptured fibrous cap, the presence and size of the lipid-

rich necrotic core, and active plaque inflammation.2-5 The pres-

ence of IPH is considered the most dangerous feature because it is

significantly associated with clinical ipsilateral cerebrovascular

events.6,7 Most interesting, only a portion of patients with IPH

develop clinical cerebrovascular events. Therefore, it is possible

that a plaque with IPH associated with ischemic events could have

different characteristics compared with a plaque with IPH but no

ischemic correlates.8 Indeed, a recent study showed that in pa-

tients with recent symptoms and bilateral IPH evaluated with MR

imaging, the symptomatic side had stronger T1-weighted signals,
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larger necrotic cores, and longer plaques than the asymptomatic

side.9

MR imaging is currently considered the criterion standard for

visualization of IPH.10 However, recent investigations have sug-

gested that CT can be useful for the detection and quantification

of IPH as well.11,12 Unlike MR imaging, CT is routinely used in the

urgent/emergent evaluation of patients with acute ischemic

events, is widely available 24/7, and is more convenient for pa-

tients, especially the elderly with acute cerebrovascular syn-

dromes. In this study, we explored plaque characterization in

symptomatic subjects with bilateral IPH using CT, and we also

aimed to identify plaque composition differences between symp-

tomatic and asymptomatic carotid arteries.

MATERIALS AND METHODS
Study Design and Patient Population
The institutional review board (Azienda Ospedaliero Universita-

ria di Cagliari) approved this study, and patient consent was

waived because of the retrospective nature. Every patient with

recent cerebrovascular ischemic events and concomitant CT of

the carotid arteries (acquired within 14 days after the cerebrovas-

cular event) was included in this retrospective study. Inclusion

criteria were the following:

1) Older than 18 years of age.

2) Anterior circulation cerebrovascular ischemic events (isch-

emic stroke, transient ischemic attack, or amaurosis fugax)

within the past 2 weeks before the CT of the carotid arteries. To

avoid inclusion of subjects with cerebrovascular symptoms

due to noncarotid atherosclerotic disease, we classified pa-

tients according to the neurologic assessment using the Trial

of ORG 10172 in Acute Stroke Treatment (TOAST) criteria.13

Individuals with other potential causes of cerebrovascular

events such as silent or paroxysmal atrial fibrillation, valvular

heart disease, and ventricular endocardial thrombi were

excluded.

3) The presence of bilateral carotid plaque (focal thickness of

�1.5 mm in the right and left carotid arteries).

By applying these criteria, we screened a total of 343 subjects

(289 men, 54 women; mean age, 72 years; age range, 39 – 86 years)

investigated between June 2012 and September 2017 for bilateral

IPH. Patient demographics and clinical characteristics were col-

lected by the treating physicians. The degree of stenosis was quan-

tified according the NASCET criteria.14

Of the 343 subjects included, 12 (3.49%) had poor image qual-

ity. Twenty-one of the 331 remaining patients (6.34%) were iden-

tified as having bilateral carotid IPH and were the subject of

the present study (Fig 1). Plaque was defined according to the

Mannheim consensus15 as a carotid wall thickness of �1500 �m.

CTA Technique
In all patients, CT of the carotid arteries was performed with a

16 – detector row CT system (Brilliance; Philips Healthcare, Best,

the Netherlands) according to a standardized protocol. The cov-

erage was from the aortic arch to the carotid siphon with a

caudocranial direction, and examinations were performed before

and after administration of contrast material. An angiographic

phase was obtained with the administration of 60 – 80 mL of pre-

warmed contrast medium (iopromide, Ultravist 370; Bayer

HealthCare, Berlin, Germany) injected at a flow rate of 4 mL/s. CT

technical parameters included the following: slice thickness, 0.6

mm; interval, 0.3 mm; matrix size, 512 � 512; FOV, 14 –19 cm.

The C-filter algorithm of reconstruction was applied.

IPH and Plaque Analysis Quantification
The volume analysis16,17 was performed by 2 experienced radiol-

ogists (L.S. and P.L. with 11 and 8 years of experience, respec-

tively, in CT of the supra-aortic vessels) unaware of the patient’s

symptomatic side, using as window/level settings W � 850 and

L � 300,18 with a dedicated software (VascuCAP; Elucid Bioim-

aging, Wenham, Massachusetts) to semiautomatically quantify

the volume of the subcomponents.19 The inner and outer bound-

aries of the plaque were automatically identified by the software,

but each volume was checked manually by the radiologists to

avoid mistakes in the segmentations. Special care was used to

exclude the presence of thrombus attached to the carotid artery

plaque, which was defined according to Eesa et al20 as “an eccen-

tric pedunculated filling defect projecting into the lumen of the

vessel.” For the plaque component analysis, the postcontrast

scans were considered.

Attenuation values of all voxels within a plaque were mea-

sured, and Hounsfield units of each voxel were assumed to repre-

sent specific tissue using the thresholds defined by Saba et al11 as

calcified (for values of �130 HU), mixed (for values of �60 and

�130 HU), lipid (for values of �25 and �60 HU), and IPH (for

values of �25 HU) (Fig 2).11,17 We also considered a fifth class

(attenuation of �60 HU) by considering the fatty component.

The percentages of all components were calculated as well as the

ratio between IPH/fatty class (with values between 0, if no IPH

was present, and 1 if the entire fatty plaque component was due to

IPH).

The identification of IPH was the key point of the analysis and

was based on the attenuation values of each voxel into the carotid

plaque.

FIG 1. Flow chart.
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As explained previously, a semiautomated software was used

to identify the tissue components, and the inclusion criteria for

the study necessitated the presence of IPH on both sides (there-

fore, voxels of �25 HU of attenuation). Therefore, to avoid a bias

related to the presence of a minimal amount of voxels of � 25 HU

(such as the presence of a single voxel with a value � 25 HU),

which can be due to simple statistical variability of the tissues, we

considered that at least 1% of the voxels of the plaque, should have

an attenuation of � 25 HU to serve as a cutoff for the presence of

IPH within the plaque.

Bland-Altman plot analysis was performed to calculate the

interobserver agreement in the IPH,

fatty, lipid, mixed, and calcified volume

calculations.

Statistical Analysis
The normality of each continuous vari-

able group was tested using the Kolm-

ogorov-Smirnov Z-test. Continuous

data were described as mean � SD, and

binary variables were summarized as

count (percentage). All subjects had

bilateral carotid IPH and unilateral

ischemic symptoms, so plaques were

grouped by whether they were ipsilateral

or contralateral to the ischemic symp-

toms. Because the normality assump-

tion was rejected, differences between

ipsilateral and contralateral IPH � plaques were assessed with the

Wilcoxon test for continuous variables. The Pearson � correlation

analysis was performed to assess the correlation between the de-

gree of stenosis and the plaque volume in symptomatic and

asymptomatic IPH. Comparison of the receiver operating char-

acteristic (ROC) area under the curve was performed to test the

strength and difference between parameters of IPH ipsilateral and

contralateral to the symptoms. A P value � .05 indicated statisti-

cal significance, and all correlation values were calculated using a

2-tailed significance level. R statistical and computing software

(www.r-project.org) was used for statistical analyses.

RESULTS
General Results
Of the 343 patients screened, 21 subjects had bilateral IPH and

were included in the analysis. Clinical characteristics of these pa-

tients are summarized in Table 1.

The mean time interval between CT and the cerebrovascular

event was 4 days (range, 1–12 days). Two of the 21 patients in-

cluded in this study were also included in a previous publication

on a different topic.11

Plaque Morphology
The plaque was significantly longer on the symptomatic side com-

pared with the asymptomatic one (28 � 9 versus 22 � 8 mm, P �

.007). There were no statistically significant differences in the

maximum wall thickness (5.6 � 2.1 versus 5.3 � 1.9 mm, P �

.093).

Wilcoxon Analysis
The analysis of IPH as well as plaque characteristics ipsilateral and

contralateral to the ischemic events is summarized in Table 2.

There was a statistically significant difference in IPH volume and

IPH percentage between the 2 sides (P values � .001 and � .001,

respectively). The volume of other components and percentages

did not show a statistically significant difference, except for the

lipid and fatty component percentages, which were significantly

different between the symptomatic and the asymptomatic sides

(respectively, greater in asymptomatic than in symptomatic sub-

jects with P values of .016 and .011) (Fig 3). Finally, the IPH/fatty

FIG 2. Example of semiautomatic segmentation of the carotid artery plaque of a 63-year-old
subject. Both right (A–C) and left (D–F) carotid arteries are shown, and the red lines in the axial
(B and D) and coronal planes (C and F) show the IPH components.

Table 1: Clinical characteristics of the 21 subjects with bilateral
IPH

Mean or No. (%)
Age (yr) 70 � 11
Male sex 15 (71.4%)
Symptomatic side (right) 9 (42.8%)
Smoking 11 (52.4%)
Hypertension 14 (67%)
Hyperlipidemia 13 (61.9%)
Diabetes mellitus 8 (38%)
History of CHD 9 (42.8%)
Family history of CVD 9 (42.8%)

Note:—CHD indicates coronary heart disease; CVD, cardiovascular disease.

Table 2: Wilcoxon analysisa

Ipsilateral Contralateral P Value
Total plaque 788 (548–941) 689 (551–1189) .543
Volume (mm3)b

IPH 65 (36–161) 15 (12–46) .001
Fatty 154 (80–279) 141 (91–205) .375
Lipid 86 (44–115) 103 (62–157) .095
Mixed 460 (352–555) 424 (313–713) .339
Calcium 118 (66–206) 119 (99–261) .182

Percentage
IPH 15% (6%–19%) 3% (2%–5%) .001
Fatty 23% (18%–30%) 18% (14%–21%) .011
Lipid 11% (7%–13%) 15% (10%–16%) .016
Mixed 57% (52%–63%) 61% (56%–65%) .312
Calcium 17% (12%–22%) 18% (15%–26%) .498

IPH/fatty ratio 0.596 (0.344–0.754) 0.171 (0.126–0.1991) .001
a Wilcoxon Analysis between carotid plaque components and subcomponents be-
tween symptomatic and asymptomatic side. Data are expressed in cubic mm.
b Voxel size is 0.5 mm isotropic.
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ratio also showed a statistically significant difference between the

symptomatic and asymptomatic sides (0.596 versus 0.171, P

value � .001). Wilcoxon analysis also showed that the degree of

stenosis in the symptomatic plaque was not (P � 728) higher

(49%; interquartile range, 38%– 65%) than the contralateral,
asymptomatic plaque (47%; interquartile range, 37%–59%).

Pearson � Correlation Analysis
The Pearson � correlation analysis showed that for both symp-

tomatic and asymptomatic IPH plaques, there was a strong cor-

relation between the degree of stenosis and plaque volume (�

value � 0.77, P value � .001; and � value � 0.76, P value � .001,

respectively). However, by analyzing the relationship between the

degree of stenosis and IPH volume in asymptomatic plaque, we

found no correlation (� value � 0.326, P value � .1487), whereas

a strong correlation was found in symptomatic subjects between

IPH volume and the degree of stenosis (� value � 0.642, P value �

.002) (Fig 4).

ROC Curve Analysis
For each parameter (subcomponent volume and percentage), the

ROC curve versus the presence of symptoms was calculated to test

their impact. ROC curves are given in Fig 5. In Table 3 the area

under the curve (AUC), standard error,

SD, and P values are summarized.

Interobserver Analysis
The Bland-Altman plot analysis is

shown in Fig 6, and there are very good

values of interobserver agreement for

the total plaque volume (average differ-

ence, 8.3 mm3; 95% CI, �76.6 –93.1

mm3) and subcomponents, in particular

for the lipid (average difference, 1.6

mm3; 95% CI, �25.7–22.5 mm3) and

IPH (average difference, 1.6 mm3; 95%

CI, �12.1– 8.9 mm3) values.

DISCUSSION
Previous studies have demonstrated that

IPH is related to the occurrence of cere-

brovascular events,6,7 yet not all plaques

with IPH are associated with stroke/

TIA.9,21,22 The occurrence and progres-

sion of IPH causes carotid plaque

rupture in some cases, while in other

subjects, there is an evolution of IPH to

lipid core and inflammation without

plaque rupture.23,24 Therefore, the mere

presence of IPH alone does not explain

plaque rupture and subsequent cerebro-

vascular events, but one can hypothesize

that the specific IPH configuration and

not its presence alone leads to plaque

rupture.

In this study of patients with recent

unilateral symptoms but bilateral IPH,

we found that IPH volume and overall IPH percentage ipsilateral

to the presenting cerebrovascular event are statistically higher

than on the contralateral side. There was no difference between

the 2 sides in the volume of other components. These results sug-

gest that IPH occurs on the symptomatic side in larger amounts,

and this feature could be the cumulative result of multiple hem-

orrhagic episodes. In this respect, previous studies using MR im-

aging have demonstrated that IPH can persist for years.25,26 Fur-

thermore, it is also possible that after the acute/subacute phase,

there is an evolution of the IPH toward the lipid-rich necrotic core

because some authors have hypothesized that IPH could be a pre-

cursor of the lipid core.6

The lipid and fatty tissue percentages also showed a statistically

significant difference between the symptomatic and asymptom-

atic sides. CT volumetric analysis of carotid plaque offers an im-

portant quantitative tool because of the possibility of computing

the number of voxels with specific attenuation values and deriving

tissue composition. The classification by de Weert et al17 showed

that 60 HU is the optimal cutoff point to differentiate lipid from

fibrous tissue. However, it is well-known that even though both

lipid-rich necrotic core and IPH are associated with an increased

occurrence of cerebrovascular events, the presence of IPH is much

FIG 3. Boxplot analysis of the volume of the plaque components (A) and percentages (B) for
symptomatic (blue plots) and asymptomatic (red plots) sides.

AJNR Am J Neuroradiol 40:1538 – 45 Sep 2019 www.ajnr.org 1541



more important in increasing the risk of

these events. Therefore, its identification

on CT using a threshold of 25 HU11 rep-

resents an important step, and the re-

sults of our study suggest that the pres-

ence of symptoms is not so much related

to the difference in the volume of lipid

components but rather to the degree of

IPH.

A useful parameter in the assessment

of plaque vulnerability is not only the

absolute volume of plaque components

but their relative percentages. We found

that if we consider percentages, a signif-

icant difference between symptomatic

and asymptomatic plaque is seen not

FIG 4. Regression analysis diagrams between total plaque and IPH volume on asymptomatic sides (A and B, respectively) and between total
plaque and IPH volume on symptomatic sides (C and D, respectively).

FIG 5. ROC curve analysis of the volume of the plaque components (A) and percentages (B)
versus the presence of symptoms.
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only for IPH but also for the lipid and fatty components. In par-

ticular, the percentage of the lipid component is significantly

higher in asymptomatic plaques, whereas the fatty component is

higher in symptomatic ones. These observations suggest that

not only the total volume of plaque components but rather

their unbalanced percentages could induce plaque vulnerabil-

ity. Previous studies exploring the role of biomechanical prop-

erties of the atherosclerotic arterial plaque and their effect in

plaque destabilization support this notion.27,28

In our study, the IPH/lipid ratio was also significantly different

between symptomatic and asymptomatic sides (0.596 versus

0.171; P � .001). This observation could support the hypothesis

that IPH can have a role in the formation and progression of the

lipid-rich necrotic core.24 Of note, Wilcoxon analysis also showed

that the symptomatic plaque was not (P � .728) associated with a

higher degree of stenosis then the contralateral plaque (49% ver-

sus 47%); this finding further supports the emerging notion that

plaque composition and not only degree of stenosis play a role in

symptoms onset.

Pearson � correlation analysis showed that for both symptom-

atic and asymptomatic plaques with IPH, there is a strong corre-

lation between the degree of stenosis and the total plaque volume

(� value � 0.771, P value � .0001; and � value � .757, P value �

.0001, respectively). However, by analyzing the relationship be-

tween the degree of stenosis and IPH volume in asymptomatic

plaque, we found no correlation (� value � 0.326, P value �

.1487), whereas a strong correlation was found in symptomatic

subjects between IPH volume and the degree of stenosis (�

value � 0.642, P value � .0017). This difference could be ex-

plained by a different carotid plaque remodelling occurring in the

acute phase compared with the nonacute phase due to the fast

spatial increase determined by the IPH: Sun et al25 showed that

symptomatic advanced atherosclerotic carotid plaques have a

higher tendency toward inward remodelling. Similarly, Takaya et

al26 found that lesions with IPH at baseline had a greater increase

in wall volume and a reduction in lumen volume compared with

arteries without IPH.

For each parameter (subcomponent volume and percentage),

the ROC curve versus the presence of symptoms was calculated to

test its impact (Fig 5). The agreement (Fig 6) between observers

was very good for the total plaque volume and subcomponents. In

particular, almost similar values of volume were found for the

IPH and lipid components, whereas some differences were pres-

ent in the calcium volume, but this could be explained because the

calcium volume is, as an average value, the largest component of

the plaque.

Currently, among all available imaging techniques, MR imag-

ing is considered the best technique for the detection of IPH be-

cause the appearance of IPH depends on the oxidative state of

hemoglobin and is easily detected with common MR imag-

ing.2,10,12 A recent investigation performed using MR imaging

showed that in symptomatic patients with bilateral IPH, the

symptomatic side had a stronger T1-weighted signal than the

asymptomatic side.9 The effects determined by the volume of

the carotid plaque and carotid plaque subcomponents remain to

be explored because of the limited ability of MR imaging to ade-

quately calculate the volume of these tissues. The use of CT for the

detection and characterization of IPH is still debated because this

technique shows nondefinitive results and only 3 studies with

relatively few patients have been published with this tech-

nique.11,29,30 However, other studies suggest that by using CT, it is

possible to analyze, with very good detail, the volume of different

plaque components.19,31 The observation that plaque composi-

tion and IPH can be analyzed with CT has very important practi-

cal consequences in clinical practice. Unlike MR imaging, CT is

routinely used in the urgent/emergent evaluation of patients with

acute ischemic events, it is widely available 24/7, and is more

convenient for patients, especially the elderly with acute cerebro-

vascular syndromes because in such cases, good quality MR im-

ages are challenging to obtain because of patient movement, dis-

comfort, and lack of cooperation.

Our study has limitations. The cohort analyzed is relatively

small (n � 21). However, the occurrence of bilateral plaques with

IPH in a patient with unilateral symptoms is a relatively uncom-

mon event. Nevertheless, it was important to analyze this specific

population because the contralateral (to the symptoms) side

functions as an internal control and the ability to analyze plaque

differences in the same patients removes many of the variables

associated with the use of other types of controls. To include only

subjects with bilateral IPH, we introduced an arbitrary threshold

to avoid inclusion of subjects with a minimal presence of

Hounsfield voxels (eg, only 1 voxel) with a value of �25 HU (ie, a

threshold of 1% minimum of the plaque should have �25-HU

voxels to be accepted as plaque with IPH). We recognize that this

may be arbitrary and may potentially introduce a bias because a

small amount of IPH may have been a priori excluded. Moreover,

it is possible that some patients with IPH could be excluded be-

cause of blooming artifacts due to a cluster of calcium within the

plaque.

In this study, there was no histopathologic comparison.

Therefore, when we consider IPH, lipid, fatty, mixed, and calci-

fied tissues, the classification is only based on the attenuation

values of the tissues. This could be a source of bias (common to

any study using CT) because the same type of tissue, even if the

same energy levels are applied (as in the current study), could have

subtle differences in the Hounsfield attenuation due to body hab-

Table 3: ROC curve analysis
AUC SE 95% CI P Value

Percentage
IPH (�25 HU) 0.889 0.0506 0.754–0.965 .001
Fatty 0.707 0.0832 0.547–0.837 .013
Lipid 0.71 0.0819 0.549–0.839 .01
Mixed 0.595 0.091 0.433–0.744 .295
Calcium 0.551 0.0915 0.390–0.705 .577

Volume
IPH (�25 HU) 0.796 0.0695 0.643–0.904 .001
Fatty 0.553 0.091 0.392–0.707 .558
Lipid 0.651 0.0857 0.488–0.791 .077
Mixed 0.529 0.0944 0.370–0.685 .755
Calcium 0.582 0.0907 0.420–0.732 .368

IPH/fatty ratio 0.582 0.0907 0.420–0.732 .368

Note:—AUC indicates area under the curve; SE, standard error.
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itus (such as body mass index, size of the neck, and so forth); also

in this case, this is a general limitation of CT when attenuation

values are considered but which could affect, in some degree, the

measurements and tissue classification. Another limit is that IPH

(or a portion of the IPH) denser than 25 HU would be excluded

from the analysis by determining a bias. In the study by Saba

et al,11 it was demonstrated that in some cases, the IPH could have

an attenuation of �25 HU. However, this would introduce only a

minor bias because it has been demonstrated that most IPH shows

values of �25 HU.

CONCLUSIONS
We have found that in symptomatic subjects with bilateral IPH on

CT, the plaque ipsilateral to the symptomatic side has a signifi-

cantly larger volume and a higher percentage of IPH compared

with the contralateral side. In symptomatic plaques, the IPH com-

ponent is increased compared with the lipid one. These observa-

tions have important practical ramifications in the acute evalua-

tion of these patients.
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HEAD & NECK

Improved Assessment of Middle Ear Recurrent
Cholesteatomas Using a Fusion of Conventional CT and

Non-EPI-DWI MRI
X F. Felici, X U. Scemama, X D. Bendahan, X J.-P. Lavieille, X G. Moulin, X C. Chagnaud, X M. Montava, and X A. Varoquaux

ABSTRACT

BACKGROUND AND PURPOSE: Recurrent middle ear cholesteatomas are commonly preoperatively assessed using MR imaging (non-
EPI-DWI) and CT. Both modalities are used with the aim of distinguishing scar tissue from cholesteatoma and determining the extent of
bone erosions. Inflammation and scar tissue associated with the lesions might hamper a proper delineation of the corresponding exten-
sions on CT images. Using surgical findings as the criterion standard, we assessed the recurrent middle ear cholesteatoma extent using
either uncoregistered or fused CT–MR imaging datasets and determined the corresponding accuracy and repeatability.

MATERIALS AND METHODS: Twenty consecutive patients with suspected recurrent middle ear cholesteatoma and preoperative CT–MR
imaging datasets were prospectively included. A double-blind assessment and coregistration of the recurrent middle ear cholesteatoma
extent and manual delineation of 18 presumed recurrent middle ear cholesteatomas were performed by 2 radiologists and compared with
the criterion standard. “Reliability score” was defined to qualify radiologists’ confidence. For each volume, segmentation repeatability was
assessed on the basis of intraclass correlation coefficient and overlap indices.

RESULTS: For the whole set of patients, recurrent middle ear cholesteatoma was further supported by surgical results. Two lesions were
excluded from the analysis, given that MR imaging did not show a restricted diffusion. Lesions were accurately localized using the fused
datasets, whereas significantly fewer lesions (85%) were correctly localized using uncoregistered images. Reliability scores were larger for
fused datasets. Segmentation repeatability showed an almost perfect intraclass correlation coefficient regarding volumes, while overlaps
were significantly lower in uncoregistered (52%) compared with fused (60%, P � .001) datasets.

CONCLUSIONS: The use of coregistered CT–MR images significantly improved the assessment of recurrent middle ear cholesteatoma
with a greater accuracy and better reliability and repeatability.

ABBREVIATIONS: FD � fused dataset; ICC � intraclass correlation coefficient; JI � Jaccard index; MEC � middle ear cholesteatoma; rMEC � recurrent MEC; ROC �
receiver operating characteristic; UD � uncoregistered dataset; VIBE � volumetric interpolated brain examination

Recurrent middle ear cholesteatoma (rMEC) is a destructive

and expanding lesion1 that can recur after a seemingly com-

plete surgical resection. The frequency of rMEC ranges from 5%

to 15% and can reach up to 61%2 after an initial operation, par-

ticularly with canal wall up techniques. Potential clinical conse-

quences are similar to those resulting from a primary lesion—that

is, hearing loss, meningitis, brain abscess, and labyrinthitis. How-

ever, the clinical presentation of rMEC differs from that of middle

ear cholesteatoma (MEC) regarding otoscopic assessments. A

high rate of false-negative results has been reported, so an addi-

tional surgical procedure has often been performed as a diagnostic

confirmation.3,4 CT is commonly used to assess rMEC, plan revi-

sion surgery, and choose middle ear repair strategies.5 Endoscopic

(transmastoid or transcanal) or microscopic (canal wall up/

down) procedures have been used.6

In the past decade, MR imaging and, more particularly, DWI

have been proposed as an alternative to the additional surgical

procedure.7 Restricted diffusion in lesions of the middle ear cavity

has been reported as a sensitive index of rMEC and false-negative

results—that is, missed lesions have been related to small volume

or mural cholesteatomas and susceptibility artifacts. Assessment

of rMEC using non-EPI-DWI would be more accurate with the

ability to detect 3-mm rMEC lesions.7,8

High-resolution CT has been considered so far as the imaging

technique of choice for the evaluation of bone tissue changes oc-
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curring in rMEC. Erosions of ossicles and the facial nerve canal,

labyrinthine system, or tympanic tegmen have been described.9

However, high-resolution CT assessment of rMEC can be chal-

lenged by multiple factors such as postoperative scarring and fluid

and cholesterol granulomas around the lesion.

Most interesting, it has been recently suggested that surgical

planning of rMEC could be improved when using information

from coregistered MR and CT images.10 The corresponding use-

fulness has not been assessed for rMEC. The main aim of the

present study was to assess the added value of DWI–CT fusion for

the local assessment of rMEC in a clinical workflow. Volumes of

lesions were quantified on fused and unfused datasets and com-

pared using intraclass coefficients and similarity indices.

MATERIALS AND METHODS
Research Design
This monocentric prospective study was approved by the in-

stitutional ethics committee (2015–27/RCAPHM15_0223), per-

formed with Commission Nationale de l’informatique et des Lib-

ertés (CNIL) authorization (1879159-v0), and identified under

ClinicalTrials.gov as NCT02903550.

Patients
Between August 2015 and August 2016, twenty consecutive pa-

tients (7 women and 13 men; mean age, 41.2 years) were prospec-

tively enrolled before an rMEC operation. Each patient had a

history of histologically proved MEC and had an initial operation

at least a year before the inclusion. Each patient had a presumed

rMEC based on the combined analysis of otoscopy, CT, and MR

imaging. Patients were included once they provided written in-

formed consent. Exclusion criteria were middle ear infection,

gadolinium allergy, pregnancy, non-MR imaging– compatible

implants or devices, surgical contraindications, or refusal to

participate.

Imaging Protocol
MR imaging acquisitions were performed at 1.5T (Magnetom

Amira; Siemens, Erlangen, Germany). Patients lay supine while

their head was placed in a standard 16-channel head and neck

phased array coil. High-resolution T1WI, T2WI, and non-EPI-

DWI were acquired in the coronal and axial planes (Table 1). A 3D

volumetric interpolated brain examination (VIBE) T1WI dataset

was acquired after gadoterate meglumine injection (0.1 mmol/kg,

Dotarem; Guerbet, Aulnay-sous-Bois, France).

CT was performed using an 80-channel � 0.5 mm multide-

tector scanner (Aquilion PRIME; Canon Medical, Tokyo, Japan).

A single acquisition was performed using routine temporal bone

protocols (collimation � 0.5 � 4 mm,

135 kV[peak], 200 mAs, resolution

time � 0.75 ms, pitch � 0.75 [detail],

acquisition FOV� 150 mm [super

small], reconstruction FOV � 80 mm).

Images were reconstructed in axial, cor-

onal, and sagittal planes (0.5 � 0.5 mm).

Image Analysis
Both MR and CT images were analyzed

using OsiriX Imaging Software (http://

www.osirix-viewer.com) by 2 experts (A.V. with 16 years’ experi-

ence and F.F. with 4 years’ experience) who were blinded to the

patient’s clinical status. Observers performed the image assess-

ment and coregistration independently. rMEC lesions were as-

sessed in 18 middle ear areas using a 5-point Likert scale as fol-

lows: 1 � no invasion, 2 � unlikely invasion, 3 � unclear

invasion, 4 � highly probable invasion, and 5 � obvious invasion;

22 anatomic locations (Table 2) were predefined by the surgical

team.

To assess the reproducibility of the manual delineation of the

lesions, each expert manually segmented each lesion twice at dif-

ferent times on CT images. The corresponding volumes (vol 1 and

vol 2) were quantified using the OsiriX “ROI volume” tool. Lesion

segmentation was initially performed on the unfused datasets

(uncoregistered dataset [UD]). Then, a rigid coregistration was

performed between the 3D-VIBE-T1WI and CT datasets using

the OsiriX plugin “Fusion tool.” The ipsi- and contralateral genic-

ulate ganglion and ipsilateral stylomastoid foramen were used as

specific landmarks. Fusion quality was defined on the basis of a

4-point quality scale using the distance between the correspond-

ing landmarks with 1, 2, 3, and 4 referring to a distance of 0, �1

mm, between 1 and 2 mm, and �2 mm, respectively. The b�1000

non-EPI-DWI was resliced to the coregistered 3D-VIBE-T2WI

and then fused to the CT dataset.

The fused dataset (FD) was analyzed 6 weeks later using the

same paradigm and the same predefined anatomic locations. The

corresponding volumes were referred as vol 3 and vol 4 for ob-

server 1 and 2, respectively.

Surgical Criterion Standard
Surgical findings were considered as the criterion standard for

lesion assessment. Using a Likert scale, we defined findings as

negative for scores 1 and 2 and as positive for scores 4 and 5 (Table

2, “UD Exact,” “FD Exact”). In addition, a reliability score was

computed as follows: 100% for Likert scores 1 and five; 50% for

Likert scores 2 and four; 0% for Likert score 3.

Test–Retest Repeatability
To assess the coregistration process and segmentation repeatabil-

ity, we performed test-retest for volume measurement. The cor-

responding intraclass coefficients (ICC) for paired measurements

(vol 1 to vol 4) and the overlap between manually segmented

volumes of interest were computed. Overlap was quantitatively

assessed on a voxel basis using the Jaccard index (JI)11:

JI � (VOIa�VOIb) / (VOIa�VOIb),

Table 1: MR acquisition data
T1WI T2WI SE DWI 3D-T1 VIBE

TR (ms) 610 4460 2000 9.19
TE (ms) 14 95 105 3.34
FOV (mm) 150 � 150 166 � 129 220 � 220 172 � 200
NEX 2 2 8 2
Slice thickness (mm) 2 2 3 0.7
Acquisition time (min:sec) 2:11 2 3:12 3:23
Matrix size 358 � 512 344 � 384 144 � 192 213 � 288
B-values b�1000

Note:—SE indicates spin-echo.

AJNR Am J Neuroradiol 40:1546 –51 Sep 2019 www.ajnr.org 1547

http:// www.osirix-viewer.com
http:// www.osirix-viewer.com


with VOIa and VOIb being volumes manually segmented in fused

datasets.

ICC values were qualified according to Landis and Koch.15

The ICC precision of estimates was defined as previously de-

scribed using the relative 95% confidence interval.16

Statistical Analyses
The whole set of tests was performed with R statistical and com-

puting software, Version 3.2.0 (http://www.r-project.org/), and a

P value � .05 was considered statistically significant.

Quantitative variables are presented as means � SDs, while

categoric variables are presented as frequencies. Paired Mann-

Whitney U tests were used to compare exact finding rates, reli-

ability scores, volumes, and segmentation overlap indices com-

puted in UD and FD.

Areas under the receiver operating characteristic (ROC) curve

measurements were used to quantify the ability to locate rMEC.

The DeLong test12 was used to compare the areas under the curve

of the paired ROC curves with the package pROC version 1.14.0

for R. For quantitative variables, the

Youden method13 was used to deter-

mine the thresholds of the ROC curves.

Single-measure ICCs were calculated

using the 2-way random ANOVA on av-

erage measures (ICC ranges, 0.00 –1.00,

with values closer to 1.00 representing

better reproducibility).14 Interpretation

of the ICC was categorized according to

Landis and Koch.15 The precision of

ICC estimates was defined as previously

described using the 95% CI.16

RESULTS
rMEC Assessment
Among the 20 rMECs, in the 20 patients

included in the study, 2 rMEC lesions

(11 and 12 mm, respectively) were ex-

cluded (Table 3). The corresponding ab-

sence of a b�1000 signal on DWI was

considered a false-negative finding. A

total of 18 lesions were analyzed (Table

2) with respect to 22 anatomic locations

(n � 396). Fusion was qualified as “per-

fect” in 9 lesions (50%) and as “good” (�1 mm) for the remain-

der. The anatomic distribution of lesions is detailed in Table 2.

The epitympanic recess was the usual rMEC site. The frequency of

exact findings amounted to 84.8% � 11.2% using UD and was

significantly larger (99.7% � 11.8%, P � 0.01) using FD. Simi-

larly, the reliability score significantly rose from 84.5% � 10.3%

to 96.2% � 4.3% (P � 0.01) using UD and FD, respectively (Table

2). The area under the curve value was 0.93 using UD and signif-

icantly increased to 0.99 (P � 0.01) using FD (Table 4).

Segmentation Reproducibility
Mean lesion volume was 0.36 � 0.42 mL and ranged from 0.01 to

1.73 mL. Inter- and intraobserver volume calculation variability

was almost perfect, with the ICC ranging from 0.86 to 0.95 (P �

.001, Table 5). The highest ICC (95%) and the best precision (6%)

were obtained for the interobserver measurements performed on

FD. Intraobserver segmentation overlap (JI) was different be-

tween observer 1 (55% � 23%) and observer 2 (45% � 27%; P �

0.01). A larger interobserver segmentation overlap (60% � 28%)

was measured for FD compared with UD (52% � 22%, P � 0.01).

DISCUSSION
The present results suggest that a better rMEC assessment

could be achieved when CT and MR imaging datasets are

coregistered and fused. On that basis, both imaging modalities

should be considered before an operation.

These results further support and extend those from previous

reports that demonstrated the usefulness of FD in the local eval-

uation of MEC.10,17-19 Accordingly, from a comparative analysis

between CT alone and FD, a few studies have suggested that MEC

would be better assessed using FD.10,17,19 This result has been

further confirmed from a comparative analysis between DWI

alone and FD.17-19 The superiority of the FD-based rMEC assess-

Table 2: rMEC surgical location findings and MR imaging correspondence
Anatomic Location No.a PREV UD Exact FD Exact UD Reliab FD Reliab

Epitympanic recess 18 83% 94% 100% 83% 97%
Posterior epitympanic recess 18 78% 100% 100% 92% 100%
Aditus of mastoid antrum 18 72% 72% 100% 72% 94%
Tegmen antri 18 67% 67% 100% 64% 97%
Anterior epitympanic recess 18 67% 67% 100% 83% 83%
Tegmen tympani 18 61% 83% 100% 81% 94%
Mastoidectomy cavity 18 56% 78% 100% 89% 94%
Facial nerve: tympanic segment 18 44% 67% 100% 64% 89%
Promontory of tympanic cavity 18 33% 94% 100% 86% 97%
Oval window/stapes 18 33% 83% 100% 83% 97%
Mesotympanum 18 28% 72% 100% 69% 100%
Vestibule 18 22% 78% 100% 97% 89%
Facial nerve: second genu 18 22% 83% 100% 81% 97%
Sinus tympani 18 17% 83% 94% 86% 97%
Eustachian tube 18 11% 89% 100% 86% 100%
Dura mater 18 11% 89% 100% 94% 94%
Round window 18 6% 83% 100% 78% 100%
Carotid canal 18 6% 94% 100% 94% 97%
Facial nerve: geniculum 18 6% 89% 100% 83% 97%
Cochlea 18 0% 100% 100% 100% 100%
Temporal lobe 18 0% 100% 100% 97% 100%
Facial nerve: mastoid segment 18 0% 100% 100% 94% 100%

Note:—PREV indicates surgical prevalence; Exact, correctly identified and correctly rejected findings (ie, true-posi-
tive � true-negative considering surgical findings as the criterion standard); Reliab, reliability score.
a Number of lesions.

Table 3: Patient data
Mean Range (%)

No. of patients 20
Mean age (yr) 41.2 (11.1–70.9)
Female/male (%) 35/65
Surgery

No. of previous interventions 2.9 (1–8)
Right/left (%) 55/45
Time to recurrence (mo) 70.6 (9–430)
MRI to surgery (mo) 2.1 (0–10)

MRI
True-positive in DWI 18 90%
False-negative in DWI 2 10%

Fusion quality
Good 9 50%
Perfect 9 50%
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ment that we describe in the present study could partly be due to

a careful patient selection based on the DWI results, the number

of patients, and the number of locations. DWI is an imaging tech-

nique that can clearly distinguish cholesteatoma from postsurgi-

cal abnormalities such as scars.

In our study, only patients with rMEC were included, and

untreated patients were excluded so that the postoperative scar

tissue could be addressed. On the contrary, in studies in which

untreated patients have been included,

this issue could not be addressed,10,17,18

and the advantage of the FD-based as-

sessment could not have been properly

investigated. The number of patients

with rMEC included in the present study

(n � 20) was larger compared with other

studies in which 2–16 patients were in-

cluded.10,17-19 The number of locations

could have also been a central methodo-

logic factor. While 4 – 6 locations have

been assessed in previous studies, the 22

locations assessed in the present study

likely led to a reduced � risk. In addition,

given that each location has been ana-

lyzed in each patient, no missing data

had to be considered, and cluster analy-

sis was not considered. The increase of

exact location findings was most striking

in the tegmen antri, anterior epitym-

panic recess, tympanic segment of the

facial nerve, and mesotympanum. These

locations have been reported as fre-

quently occurring.19

As previously described, the 5-point

Likert scale was used to count exact find-

ings, calculate the reliability score, and

compare ROC curves.20 Such a scale has

been used in a large number of radio-

logic studies.21 As an example of the

clinical added value of the FD-based

rMEC assessment, the carotid canal was

affected in one of the patients, and this

was missed using the UD, whereas it was

identified using FD (Figure). In this par-

ticular case, the proper location had an

impact on the surgical procedure and
the middle ear repair strategy.

The improved segmentation repro-

ducibility using FD is further supportive

of this added value. Scarce data are avail-

able in previous studies regarding this

particular issue. ICC values regarding computed volumes illus-

trated an almost perfect agreement for each segmentation. Al-

though no criterion standard measurements were available for

volumes, our analysis disclosed reproducible volume measure-

ments based on CT and b�1000 findings. The superior reproduc-
ibility of the FD-based assessment was statistically demonstrated
using the JI, which has been largely used for volume delineation.11

The JI ranged between 31% and 74%, thereby indicating a poor-

FIGURE. Example of rMEC leading to a carotid canal erosion. Recurrent middle ear cholestea-
toma (axial b�1000 non-EPI MR imaging, B, arrow) probably located (rated Likert 4) in the hypo-
tympanum, on uncoregistered dataset (A, B, C, E, arrows). The hypotympanum location is clear
(rated Likert 5), considering that the fused dataset (b�1000/CT in axial plane, D, arrow) and the
vertical carotid canal lysis (A and D, arrowheads) can be seen. The perioperative surgical findings
(F) confirmed the hypotympanum rMEC location (arrows) and the carotid canal lysis (arrowhead).
In that case, the presurgical image fusion allowed the surgeon to adapt his approach, thus low-
ering the surgical risks.

Table 4: Clinical performance of rMEC local assessment
DWI-CT No.a PREV AUC AUC CI Se Sp PPV NPV P Valueb

UD 396 33% 0.93 0.90–0.96 80% 96% 88% 92%
FD 396 33% 0.99 0.99–1.00 100% 100% 99% 100% �.001

Note:—PREV indicates prevalence of positive surgical findings; AUC, area under the ROC curve; Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative
predictive value.
a Number of observations (22 locations in 18 lesions).
b Statistical significance using DeLong tests.

Table 5: Segmentation reproducibility on volume measurements
ICC ICC-CI Preci Interpret P Valuea

Obs1 (vol 1–vol 3) 0.93 0.82–0.97 8% Almost perfect �.001
Obs2 (vol 2–vol 4) 0.86 0.67–0.95 14% Almost perfect �.001
Unfused (vol 1–vol 2) 0.91 0.78–0.97 10% Almost perfect �.001
Fused (vol 3–vol 4) 0.95 0.88–0.99 6% Almost perfect �.001

Note:—Preci indicates precision of ICC estimate; Interpret, interpretation of ICC; Obs, observer; vol, volume.
a Statistical significance using an ANOVA model for ICC.
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to-high overlap between volumes of interest. One has to keep in
mind that the JI assessed both segmentation and coregistration

processes, given that each observer performed his own fusion

process.

During the past decade, non-EPI-DWI has significantly im-

proved the handling of MEC both in terms of diagnosis and post-

operative survey strategy.17,22 As recently reported, non-EPI-

DWI is less sensitive to susceptibility artifacts and can provide a

high signal-to-noise ratio so that high sensitivity (90%) and spec-

ificity (94%) can be achieved.7 In the present study, 2 lesions of 20

were freely diffusive, leading to a sensitivity of 90%, in agreement

with a recent meta-analysis report.7 The 100% specificity reported

in the present study is likely due to particular attention paid to

excluding patients with middle ear infection. False-positive find-

ings can be found due to water restriction in infected areas as

described in mastoid abscess.23

The choice of the non-EPI-DWI technique in the field of

rMEC investigations is still a matter of debate. We chose to use

TSE-DWI, considering the recognized low artifacts on the skull

base and signal homogeneity.24 HASTE-DWI has been noted for

the shorter acquisition time,7 but information regarding artifacts

and contrast-to-noise ratio are missing. The usual slice thickness

used for non-EPI-DWI sequences ranges from 2 to 4 mm. The

recently developed isotropic 1.5-mm slice thickness non-EPI-

DWI at 3T can be considered a major advantage offering 3.4-mm3

voxel volumes.10 Such a turbo-field echo with diffusion-sensi-

tized driven-equilibrium recall should be considered in the future

for high-resolution MR imaging–CT fusion.10

Registration Process
Registration and fusion processes were performed in a 10-minute

clinical workflow using freeware as previously suggested.10,17-19

Because the skull base is a nondeformable structure, a rigid coreg-

istration was used for the merging process of high-resolution

cross-sectional imaging datasets. To limit observer subjectivity,

we did not directly merge DWI and CT scans using a manual

fine-tuning. We chose a multistep process involving the selection

of 3 invariable landmarks on the 3D-T1 VIBE MR imaging and

CT datasets and a reslicing of the b�1000 stack on the 3D-T1

VIBE MR imaging dataset. On that basis, 50% of the fusions were

qualified as perfect and the remainder as good (� 1 mm), which

can still be considered clinically valuable. Imperfect fusion quality

could be accounted for by patient motion between the 2 acquisi-

tions. Another accounting factor could be related to the variation

between the CT scan isomorphism and the MR imaging matrix

diffeomorphism, which depends on magnetic susceptibility. Dif-

feomorphic artifacts are expected to be larger using ultrafast gra-

dient-echo sequences such as VIBE compared with spin-echo

(b�1000) sequences. Theses artifacts could lead to minor voxel

mismatch between MR imaging and CT datasets. The use of the

recently developed spin-echo 3D sequence (sampling perfection

with application-optimized contrasts using different flip angle

evolution, SPACE; Siemens) might be an interesting alternative to

reduce these artifacts.25 In the present cohort, although 2 patients

exhibited rMEC lesions as round pearls in an aerated mastoidec-

tomy cavity, the fusion process was qualified as perfect. Other

postprocessing techniques could be used in the future with the

aim of a fully automatic fusion, which should reduce processing

time and manual registration bias.26

Clinical Implications for Patients
The present results disclose and further support the idea that fu-

sion of coregistered images can improve rMEC assessment and

help in guiding the surgical procedure. Preoperative surgical ap-

proaches and specific surgical risks can be expected to be better

evaluated, so new developments in endoscopic ear surgery could

be expected as part of a safe surgical approach.27 The exact loca-

tion of rMEC extensions is of high interest because it should allow

minimally invasive surgical procedures without any transmastoid

surgery conversion during MEC removal.6

CONCLUSIONS
Image fusion between coregistered conventional non-EPI-DWI

and temporal bone CT significantly improved the local assess-

ment of recurrent cholesteatoma. Further supportive of this ad-

ditional value, lesion segmentation between and within observer

was improved. The impact on operation duration and postoper-

ative complications should be evaluated in future studies.
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A Persistent Foramen of Huschke: A Small Road to Misery in
Necrotizing External Otitis

X W.L. van der Meer, X M. van Tilburg, X C. Mitea, and X A.A. Postma

ABSTRACT

BACKGROUND AND PURPOSE: Necrotizing external otitis is a serious complication of external otitis with different spreading patterns.
A persistent foramen of Huschke is a dehiscence located antero-inferior in the osseous external ear canal and posterior-medial to the
temporomandibular joint. This dehiscence can facilitate extension of infection in an anterior pattern next to classic spread along the
fissures of Santorini. The aim of this study was to define the prevalence and size of a persistent foramen of Huschke in patients with
necrotizing external otitis.

MATERIALS AND METHODS: We retrospectively examined 78 CT temporal bone studies (39 patients with necrotizing external otitis, 39
control subjects). The side and presence of the foramen were noted, and its prevalence was calculated. The maximal width of the foramen
of Huschke was measured in the axial plane and classified as subtle, mild, moderate, or extensive.

RESULTS: A persistent foramen of Huschke was present in 21 patients (26 ears) and 7 control subjects (9 ears). Prevalence was 50% (20/40)
and 11.5% (9/78) in affected ears of patients with necrotizing external otitis and control subjects, respectively. Almost all affected ears
showed an anterior distribution pattern of necrotizing external otitis. The extensive dehiscence was most common in affected ears.

CONCLUSIONS: An anterior necrotizing external otitis spreading pattern is associated with the presence and increased size of a persis-
tent foramen of Huschke. These findings facilitate the theory that a persistent foramen of Huschke is an additional risk factor the
development of necrotizing external otitis.

ABBREVIATIONS: EAC � external auditory canal; NEO � necrotizing external otitis; TMJ � temporomandibular joint

Necrotizing external otitis (NEO) is a rare-but-serious com-

plication when a persistent external otitis, most commonly

caused by the bacteria Pseudomonas aeruginosa1, fails to resolve.

The infection can spread via fascial planes to surrounding soft

tissues and bone structures. In severe cases, the infection affects

intracranial structures and cranial nerves with persistent impair-

ment after treatment.2 Patients at risk for NEO most often are

elderly with diabetes and or are immunocompromised, and NEO

can have a mortality rate up to 15%.3 Hence, early recognition

and tailored treatment with intravenous antibiotics could have a

substantial impact on morbidity and mortality.

NEO can be categorized according to an anterior, posterior,

medial, or an intracranial spreading pattern or a combination of

these aforementioned categories.4,5 The classification depends on

the affected soft-tissue compartments and bone structures.5 In an

anterior spreading pattern, the temporomandibular joint (TMJ),

masticator space, parotid gland, or surrounding fat planes are

involved (Figs 1 and 2). The posterior spreading pattern affects

the mastoid process, and the medial spreading pattern affects the

sphenoid, clivus, nasopharyngeal or pharyngeal muscles/fat, and

cranial nerves IX, X, and XI. The intracranial pattern shows in-

volvement of the jugular fossa, jugular vein, sigmoid sinus, and

dura.

The spread of NEO from the external ear canal to its sur-

rounding structures is thought to occur via the fissures of

Santorini, also known as the incisurae cartilaginis meatus acustici,

by extending through these osteocartilaginous or cartilaginous

junctions of the external ear canal, spreading through fascial

planes and blood vessels to surrounding compartments (Fig 3).

Thus, early changes in NEO can be subtle and therefore easily

overlooked. One of the early subtle findings is infiltration of the
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retrocondylar fat pad, which is part of the NEO anterior spreading

pattern.6 Some patients with NEO have a variant anatomic struc-

ture called a persistent foramen of Huschke (foramen tympani-

cum), a dehiscence located antero-inferior to the osseous external

auditory canal (EAC) and posterior-medial to the temporoman-

dibular joint (Fig 3). The foramen of Huschke has been described

in relation to EAC salivary fistulas, TMJ herniation, the facilita-

tion of tumor spread, and drainage of odontogenic abscesses in

the EAC.7-10

The infectious spread from the TMJ to the EAC via the fora-

men of Huschke may also occur the other way around. A persis-

tent foramen of Huschke can also pose an alternative route for

NEO, which will put the TMJ, masticator space, and parotid gland

at risk. Identifying this anatomic variation in patients with NEO

may help recognize NEO and its extension in early stages of dis-

ease, thus preventing consecutive spread to its surrounding tis-

sues, aiding a positive outcome in morbidity and mortality. The

goal of this study was to assess the prevalence and size of a persis-

tent foramen of Huschke in patients with NEO and thereby de-

termine its value for routine assessment.

MATERIALS AND METHODS
A PACS survey was conducted with the key words “skull base

osteomyelitis,” “necrotizing external otitis,” and “malignant ex-

ternal otitis.” In total, 39 patients diagnosed with NEO on tempo-

ral bone high-resolution CT scans in 2005–2018 were retrospec-

tively included. All cases of NEO were confirmed by the Ear, Nose,

and Throat Department in combination with EAC biopsy results

positive for microbiological organisms associated with NEO.

Most patients underwent MR imaging, which confirmed the di-

agnosis of NEO. Scans were assessed for the type of spreading

FIG 1. A 79-year-old man with type II diabetes presented with a pain-
ful right ear and pain during mastication. CT shows an increased dis-
tance of the TMJ (A, white arrow) and infiltration of the retrocondylar
fat pad and surrounding fat planes (B, curved arrow). The contrast-
enhanced T1-weighted MR imaging shows enhancement of the retro-
condylar fat pad (C, broad arrow), with increased FDG accumulation
on PET/MR imaging (D, arrowhead). The biopsy of the external ear
canal was positive for P Aeruginosa.

FIG 2. A 76-year-old man without a medical history presented with a
painful ear and otorrhea. CT shows an increased distance of the TMJ
(A, white arrow), obliteration of subtemporal fat lines, and a retro-
condylar fat pad sign (B. arrowhead), as well as osseous destruction of
the mastoid (C, white curved arrow). Contrast-enhanced T1-weighted
image 2 weeks after diagnosis demonstrates progression of NEO with
an anterior, medial, and intracranial spreading pattern complicated by
a thrombus in the left jugular vein (D, black arrow) with increased FDG
accumulation on PET/MR imaging (E, asterisk). History revealed non-
compliance with antibiotic treatment. Biopsy of the external ear ca-
nal was positive for P Aeruginosa.

FIG 3. Coronal illustration of the location of the fissures of Santorini
and the foramen of Huschke. The fissures of Santorini extend through
the osteocartilaginous or cartilaginous junctions of the EAC (arrows). The
foramen of Huschke (arrowhead) is located anterior-inferior to the EAC
and posterior-medial to the temporomandibular joint.
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pattern and the existence of a persistent foramen of Huschke on

the first available CT of the temporal bone during the disease

process. CT scans of the temporal bone in the control group with

non-NEO or noninflammatory pathology (eg, hearing loss) were

matched for age and sex. Control scans with former destruction of

the skull (eg, severe cholesteatoma, radiation therapy, or severe

otitis media) were excluded. NEO spreading patterns and the

presence and/or absence of a foramen of Huschke were scored.

The size of the persistent foramen of Huschke was measured as the

maximum width in the axial plane and classified as subtle (�0.5

mm), mild (0.5–1.0 mm), moderate (1.0 –1.5 mm), or extensive

(�1.5 mm) dehiscence (Fig 4). Interpretation and scoring were

performed by a radiologist-in-training and a senior head and neck

radiologist with �10 years’ experience. Scoring discrepancies

were solved via consensus. Statistical analyses were performed

with SPSS, Version 25 (IBM, Armonk, New York). Frequency and

Pearson �2 tests were performed with significance levels set at

P � .05.

RESULTS
Foramen of Huschke
Seventy-eight temporal bone CT studies were performed on 56

male and 22 female subjects with an overall mean age of 74.9 �

10.8 years (Table 1). A persistent foramen of Huschke was present

in 28/78 patients (36%), 21/39 patients with NEO and 7/39 con-

trol subjects (�2 � P � .05). A persistent foramen of Huschke

occurred most often unilaterally and was bilateral in 5 of the 21

patients with NEO and 2 of the control subjects, approximately a

bilateral occurrence of 25% in both groups (Table 2). In our co-

hort, no preference for a left or right ear was found (Table 3).

The size of the foramen of Huschke in patients with NEO

varied from subtle to extensive. The size was subtle in 6/26, mild in

2/26, moderate in 7/26, and extensive in 11/26 patients. In the

latter, 10/11 extensive cases were seen in the affected NEO side

(Table 4).

A persistent foramen of Huschke was present in 9 ears

(11.5%) of control subjects, of which 2 were bilateral (Table 2).

The width of the foramen could be classified as subtle in 6/9,

mild in 1/9, and extensive in 2/9 (Table 4). The mean foramen

size of the patients with NEO was 2.9 mm in the axial plane

(range, 0.2–14.9 mm) versus 1.0 mm (range, 0.2–3.3 mm) in

control subjects.

FIG 4. Temporal bone axial and sagittal views of patients with NEO with a persistent foramen of Huschke. The views show a subtle (1A and 1B),
mild (2A and 2B), moderate (3A and 3B), and extensive dehiscence (4A and 4B) as indicated by the white arrows.

Table 1: Demographics for patients with NEO and controlsa

Age range
(Mean) (yr)

NEO (n = 39)
Controls
(n = 39)

Women
(n = 11)

Men
(n = 28)

Women
(n = 11)

Men
(n = 28)

50–59 1 (51) 2 (50) 1 (59) 2 (56)
60–69 2 (63) 9 (66) 2 (63) 9 (65)
70–79 3 (78) 6 (78) 3 (74) 6 (74)
80 or older 5 (87) 11 (86) 5 (84) 11 (84)

a Data are number of patients per age range.

Table 2: Prevalence of the foramen of Huschke in patients with
NEO and controls

Foramen of
Huschke

NEO
(n = 39)

Controls
(n = 39)

P < .05No. Percentage No. Percentage
Absent 18 46% 32 82% .002a

Present 21 54% 7 18% .002a

Unilateral 16 41% 5 13% –
Bilateral 5 13% 2 5% –

Total 39 100% 39 100%

Note:— – indicates data is not available.
a Significant.

Table 3: Location of the foramen of Huschke in patients with
NEO and controls

Location

Foramen of Huschke

Present Absent

No. Percentage No. Percentage
NEO

Left ear 16 41% 23 59%
Right ear 10 26% 29 74%

Controls
Left ear 3 8% 36 92%
Right ear 6 15% 33 85%
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NEO
Bilateral NEO was present in 1/39; and unilateral NEO, in 38/39

(97%) patients, with a total of 40 affected ears. The anterior

spreading pattern was present in all except 1 patient. Twelve pa-

tients with NEO showed an anterior spreading pattern in combi-

nation with a posterior, medial, or intracranial pattern. A persis-

tent foramen of Huschke was present in 26 ears of patients with

NEO, 5 of which showed bilateral foramina (Table 2); 50% (20/

40) of NEO-affected ears showed a persistent foramen of Huschke

in comparison with 15.8% (6/38) of the unaffected ears (Table 4).

DISCUSSION
The tympanic membrane develops from a tympanic ring with 4

different ossification centers that fuse with the temporal

bone.11,12 The process of ossification starts at 9 weeks in utero

with fusion of the tympanic ring taking up to 5 years.11,12 An

incomplete medial fusion of the tympanic ring causes a dehis-

cence located antero-inferior to the osseous external ear canal and

posterior-medial to the temporomandibular joint, an anatomic

variation also known as a persistent foramen of Huschke.

Several symptoms have been described in relation to a persis-

tent foramen of Huschke. Patients can describe clear discharge

often in relation to mastication caused by synovial fluid transport

through a fistula between the EAC and the TMJ space.7,8 A more

prominent dehiscence can cause ear pain or a clicking sensation

during mastication because the TMJ retrodiscal or discal tissue

protrudes within the EAC.13-15 The protrusion of soft tissue into

the EAC through the foramen of Huschke can mimic a mass le-

sion in the EAC. The difference between TMJ soft-tissue hernia-

tion and mass lesions can be made with EAC inspection with the

patient with an opened mouth because protruded TMJ tissue will

retract in this position.13,14 As previously mentioned, the foramen

of Huschke has been described in relation to infectious or tumor-

ous spread from the TMJ to the EAC.9,10 The expansion of the

external otitis through the foramen of Huschke to the TMJ was

first suggested in 1992, showing discharge in the TMJ without

osseous destruction, which can be regarded as one of the earliest

stages in NEO.16

The classic theory of necrotizing external otitis concerns the

fissures of Santorini. External otitis can progress via the fissures of

Santorini or a temporal bone dehiscence to developing NEO. The

relation of the fissures of Santorini as an anterior spreading route

for NEO is often suggested, but the fissures are not visible on

current imaging techniques due to the fissures of Santorini loca-

tion and subtle nature. Fistula discharge attributed to the fissures

of Santorini often shows positive biochemical results for amylase,

indicating a connection with the parotid gland.7 In the case of

NEO, one would expect soft-tissue changes of the parotid gland to

precede TMJ changes because the osteocartilaginous junction lies

more lateral in the EAC. However, of the 38 patients included in

our study with an anterior spreading pattern, 11 showed involve-

ment of the parotid space and 34 showed involvement of the TMJ,

favoring an infectious spreading via the persistent foramen of

Huschke instead or in association with the fissures of Santorini.

Thus, an anatomic variation can also be an additional risk factor

for progression to NEO.

The prevalence of a persistent foramen of Huschke in the lit-

erature ranges from 4.6% to 20%, with a higher prevalence for

women and the left ear.17-20 The prevalence in the control subjects

and unaffected ears in our study is in line with these numbers;

however, we did not find a left-sided predominance. We did not

investigate a sex difference because the control subjects were sex-

matched with the patient group. The prevalence of a persistent

foramen in our patient group was 50% in NEO-affected ears;

therefore, the prevalence in the diseased ears is far higher than in

the healthy population.

Our results support the theory that the foramen of Huschke is

a contributing risk factor in the development of necrotizing ex-

ternal otitis because the prevalence of 50% in patients with NEO

lies well above the described incidence of 4.6%–38% in overall

imaging and cadaver studies.11,12,21 The prevalence of a persistent

foramen of Huschke has not been investigated in patients with

NEO before, to our knowledge. Yeheskeli et al22 investigated the

role of involvement of the TMJ in necrotizing external otitis and

found that involvement of the TMJ served as a positive clinical

factor. The prevalence of TMJ involvement in their study was

comparable with the prevalence of the foramen of Huschke; how-

ever, the authors did not study the foramen prevalence.22 Our

results show that patients with NEO, in addition to a foramen

prevalence of 50% at the affected side, often show an extensive

dehiscence (�1.5 mm) in contrast to the control group and un-

affected ears.

It is difficult to discern whether the dehiscence in patients with

NEO is the result of incomplete fusion of the tympanic ring or due

to (primary or secondary) bone erosion from the underlying in-

fectious process. Possible erosive changes can therefore skew the

trend to a more severe classification. However, an extensive de-

hiscence was a finding not only in patients with NEO, it was also

present in 2/9 control patients. True differentiation between pri-

mary bone erosion or incomplete fusion for patients with NEO

can only be realized when comparing a respective patient’s NEO

scan with a preexistant non-NEO afflicted temporal bone scan.

The reviewed CT scans were often the first imaging study of the

temporal bone. Therefore, the difference between incomplete fu-

sion or bone erosion could not be further distinguished.

One could regard the sample size as a limitation in this study;

however, past studies dealt with a corresponding sample size due

to the rare nature of NEO. This study with 39 cases of NEO lies

well above the average case number per NEO series (22 cases) as

reported by a NEO systematic review study.23 Due to the rare

nature of the disease, a prospective study was not feasible to per-

form in a single center; therefore, we opted for a retrospective

cohort design.

Table 4: Size of the persistent foramen of Huschke specified in
controls and patients with NEO

Foramen Size

NEO

Total
Control

Ears
(n = 78)

Nonaffected
Side/Ears

(n = 38)

Affected
NEO
Ears

(n = 40)

NEO
Total
Ears

(n = 78)
Subtle (�0.5 mm) 4 2 6 6
Mild (0.5–1.0 mm) 0 2 2 1
Moderate (1.0–1.5 mm) 1 6 7 0
Extensive (�1.5 mm) 1 10 11 2
Total 6 20 26 9
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The foramen of Huschke has a specified location but not a

specified size; therefore, the region should be intensively studied

so as not to miss subtle foramina. Cadaver studies showed a vari-

ation of the foramen width in the range of 1–5 mm.11 High-reso-

lution CT with a voxel size of 0.25 mm3 can even detect smaller

foramina ranging from 0.2 mm.19 The included CT petrosal scans

in our studies were obtained between 2005 and 2018, during

which the CT technique, among other parameters, showed a great

increase in spatial resolution. The slice thickness used in our study

is heterogeneous, ranging from 0.4 to 1 mm, thus leading to a

possible underestimation of subtle foramina of Huschke in some

patients with NEO. This was not a problem in the current study

because the prevalence of the foramen of Huschke in the control

group and unaffected ears is in line with literature. Prevalence in

the affected NEO ears could potentially be higher.

We demonstrated in our study that the prevalence of a persis-

tent foramen of Huschke is higher in patients with skull base

involvement in necrotizing external otitis compared with the

healthy population, suggesting a role in the pathophysiology of

NEO. Identification of a persistent foramen of Huschke at imag-

ing can help in early identification of an anterior spreading pat-

tern in NEO.

CONCLUSIONS
An anterior spreading pattern from a necrotizing external otitis is

associated with the presence and increased size of a persistent

foramen of Huschke. These findings suggest a role for the persis-

tent foramen of Huschke next to the fissures of Santorini. Careful

inspection in necrotizing external otitis in the region of the fora-

men of Huschke could identify anterior spread to the skull base in

an early stage, aiding in improved patient care and outcome.
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ORIGINAL RESEARCH
HEAD & NECK

Subretinal and Retrolaminar Migration of Intraocular
Silicone Oil Detected on CT

M. Abdalkader, K. Takumi, M.N. Chapman, G.D. Barest, C. Peeler, and O. Sakai

ABSTRACT

BACKGROUND AND PURPOSE: Intraocular silicone oil injection has been used to treat complicated retinal detachments, and
recently its retrolaminar and intracranial migration has been reported. The purpose of this study was to document the preva-
lence of posterior migration of intraocular silicone oil on head CT and describe the clinical and radiologic findings.

MATERIALS AND METHODS: This retrospective study included 57 patients with intraocular silicone oil injection who underwent unen-
hanced head CT between November 2008 and July 2018. All images were visually evaluated for subretinal and retrolaminar migration of
intraocular silicone oil involving the anterior visual pathway (optic nerve, optic chiasm, and optic tract) and the ventricular system.
Attenuation values of those structures were measured and compared with those of the contralateral or adjacent normal structures.

RESULTS:We detected subretinal and retrolaminar silicone oil migration in 7 of the 57 patients (12%), noting silicone oil at the optic
nerve head (n = 2), retrolaminar optic nerve (n = 5), optic chiasm (n = 3), optic tract (n = 3), and in the lateral ventricles (n = 1).
Attenuation values of the structures with silicone oil migration were significantly higher than those of the control regions (optic
nerve head, 69.2 6 12.4 vs 29.8 6 10.2 HU, P < .001; retrolaminar optic nerve, 59.9 6 11.6 vs 30.9 6 8.6 HU, P < .001; optic chiasm,
74.2 6 11.0 vs 25.6 6 6.9 HU, P < .001; optic tract, 70.1 6 4.7 vs 28.7 6 7.2 HU, P < .001). No significant ophthalmic or neurologic
complications were documented in the patients with silicone oil migration.

CONCLUSIONS: Subretinal and retrolaminar migration of intraocular silicone oil is common. Although there were no apparent com-
plications associated with silicone oil migration, the radiologist and clinician should be aware of this phenomenon.

ABBREVIATION: SiO ¼ silicone oil

Retinal detachment is a serious medical condition that may lead
to blindness if not adequately treated.1 Intraocular silicone oil

(SiO) injection following vitrectomy is commonly used as an endo-
tamponade technique to repair complex retinal detachments.2

Although considered relatively safe, the use of intraocular SiO is not
without complications. The development of glaucoma, cataracts,
and keratopathy is a known complication resulting from the diffu-
sion of SiO from the vitreous cavity into adjacent structures.3,4

Retrolaminar SiO migration is a lesser known complication of
intraocular SiO injections, occurring when the SiO diffuses poste-
riorly into the optic apparatus (optic nerve, chiasm, and tract)
and potentially into the subarachnoid space and ventricular sys-
tem.5-7 Vision loss due to optic neuropathy has been reported as
a consequence of this posterior migration.8 Although several his-
tologic and immunohistopathologic studies have demonstrated
SiO migration in the ophthalmologic literature,6,9 data about the
prevalence and/or radiologic findings of SiO migration are lim-
ited.5,10-21

The purpose of this study was to document the prevalence of
retrolaminar migration of intraocular SiO on head CT and
describe the clinical and radiologic findings.

MATERIALS AND METHODS
Patients
The institutional review board approved this retrospective study.
The requirement to obtain written informed consent was waived.
Patients with SiO injection treatment who underwent head CT
from November 2008 to July 2018 were searched through the
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Radiology Information System of our department using a key-
word “silicone.” The start date of the study was set as November
2008 when we started including thin-section (1.25mm) images in
our routine unenhanced head CT protocol. Patients who did not
have 1.25-mm images were excluded from the study. Patients with
severe motion artifacts were also excluded. The electronic medical
records were evaluated for patient demographics, relevant medical
history, indication of SiO injection treatment, indication for CT
examinations, interval between SiO injection treatment and CT ex-
amination, ophthalmic examination findings, and intraocular pres-
sure (millimeters of mercury) (Table 1 and On-line Table).

CT Imaging Techniques
All unenhanced head CT examinations were axially acquired
at 5- and 1.25-mm section thickness using 64–detector row
CT scanners (LightSpeed VCT; GE Healthcare, Milwaukee,
Wisconsin) with soft-tissue and bone algorithm reconstructions
per our institutional clinical protocol. Axial soft-tissue algorithm-
reconstructed 1.25-mm images were used for analysis.

Qualitative Imaging Analysis
All images were visually evaluated for subretinal and retrola-
minar migration of SiO, which was defined as areas of
increased attenuation of ≥1 component of the visual tract
(optic nerve head, retrolaminar optic nerve, optic chiasm,
and optic tract) or within the ventricular system. Posterior
migration of silicone was assessed by 2 radiologists (M.A. and
K.T., with 3 and 17 years of experience in head and neck radi-
ology, respectively) who independently reviewed the CT
images; any discrepancies between the 2 radiologists were
resolved during a third analysis session in which a decision
was reached zby consultation with a third radiologist (O.S.,
with 25 years of experience in head and neck radiology).

Quantitative Imaging Analysis
Attenuation values of the intraocular SiO and the visually
identified regions in the visual pathway and ventricles were
measured in Hounsfield units. We placed single, as-large-as-

possible, freeform ROIs within each region on the image with
the largest cross-sectional area, avoiding partial volume
effects. The attenuation value of the optic nerve was meas-
ured at the midportion of the intraorbital segment. Care was
taken not to include calcification, partial volume effects, or
artifacts within the ROIs. The difference between each region
and its contralateral side was calculated as the absolute differ-
ence in the attenuation value. When measuring the optic
chiasm or bilateral lesions, comparison with an adjacent nor-
mal structure was performed instead.

Statistical Analysis
We compared the clinical information, ophthalmologic findings,
and CT features between cases positive and negative for migra-
tion. The Fisher exact test was used to compare sex, age, the inter-
val between SiO injection and CT examination, intraocular
pressure, and attenuation values were compared using the Mann-
Whitney U test. All data for continuous variables are presented as
mean 6 SD. A P value < .05 was significant in all analyses. All
statistical analyses were performed using SPSS, Version 23.0
(IBM, Armonk, New York).

RESULTS
Patients
Fifty-eight patients with a history of intraocular SiO injection
who underwent unenhanced head CT examinations for various
clinical indications between November 2009 and July 2018 were
identified. Among these, 1 patient who did not have 1.25-mm
images was excluded. Ultimately, 57 patients (31 men and 26
women; mean age, 57 years; range, 18–87 years) with intraocular
SiO injection were included in this study. Nineteen patients were
treated with intraocular SiO injection on the right side, and 34
patients, on the left side; 4 patients were treated on both sides.

Clinical, Ophthalmic, and Radiologic Characteristics of
Posterior Migration of Intraocular Silicone Oil
The clinical and CT imaging features of SiO migration cases
are summarized in the On-line Table. Posterior migration of

Table 1: Comparisons of clinical features between cases positive and negative for silicone oil migration

Clinical Characteristics
Cases Positive for
Migration (n = 7)

Cases Negative for
Migration (n = 50) P Total (n = 57)

Age (mean) (yr) 56.1 6 16.6 57.5 6 18.6 .942a 57.3 6 18.3
Sex (male/female) 3:4 28:22 .691b 31:26
Indication for silicone oil injection treatment Diabetic retinal

detachment: 4
Diabetic retinal
detachment: 30

Diabetic retinal
detachment: 34

Trauma: 1 Trauma: 3 Trauma: 4
Cytomegalovirus

retinitis: 1
Cytomegalovirus

retinitis: 2
Cytomegalovirus

retinitis: 3
Advanced glaucoma: 1 Advanced glaucoma: 1 Advanced glau-

coma: 2
Postoperative
hemorrhage: 1

Postoperative
hemorrhage: 1

Congenital infection: 1 Congenital infec-
tion: 1

Unknown: 12 Unknown: 12
Interval between silicone injection treatment and CT
examination (mean) (mo)

45.8 6 41.8 37.4 6 31.7 .779a 39.2 6 33.5

Intraocular pressure (mean) (mmHg) 23.6 6 21.4 15.2 6 5.2 .291a 16.8 6 10.5
aMann-Whitney U test.
b Fisher exact test.
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intraocular SiO was identified in 7 of the 57 patients (12.3%)
(4 men and 3 women; mean age, 56 years; range, 23–71 years)
with 7 eyes of the 61 SiO-treated eyes (11.5%), with SiO at the
optic nerve head (n = 2), retrolaminar optic nerve (n = 5),
optic chiasm (n = 3), optic tract (n = 3), and in the lateral ven-
tricles (n = 1). Two patients had migration to 3 locations each
(optic nerve, optic chiasm, and optic tract), and 1 patient, to
4 locations (optic nerve, optic chiasm, optic tract, and lateral
ventricles). Representative cases of retrolaminar SiO migra-
tion are shown in Figs 1–3.

Comparison of Clinical Findings between Cases Positive
and Negative for Migration
Clinical characteristics in cases positive and negative for migra-
tion are summarized in Table 1.

We had recorded vision for 34 of the 57 patients in the
cohort (4/7 patients positive for SiO migration and 30/50
negative for SiO migration). For the cases positive for SiO
migration, 1 patient had 20/400 vision, 1 had finger-counting
vision, and 4 had no light perception vision. For the SiO cases
negative for migration, 3 patients had 20/400 vision, 3 had
finger-counting vision, 5 had hand motion vision, 8 had light
perception vision, and 11 had no light perception vision. On
the basis of the available acuity data, there did not appear to
be a difference between the cohorts positive and negative for
SiO migration (P = .517). The best-corrected acuity in both
groups ranged from 20/400 to no light perception vision.

There was no significant difference in age and sex between
cases positive and negative for migration (P= .942, .691, respec-
tively). The interval between silicone injection treatment and CT
examination was not significantly different between cases positive
and negative for migration (45.86 41.8 versus 37.46 31.7months,
P= .779). Retrolaminar SiOmigration was present as early as 1 week
and as late as 4 years after injection. Intraocular pressure elevation
had been documented in 3 patients with SiO migration. Intraocular
pressure on the side of silicone injection treatment showed no signif-
icant difference between cases positive (n=5) and negative for
migration (n=20) (23.66 21.4 versus 15.26 5.2mmHg, P= .291).

Quantitative CT Analyses
The attenuation value of intraocular SiO was 91.5 6 12.5 HU,
with no significant difference AQ: Ebetween cases positive and neg-
ative for migration (94.1 6 2.2 versus 91.1 6 13.3 HU,
P = .228). Attenuation values of the normal structures were
not significantly different between the silicone injection side
and the contralateral side (optic nerve head, 30.6 6 13.8 ver-
sus 31.4 6 9.5 HU, P = .173; retrolaminar optic nerve, 34.4 6

12.9 versus 30.4 6 7.6 HU, P = .206; optic tract, 31.5 6 11.5
versus 27.9 6 7.1 HU, P = .108; whole region 32.2 6 12.8

versus 30.0 6 8.2 HU, P = .717).
Attenuation values of the regions with
SiO migration were significantly higher
than those in the control regions (optic
nerve head, 69.2 6 12.4 versus 29.8 6

10.2 HU, P< .001; retrolaminar optic
nerve, 59.9 6 11.6 versus 30.9 6 8.6
HU, P< .001; optic chiasm, 74.2 6 11.0
versus 25.6 6 6.9 HU, P< .001; optic
tract, 70.1 6 4.7 versus 28.7 6 7.2 HU,
P< .001; whole region, 67.06 10.9 ver-
sus 29.2 6 8.6 HU, P< .001) (Table 2).
One case showed high attenuation in
both lateral ventricles (right side, 80.1
HU; left side, 78.8 HU) (Fig 3).

DISCUSSION
Intraocular SiO injection is widely used
in the management of complex retinal

FIG 1. Subretinal silicone oil migration (case 2). Axial CT image
obtained 1 week following right intraocular silicone oil injection dem-
onstrates a punctate region of increased attenuation at the optic
nerve head (arrow).

FIG 2. Retrolaminar silicone oil migration at the level of the retrolaminar optic nerve and optic
chiasm (case 6). A and B, Axial CT images 1 year after left intraocular silicone oil injection demon-
strate abnormal increased attenuation of the intraorbital segment of the left optic nerve (A,
arrow) and nodular increased attenuation at the optic chiasm (B, arrow).
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detachments and is considered relatively safe and effective in vit-
reoretinal surgery.2,22,23 Despite its relatively safe profile, SiO
may diffuse into various ocular and extraocular tissues, resulting
in complications such as glaucoma, keratopathy, and cataract for-
mation.3,4 It may also diffuse posteriorly into the subretinal space,
optic nerve, optic chiasm, subarachnoid spaces, and potentially
the ventricular system. This phenomenon, first described by Ni et
al, in 1983,6 is known as subretinal or retrolaminar migration of in-
traocular SiO. The term “retrolaminar” refers to the migration of
silicone droplets past the lamina cribrosa, the main structural ele-
ment where the retinal ganglion cell axons and the central retinal
vein and artery enter or exit the eye.24 Although many case reports
have described retrolaminar SiO migration, no radiologic studies
addressing the frequency or the radiologic features of this phenom-
enon were found. We believe this is the first study to show the fre-
quency of retrolaminar SiO migration on CT images along with
clinical correlation. In this study, migration was detected in 12% of
patients, which is comparable with histopathologic studies per-
formed on enucleated eyes with silicone injection (11%–24%).9,25,26

Migration of SiO was noted at the optic nerve head, retrolaminar
optic nerve, optic chiasm, optic tract, and in the lateral ventricles,
and those findings were confirmed by quantitative analyses.

Retrolaminar SiO migration is believed to be a benign phe-
nomenon usually detected incidentally on cross-sectional imag-
ing.5 However, visual symptoms have been reported and are
thought to be related to silicone-induced optic neuropathy
secondary to macrophage infiltration.9,26,27 In our series, no

significant neuro-ophthalmologic or neurologic complications
related to SiO migration have been documented in the medical
records.

The exact mechanism of SiO migration remains uncertain.
The role of elevated intraocular pressure in SiO migration was
first described by Shields in 1989.5 However, not all of our cases
or all the published cases were associated with pre-existing ele-
vated intraocular pressure.28 Intraocular pressure at the side of
SiO injection treatment in cases positive for migration was
slightly higher than that in cases negative for it in our results,
though the difference was not statistically significant.

More recent studies suggest that SiO may infiltrate or diffuse
directly into the retinal layers and then into the optic nerve by
infiltrating along the retinal nerve fibers through the lamina cri-
brosa. In 2006, Kuhn et al29 proposed that optic pits (congenital
abnormalities of the optic nerve head) may serve as an entry
point for the retrolaminar migration of SiO. This infiltration may
be facilitated by increased intraocular pressure.5 The entry of SiO
into the subarachnoid space and then the ventricular system may
be explained by passage of the SiO droplets directly from the vit-
reous space or from the optic nerve into the perioptic subarach-
noid spaces through the perivascular spaces of the central retinal
vessels where they pierce the optic nerve.5,8,15 The diffusion of
SiO into the ventricular system is less frequently encountered
than into the optic nerve. Boren et al5 found 15 case reports of in-
traventricular SiO.

Silicone oil is usually reported as hyperattenuating on CT
images with attenuation ranging between 60 and 140 HU,
depending on the viscosity and the location of the SiO.10,30 Our
qualitative results, supported by quantitative analysis, showed
that attenuation values of the regions with SiO migration were
significantly higher than those in control regions. At the optic
chiasm, only ipsilateral nodular high attenuation was detected.
Within the ventricular system, the SiO characteristically floats in
nondependent locations because of its lower specific gravity rela-
tive to CSF. On MR imaging, SiO has been reported to be hyper-
intense relative to CSF or contralateral normal vitreous on T1-
weighted images. MR imaging may detect SiO droplets as small
as 1 mm3.31

FIG 3. Retrolaminar silicone oil migration to the retrolaminar optic nerve and optic chiasm and within the lateral ventricles (case 4). Axial CT
images 6 years after left intraocular silicone oil injection demonstrate tubular increased attenuation of the intraorbital segment of the left optic
nerve (A, arrow), nodular hyperattenuation in the optic chiasm/optic tract (B, arrow), and biconvex hyperattenuation in the nondependent
regions of the frontal horns of the lateral ventricles (C, arrows).

Table 2: Comparisons of attenuation values in the visual tract
structures between silicone oil migration lesions and normal
regionsa

Structures (Lesion:
Normal)

Silicone Oil
Migration Lesion

Normal
Region Pb

Optic head (2:112) 69.2 6 12.4 29.8 6 10.2 <.001
Optic nerve (5:119) 59.9 6 11.6 30.9 6 8.6 <.001
Optic chiasm (3:53) 74.2 6 11.0 25.6 6 6.9 <.001
Optic tract (3:109) 70.1 6 4.7 28.7 6 7.2 <.001

a Data are presented as means. Attenuation values are in Hounsfield units.
bMann-Whitney U test.
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Radiologists should be aware of the occurrence of SiO migra-
tion, though it is relatively rare and often without clinical symp-
toms. Knowledge of the appearance and common locations on
CT is important to avoid misdiagnosis of subarachnoid or intra-
ventricular hemorrhage or tumor.

Our study has several limitations. Because posterior migration
of SiO is relatively rare, the number of cases positive for migra-
tion was small, limiting the statistical power and accuracy of the
prevalence. Second, this was a retrospective study that may have
been subject to selection bias. Determination of the timing of and
chronologic changes in migration was not possible for many
patients because imaging follow-up after intraocular injection or
after identifying migration is not routinely performed. A detailed
ophthalmologic examination including intraocular pressure
was not available in all cases, and none had histopathologic
confirmation.

CONCLUSIONS
Retrolaminar migration of intraocular SiO is a common phenom-
enon. Radiologists should be aware of its occurrence and familiar
with its imaging characteristics and patterns of migration to pre-
vent misdiagnosis.

Disclosures: Margaret M. Chapman—UNRELATED: Consultancy: Boston Imaging
Core Lab. Glenn D. Barest—UNRELATED: Consultancy: Boston Imaging Core Lab.
Osamu Sakai—UNRELATED: Consultancy: Boston Imaging Core Lab.
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Zero TE MRI for Craniofacial Bone Imaging
A. Lu, K.R. Gorny, and M.-L. Ho

ABSTRACT

SUMMARY: Zero TE MR imaging is a novel technique that achieves a near-zero time interval between radiofrequency excitation
and data acquisition, enabling visualization of short-T2 materials such as cortical bone. Zero TE offers a promising radiation-free al-
ternative to CT with rapid, high-resolution, silent, and artifact-resistant imaging, as well as the potential for “pseudoCT” reconstruc-
tions. In this report, we will discuss our preliminary experience with zero TE, including technical principles and a clinical case series
demonstrating emerging applications in neuroradiology.

ABBREVIATIONS: RF ¼ radiofrequency; SAR ¼ specific absorption rate; ZTE ¼ zero TE

Children in the United States undergo >5 million diagnostic
CT examinations per year. For certain indications (eg, acute

screening and cortical bone assessment), CT remains a first-line
technique. However, adverse effects from radiation are of great
concern and include both deterministic (developmental disrup-
tion, skin damage, cataracts, sterility, radiation sickness) and sto-
chastic effects (cancer, hereditary defects, growth impairment).
These effects are magnified in children due to the increased sensi-
tivity of developing tissues/organs, predisposing conditions that
increase susceptibility, and greater cumulative lifetime risk of
radiation exposure.1 Concerns regarding the adverse effects of
radiation in the pediatric population have prompted the “Image
Gently” campaign.2

Zero TE (ZTE) MR imaging has recently emerged as a prom-
ising alternative technique that achieves a near-zero time interval
between the end of the radiofrequency (RF) excitation and the
start of data acquisition. Unlike the conventional RF pulse
sequences, the ZTE sequence begins a readout period immedi-
ately after the RF pulse, enabling visualization of short-T2 materi-
als (ie, on the order of �1 ms) such as cortical bone (On-line Fig
1).3-6 The ZTE sequence is rapid, high-resolution, silent, and
resilient to artifacts caused by motion and B0 inhomogeneity—
characteristics that are well-suited to pediatric use.7-9 Raw images
demonstrate relative signal void compared with surrounding soft
tissues, colloquially known as a “black-bone” display. There is
computational potential for “bright-bone” reconstructions that
are visually analogous to CT (Figure).10,11 Prior work has demon-
strated the promise of ZTE and its related techniques, ultrashort-
TE and gradient-echo MR imaging, in bone imaging applications,
including craniofacial, temporal bone, jaw, and spine.12-17 Small
clinical case series and ex vivo studies have partially validated
ZTE for cranial vault, trauma, and bone microstructural imag-
ing.18,19 With ongoing MR imaging technical advances enabling
ever-faster scan times and higher contrast/spatial resolution,
there is a potential for this single technique to provide compre-
hensive imaging assessment for patients, a “one-stop shop.” In
this report, we discuss our initial experience with ZTE and pro-
vide multiple examples demonstrating the diagnostic utility of
the sequence for craniofacial bone imaging.

MATERIALS AND METHODS
Technical Considerations
In ZTE, readout gradients are turned on before the RF pulse so
that data acquisition can begin immediately after excitation. This
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requires high-performance coils with rapid transmit/receive
switching capabilities and uses center-out k-space encoding.
With ZTE, the readout gradient is already on during the RF pulse,
precluding conventional section/slab selection. This necessitates a
high-bandwidth excitation with a short-duration hard pulse to
ensure that the excitation is as homogeneous and as consistent as
possible across the entire FOV from repetition to repetition. The
RF excitation is immediately followed by a 3D data acquisition.
Gradients are used continuously and modulated between repeti-
tions to sample data along radial trajectories in k-space, rather
than being rapidly turned on and off. This process minimizes me-
chanical vibration and enables a virtually silent technique. Fully
sampling the k-space with radial trajectories requires significantly
more repetitions (TRs) than an equivalent 3D Cartesian

acquisition. Reduction of total scan
time is achieved with the use of short
TRs and small flip angles for quasi-
steady-state magnetization. Most scan
time is targeted toward data acquisi-
tion, with minimal dead time occurring
during the RF pulse and a single gradi-
ent step (On-line Fig 1).3-6 This feature
permits rapid isotropic scanning with
high resistance to artifacts, including
susceptibility and motion. The tech-
nique uses lower changes in ampli-
tude over time (dB/dt) than con-
ventional sequences; low flip angles
and built-in scanner safety measures
counter the short RF pulse duration that
would otherwise raise concern for a high
specific absorption rate (SAR).9

Patient Indications
Imaging examinations (CT and MR
imaging) were ordered by referring
physicians for various diagnostic indica-
tions, including craniosynostosis, trauma,
head and neck cancer, radiation therapy,
and surgical planning and follow-up.
Sedation or anesthesia or both were used
for imaging only when deemed medi-
cally necessary by the referring clini-
cian. In patients undergoing MR
imaging, ZTE images of the whole
head were acquired using FDA-
approved product hardware (8-chan-
nel brain coil array; GE Healthcare,
Milwaukee, Wisconsin) and software
(Silenz; GE Healthcare).7,8 Imaging
was preferentially performed at 3T
(Discovery MR750w, DV 26.0 software;
GE Healthcare), except for patients with
MR imaging–conditional devices neces-
sitating imaging at 1.5T (Optima
MR450w, DV 26.0 software; GE
Healthcare). The ZTE sequence had the

following parameters: 3D imaging mode with sagittal acquisition;
TE = 0.016ms, FOV = 18� 18 cm, readout matrix = 180 � 180 �
180, section thickness = 1 mm, NEX = 1, receiver bandwidth =
31.25 kHz, flip angle = 2°. These yielded whole-head coverage at a
1-mm isotropic voxel size. Sequence scan time was 2minutes at
3T and 2minutes 30 seconds at 1.5T. Two separate data acquis-
itions were obtained in each patient, for a total imaging time of
4–5minutes. We used 2 relatively short acquisitions rather
than a single acquisition with a higher number of averages to
reduce the overall impact of patient motion. All SAR measure-
ments were confirmed to be within FDA safety limits based on
predetermined scanner settings. The institutional review board
at Mayo Clinic approved retrospective review and analysis of
CT andMR images.

FIGURE. ZTE image display. A, Raw magnitude black-bone images underwent signal intensity
correction on a section-by-section basis with normalization to mean soft-tissue signal. Multi-re-
solution ROI-based correction was then applied to account for residual signal intensity varia-
tions. Logarithmic inversion of the intensity-corrected data yielded bright-bone images.
Histogram subtraction was used to identify and mask the peak signal of air, thus generating the
final pseudoCT image. B, Sample sagittal, coronal, and axial reformats of pseudoCT reconstruc-
tion. C, 3D volume-renderings were generated at a separate workstation.
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Image Postprocessing
By means of a novel technique developed at our institution,
source images underwent postprocessing using an off-line
Matlab code (MathWorks, Natick, Massachusetts) to improve
bone-air differentiation and generate “bright-bone” recon-
structions visually analogous to CT.20 For most patients, both
ZTE acquisitions were averaged to achieve better SNR after
rigid body registration. In cases where 1 ZTE acquisition was
visibly distorted by motion and the other was not, only the ac-
quisition with less motion was used for postprocessing, albeit
with a lower total SNR. Raw magnitude images underwent sig-
nal intensity correction on a section-by-section basis, with
normalization to mean soft-tissue signal within each section.
Multiresolution ROI-based intensity correction was then
applied to account for residual signal intensity variations and
thus reduce overall image noise.21 Logarithmic inversion of
the intensity-corrected data yielded preliminary bright-bone
images, but without optimal bone-air delineation. An intensity
histogram was generated and an intensity mask was selected to
remove the peak signal of air, generating the final pseudoCT
image and enabling generation of 3D volume-renderings at a
separate workstation (Fig 1).

Case Series
Fourteen patients (2months to 17 years of age) were successfully
imaged. The following examples demonstrate that ZTE was quali-
tatively comparable with CT for pre- and postoperative assess-
ment of bony abnormalities of the skull, face, and craniocervical
junction. The additional value of MR imaging was provided for
brain parenchymal and soft-tissue characterization in multiple
instances.

Patient 1 was a 3-month-old boy with left anterior plagioce-
phaly. CT and ZTE comparably demonstrated premature fusion
of the left coronal suture with associated calvarial flattening and
harlequin eye deformity. The remaining cranial sutures were con-
firmed to be patent (On-line Fig 2).

Patient 2 was a 7-month-old girl with Apert syndrome. CT
and ZTE both demonstrated multisuture craniosynostosis with
turribrachycephaly. Gyral remodeling of the inner table (“cop-
per beaten” appearance) was appreciated on both modalities
and reflective of increased intracranial pressure. Intracranial
malformations were more fully depicted on MR imaging
(On-line Fig 3).

Patient 3 was a 2-year-old girl with achondroplasia. CT and
ZTE both demonstrated the characteristic J-shaped sella and fora-
men magnum stenosis. Intracranial abnormalities were more
completely imaged onMR imaging (On-line Fig 4).

Patient 4 was a 6-year-old boy with Saethre-Chotzen syn-
drome. MR imaging was degraded by severe patient motion.
Nevertheless, CT and ZTE both demonstrated craniocervical seg-
mentation abnormality with anterior homeotic transformation
and basilar impression (On-line Fig 5).

Patient 5 was a 7-month-old boy with hydrocephalus post-
shunting with worsening posterior plagiocephaly. MR imaging
was performed at 1.5T for the patient’s MR imaging–compatible
Strata shunt (Medtronic, Minneapolis, Minnesota). CT and ZTE
both demonstrated the course of the shunt catheter. There was

secondary flattening of the right parietal calvaria subjacent to the
shunt valve, without synostosis. No appreciable difference in
diagnostic image quality was observed on the 1.5T scan. Brain
abnormalities were more completely characterized on MR imag-
ing than on CT (On-line Fig 6).

Patient 6 was a 15-month-old girl with Shprintzen-Goldberg
syndrome postshunting. MR imaging was performed at 1.5T for
the patient’s MR imaging–compatible Strata shunt. CT and ZTE
both imaged the entirety of the shunt catheter. Multiple cranio-
facial anomalies were imaged, including pancraniosynostosis,
severe turribrachycephaly, copper beaten skull, midface hypo-
plasia, exorbitism, and basilar impression. No appreciable dif-
ference in diagnostic image quality was observed on the 1.5T
scan. Intracranial malformations were better evaluated on MR
imaging than on CT (On-line Fig 7).

Patient 7 was a 7-month-old boy with atraumatic head defor-
mity. CT and ZTE revealed a Galassi type III arachnoid cyst with
associated calvarial remodeling and intracranial midline shift
(On-line Fig 8).

Patient 8 was a 1-year-old boy with a remote history of a fall
and worsening head deformity. CT and ZTE equivalently dem-
onstrated a leptomeningeal cyst or growing fracture of the
right parietal calvaria with underlying parenchymal encepha-
lomalacia. This presumably represented expansion of a remote
skull fracture with dural injury and chronic CSF pulsations
(On-line Fig 9).

Patient 9 was an 8-year-old boy with chronic epilepsy on anti-
convulsants. CT and ZTE equivalently demonstrated diffuse
hyperostosis with normal sutural, sinonasal, and temporal bone
anatomy for his age. Brain abnormalities were better depicted on
MR imaging (On-line Fig 10).

Patient 10 was a 2-month-old girl with breathing difficulties.
CT and ZTE both showed bilateral choanal stenosis with inward
bowing of the posterior nasal walls. Brain abnormalities were
more readily evaluated onMR imaging (On-line Fig 11).

Patient 11 was a 17-year-old girl with neurofibromatosis
type 1. MR imaging demonstrated orbitotemporal neurofibro-
matosis with left proptosis and transspatial plexiform neurofi-
broma. ZTE confirmed characteristic bone remodeling with
expansion of the left bony orbit and sphenoid wing dysplasia.
Soft-tissue findings were better depicted on MR imaging (On-
line Fig 12).

Patient 12 was an 11-year-old girl with right facial pain and
swelling. CT and ZTE both depicted erosion of the right ptery-
goid plate secondary to a right masticator space mass, biopsied as
alveolar rhabdomyosarcoma. Additional soft-tissue detail was
obtained using MR imaging (On-line Fig 13).

Patient 13 was a 6-year-old boy post-calvarial reconstruction
with a polyether etherketone implant. CT and ZTE comparably
showed the morphology of the cranioplasty and fixating hard-
ware, with minimal image artifacts (On-line Fig 14).

Patient 14 was a 9-year-old girl with facial trauma due to a
motor vehicle collision. Preoperative CT demonstrated a mildly
displaced left zygomaticomaxillary fracture. Following surgical
fixation, ZTE was performed and confirmed anatomic realign-
ment of fracture fragments by fixating hardware, with minimal
image artifacts (On-line Fig 15).
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DISCUSSION
Zero TE is the newest in a series of short-TE approaches, includ-
ing gradient-echo and ultrashort-echo techniques, that can suc-
cessfully image short-T2 structures including cortical bone,
meninges, cartilage, tendons, ligaments, calcium, airway, and
lungs.3-6 Additional intrinsic sequence properties include rapid
imaging times, silent scanning, high-resolution isotropic datasets,
and resistance to artifacts.7-9 The applicability of ZTE for bone
imaging has been successfully demonstrated in small clinical case
series and ex vivo studies of the cranial vault, face, jaw, and spine.12-
19 BecauseMR imaging already provides superior soft-tissue detail,
the addition of a ZTE bone sequence would enable highly efficient
and radiation-free evaluation in several pediatric neuroimaging,
head/neck imaging, and musculoskeletal imaging scenarios.
Inversion recovery techniques can also yield T1-weighted ZTE
images useful for assessing brain and spinal cord myelination, tu-
mor and pituitary imaging, vessels, and airway.22-24 Additional
potential applications include 3Dmodeling and printing,metal arti-
fact reduction, fetal imaging, PET/MRI attenuation correction, radi-
ation therapyplanning, and interventional guidance.25-29

The limitations to wider implementation of ZTE are multi-
factorial and include physician awareness, scanner and hard-
ware compatibility, vendor sequence availability, clinical
workflow, and image postprocessing and analysis. Currently,
there is a major knowledge gap regarding the diagnostic paral-
lels between ZTE and CT. Our preliminary data illustrate that
the 2 modalities provide qualitatively similar bone detail across
a wide variety of neuroimaging pathologies, without any cases
of diagnostic discordance. To definitively evaluate the clinical
utility of ZTE, we are currently conducting a well-powered and
controlled clinical trial to quantitatively evaluate the compara-
tive effectiveness of these 2 modalities. Our hypothesis is that
ZTE is equivalent to CT for neuroanatomic landmark visualiza-
tion across the life span, enables imaging diagnosis across a va-
riety of pathologies, and permits effective anatomic modeling
and interventional planning. In addition, we are investigating
improved techniques for pseudoCT and 3D reconstructions to
facilitate diagnosis. Current vendor-available automated algo-
rithms do not consistently correct for the variable intensities of
developing bone, cartilage, soft tissues, and airway secretions,
creating diagnostic challenges in the pediatric population. At
present, we are working on a semiautomated postprocessing
technique20 and investigating machine learning approaches to
generate improved pseudoCT images.29,30

CONCLUSIONS
ZTE is a promising technique for radiation-free bone imaging with
rapid, high-resolution, silent, and artifact-resistant properties.
Although larger studies will be needed, our preliminary experience
demonstrates the diagnostic utility and clinical applications of this
technique for radiation-free bone imaging.
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Global and Regional Changes in Cortical Development
Assessed by MRI in Fetuses with Isolated Nonsevere

Ventriculomegaly Correlate with Neonatal Neurobehavior
X N. Hahner, X O.M. Benkarim, X M. Aertsen, X M. Perez-Cruz, X G. Piella, X G. Sanroma, X N. Bargallo, X J. Deprest,

X M.A. Gonzalez Ballester, X E. Gratacos, and X E. Eixarch

ABSTRACT

BACKGROUND AND PURPOSE: Fetuses with isolated nonsevere ventriculomegaly (INSVM) are at risk of presenting neurodevelopmental
delay. However, the currently used clinical parameters are insufficient to select cases with high risk and determine whether subtle changes
in brain development are present and might be a risk factor. The aim of this study was to perform a comprehensive evaluation of cortical
development in INSVM by magnetic resonance (MR) imaging and assess its association with neonatal neurobehavior.

MATERIALS AND METHODS: Thirty-two INSVM fetuses and 29 healthy controls between 26 –28 weeks of gestation were evaluated using
MR imaging. We compared sulci and fissure depth, cortical maturation grading of specific areas and sulci and volumes of different brain
regions obtained from 3D brain reconstruction of cases and controls. Neonatal outcome was assessed by using the Neonatal Behavioral
Assessment Scale at a mean of 4 � 2 weeks after birth.

RESULTS: Fetuses with INSVM showed less profound and underdeveloped sulcation, including the Sylvian fissure (mean depth: controls
16.8 � 1.9 mm, versus INSVM 16.0 � 1.6 mm; P � .01), and reduced global cortical grading (mean score: controls 42.9 � 10.2 mm, versus
INSVM: 37.8 � 9.9 mm; P � .01). Fetuses with isolated nonsevere ventriculomegaly showed a mean global increase of gray matter volume
(controls, 276.8 � 46.0 �10 mm3, versus INSVM 277.5 � 49.3 �10 mm3, P � .01), but decreased mean cortical volume in the frontal lobe (left:
controls, 53.2 � 8.8 �10 mm3, versus INSVM 52.4 � 5.4 �10 mm3; P � � .01). Sulcal depth and brain volumes were significantly associated
with the Neonatal Behavioral Assessment Scale severity (P � .005, Nagelkerke R2 � 0.732).

CONCLUSIONS: INSVM fetuses showed differences in cortical development, including regions far from the lateral ventricles, that are
associated with neonatal neurobehavior. These results suggest the possible use of these parameters to identify cases at higher risk of
altered neurodevelopment.

ABBREVIATIONS: INSVM � isolated nonsevere ventriculomegaly; NBAS � Neonatal Behavioral Assessment Scale; VM � ventriculomegaly

Fetal ventriculomegaly (VM) is defined as an enlargement of 1

or both lateral ventricles of �10 mm measured by sonogra-

phy.1 VM is the most common brain anomaly, occurring in

around 1% of pregnancies.2 In the absence of additional abnor-

malities such as aneuploidy, malformation or infections, which

are found in approximately 50% of cases, VM is considered as
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isolated, and is, therefore, related to a good prognosis.3 However,

even cases with isolated mild VM have a higher risk of abnormal

neurodevelopment compared with the healthy population.3 In-

deed, about 11% of VM cases present neurobehavioral problems,

including motor4 and language dysfunction,5 cognitive delay,4,6

and psychiatric disorders.7-9 Ventricular width10 and progression

of the VM11 are predictive factors of adverse outcomes. Neverthe-

less, these parameters cannot discriminate cases that will present

neurodevelopmental impairment. Thus, early identification of

individuals at high risk of abnormal neurodevelopment is crucial

in order to ensure the implementation of early therapeutic

interventions.

There is some evidence demonstrating altered brain develop-

ment in VM in the prenatal and postnatal periods. Advanced

magnetic resonance (MR) imaging modalities have been used to

demonstrate global changes in brain structure such as altered

white matter microstructure in neonates12 and increased gray

matter volumes in fetuses,13 neonates,12 and children.14 Evalua-

tion of cortical development by advanced sonography has dem-

onstrated an inverse relation between calcarine and ventricular

size,15 with depth being an independent marker of later progres-

sion.15 Recently, underdeveloped cortical maturation has been

described in fetuses with isolated nonsevere VM (INSVM), in-

cluding the mesial area and the Sylvian fissure, which are regions

in which the effect of ventricular dilation is unlikely.16 Sonogra-

phy is the most commonly used imaging tool in fetal medicine;

however, it has important limitations in the evaluation of several

brain regions, such as the fetal skull shadow which impedes the

study of some cortical regions, especially the proximal hemi-

sphere. On the contrary, MR imaging allows complete visualiza-

tion of both hemispheres, and cortical maturation of the entire

brain can be assessed.

The objective of this study was to perform a comprehensive

assessment of cortical maturation by MR imaging, including sulci

depth, cortical grading, and volume, and to evaluate the associa-

tion with neonatal neurobehavior.

MATERIALS AND METHODS
Subjects
A prospective case-control study was performed in BCNatal

(Hospital Clínic and Hospital Sant Joan de Déu) in Barcelona

from 2014 to 2016. The Ethics Committee of our center approved

the study protocol (HCB/2014/0484), and all patients and healthy

volunteers gave written informed consent.

Nonsevere VM was defined as an atrial width between 10.0 and

14.9 mm at sonographic examination. Progression or regression

was defined as a change of lateral ventricular width �2 mm. Atrial

width was assessed by measuring the distance between the inner

border of both lateral walls at the height of the glomus and the

parieto-occipital sulcus in the axial transventricular plane.17 Ges-

tational age was dated using the first trimester crown rump length

measurement. All patients with an abnormal karyotype or mi-

croarray findings, infections, other structural abnormalities asso-

ciated with higher risk of abnormal neurodevelopment or ac-

quired ventriculomegaly were excluded. The control group was

made up of pregnant volunteers with healthy and normally grow-

ing fetuses of singleton pregnancies and were prospectively en-

rolled specifically for research proposes of this study.

MR Imaging Acquisition
MR imaging was performed at 26.0 to 28.6 gestational weeks. All

images were obtained with a 1.5T MR imaging (Magnetom Aera

syngo MR D13; Siemens, Erlangen, Germany) using an 8-channel

body coil without fetal sedation and following the American College

of Radiology guidelines for pregnancy and lactation.8 The acquisition

used for sulcal depth measurements and grading consisted in single-

shot, fast spin-echo T2-weighted sequence (TR � 1000 ms, TE � 137

ms, slice thickness � 3.5 mm, no gap, FOV � 300 � 225 mm, voxel

size � 1.17 � 1.17 � 3.5 mm, matrix � 256 � 192, flip angle � 135°,

acquisition time � 32 s) acquired in the 3 orthogonal planes of the

fetal head. For volumetric analyses, additional images of 4 axial, 2

coronal, and 2 sagittal single-shot fast spin-echo sequences (TR �

1500 ms, TE � 82 ms, slice thickness � 2.5 mm, no gap, voxel

size � 1.09 � 1.09 � 2.5 mm, FOV � 280 � 225 mm, matrix �

256 � 256 mm, flip angle � 121°, acquisition time � 47 s) were

obtained for later reconstruction. The sequences were repeated

when the attending fetal medicine specialist (N.H.) observed in-

sufficient image quality. All clinical images were reviewed by a

specialized radiologist (N.B.) to exclude any additional abnor-

mality of the central nervous system.

MR Imaging Analysis

Sulcal Depth. Sulcal measurement was performed off-line using

Analyze 9.0 software (AnalyzeDirect, Overland Park, Kansas) for

T2-weighted sequences with a 3.5-mm slice thickness. First, later-

ality was assessed by the fetus’s position in utero, and both hemi-

spheres were evaluated. Selection of anatomic planes for 2D mea-

surements was assessed according to sonography guidelines.17

Sulci were measured using previously described methodol-

ogy.18,19 The measurements were normalized by biparietal diam-

eter (BPD) and multiplied by 100. A midline was drawn for each

plane from the frontal towards the occipital skull projecting the

interhemispheric fissure in axial views, and from cranial to caudal

to highlight the fissure in coronal views. Sulcal and fissure depth

was obtained as previously reported18 by drawing a perpendicular

line from the midline toward the border of the specific sulcus as

shown in Fig 1A–D.

Cortical Grading. Cortical areas and sulci were graded according

to previously described methodology.20 The grading scheme

scores all main cortical areas (frontal, parietal, temporal, oc-

cipital, and mesial cortical area), sulci (parieto-occipital, supe-

rior temporal, central, calcarine, and cingulate sulci), and the

Sylvian fissure in a scale from 0 (no maturation) to 5 (maxi-

mum degree of maturation) (Fig 1E–L). Subsequently, the

scores of all the areas and sulci on each side were considered to

calculate the hemispheric and total brain grading scores.

Cortical Volumes. To perform volumetric analyses of the cortex,

the fetal brain was first located and extracted from the previously

mentioned image stacks using an automatic approach proposed

by Keraudren et al.21 Then, high-resolution 3D volume recon-

struction with a super-resolution of 0.75 � 0.75 � 0.75 mm was

obtained according to the method of Kuklisova-Murgasova et al.22
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Brain tissue was automatically segmented from these recon-

structed volumes into white matter, cortex, cerebrospinal fluid

(CSF), ventricles, cerebellum, and brainstem. This was done using

an ensemble method reported by Sanroma et al,23 which com-

bines 2 base approaches. All segmentations were further revised

and manually corrected if necessary by 2 experts (N.H. and E.E.).

Taking into account that volumetric analyses of the cortex

were the focus of the study, the cortex was parcellated into 16

regions along the cortical surface.24 Figure 2 and On-line Figure 1

show the steps from fetal head extraction to parcellation.

Neonatal Neurobehavior
Neonatal neurobehavior was assessed at a mean of 4 � 2 weeks

after birth using the Neonatal Behavioral Assessment Scale

(NBAS) developed by Brazelton and Nugent.25 This test evaluates

the capacity of neonates to interact with the environment and

provides information about brain maturation.26 The 2 observers

who performed the test were accredited by the Brazelton Institute

(Harvard Medical School, Boston, Massachusetts) and blinded to

the identification of cases and controls. The evaluation was made

in a small, quiet, semidark, warm room with at least 1 parent

present. The scale consists of 35 items, rated from 1 to 9 points,

and, are summarized into 6 clusters (habituation, motor system,

social-interactive, range of states, regulation of states, and auto-

nomic stability). Cluster scores were transformed into z scores

according to a standard population27 and were defined as abnor-

mal if the z score was below �1. The NBAS severity score was

defined as the number of abnormal NBAS clusters in each subject.

Statistical Analyses
Data analyses were performed using SPSS, Version 22.0 for Win-

dows (IBM, Armonk, New York). Normality was tested using the

Shapiro-Wilk test. The Student’s t test for independent samples

and the Pearson �2 test were used to compare quantitative and

qualitative data between those with INSVM and controls. For

quantitative variables, a general linear model was carried out, and

for categoric variables, ordinal regression was used. To correct for

head size, we adjusted sulcal depth by biparietal diameter and

volumetric analyses by supratentorial volume. Prenatal data were

additionally adjusted by sex and gestational age at MR imaging.

Neonatal neurobehavior data were adjusted for sex, breastfeed-

ing, socioeconomic status, gestational age at neonatal examina-

tion, and days of neonatal adaption. The association between pre-

natal parameters and the NBAS severity score was assessed by

ordinal regression.

To assess the reproducibility of cortical grading and sulcal depth

using MR imaging, a second observer (M.A.) blinded to the measure-

ments of the first observer applied the same methodolgy in 20 fetuses

using MeVisLab software (MeVis Medical Solutions, Bremen, Ger-

many). Complete MR imaging sequences of each fetus were given to

the second observer to select the appropriate images to measure. The

FIG 1. Assessment of sulcal depth and cortical grading. Sulcal depth: The bold white interhemispheric line is used as reference for all the
measurements and the thin white line shows the measurement of the sulcus of interest, including the insula and Sylvian fissure (dotted line) in
the axial transthalamic plane (A), parieto-occipital sulcus in the axial transventricular plane (B), cingulate sulcus in the coronal transthalamic view
(C), and the calcarine sulcus in the coronal transcerebellar plane (D). Cortical grading: Curved lines indicate the areas, and arrows point out the
sulci of interest. In the transthalamic plane frontal and temporal area (E), the Sylvian fissure and superior temporal sulcus were evaluated. In the
transventricular plane (F), the parieto-occipital sulcus and frontal area were assessed, and in the plane superior to it (G), the central sulcus and
frontal and parietal areas were assessed. The mesial area and cingulate sulcus were evaluated in the coronal transthalamic plane (H), and the
calcarine sulcus was assessed in the coronal transcerebellar plane (I). Scheme: grading scale for Sylvian fissure (J), cortical areas (K) and sulci (L) by
Pistorius et al.20
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interclass correlation coefficient was calculated using a 2-way ran-

dom effect model with absolute agreement.

RESULTS
Subjects
Thirty-three cases of nonsevere VM diagnosed before 28 weeks of

gestation were included in our cohort. In 1 case, microarray iden-

tified a 16p11.2 duplication is associated with a higher risk of

neurodevelopmental disorders and this case was excluded from

the cohort. All other fetuses with VM had normal karyotype (n �

17) or micro-array (n � 13) findings determined by amniocente-

sis. In 2 cases, parents refused to perform amniocentesis, and a

normal microarray findings were obtained in a genetic study us-

ing saliva sampling in the postnatal period. Infection was ex-

cluded by negative polymerase chain reaction findings in amni-

otic liquid in 30 cases and in the remaining ones by maternal

serologic screening. The control group included 32 healthy fetuses

with normal growth. Of these, 2 mothers finally could not attend

the MR imaging appointment, and 1 acquisition had to be ex-

cluded due to bad image quality, resulting in a final sample size of

32 fetuses with INSVM and 29 controls. The demographic char-

acteristics of the study groups are presented in Table 1.

MR Imaging Data
Sulcal depth measurement and cortical grading evaluation was

performed in 98.4% of examinations; only 1 control subject had

insufficient image quality and was not considered for final analy-

ses. 3D reconstructions and volumetric analyses were performed

in 78.7% of the fetuses.

Sulcal Depth. Table 2 shows the comparison of the measure-
ments of the INSVM fetuses and the controls. As expected, fetuses

with INSVM showed significantly less
profound parieto-occipital and calcar-
ine sulci in both hemispheres compared
with controls. In addition to these differ-
ences in sulci near the ventricles, those
with INSVM showed increased insula
depths in both hemispheres and a less
profound Sylvian fissures in the right
hemisphere. No significant differences
were found in the cingulate sulcus at this
gestational age.

When only bilateral cases were con-
sidered, differences were maintained
and changes in the Sylvian fissure mean
measurement were also observed in the
left hemisphere (left: controls, 16.7 �
1.6 mm, versus INSVM, 15.3 � 2.3 mm;
P � .02; right: controls, 16.8 � 1.9 mm,
versus INSVM, 15.5 � 2.0 mm; P � .06).

Cortical Grading. In general, fetuses with

INSVM had lower cortical grading scores

compared with the control group. Parie-

to-occipital and calcarine sulci showed de-

layed grading in both hemispheres (left

parieto-occipital sulcus grading, �3: con-

trols, 37.9%, versus INSVM, 15.2%, P �

.03; right: controls, 58.6%, versus INSVM, 30.6%; P � .02) (left cal-

carine sulcus grading, �4: controls, 55.1%, versus INSVM, 24.2%;

P �� .01; right: controls, 65.5%, versus INSVM, 27.3%; P �� .01).

Furthermore, significantly altered maturation in the left superior

temporal sulcus showed (grading, �2: controls, 55.2%, versus

INSVM, 27.7%; P � .04). In the subgroups of fetuses with bilateral

INSVM, we identified more marked differences compared with uni-

lateral cases, with significant delay in the right parietal (grading, �2:

controls, 65.5%, versus INSVM, 18.2%; P � .03) and occipital areas

(grading, �2: controls, 62.0%, versus INSVM, 9.1%; P � .2). Finally,

considering the sulcation pattern of the whole hemisphere, a signifi-

cant difference was observed in fetuses with INSVM on both the right

and left compared to the control group (Table 2).

Interobserver Agreement. Overall, cortical development assess-

ment showed a good interobserver reproducibility with an inter-

class correlation coefficient of 0.962 (95% CI, 0.950 – 0.971) for

depth measurements and 0.759 (95% CI, 0.717– 0.796) for corti-

cal grading.

Cortical Volumes. Volumetric analyses of 3D reconstructed MR

imaging showed, generally greater brain tissue volumes (supra-

tentorial, cortex, white matter, lateral ventricle), with significant

differences in cortical and ventricular volumes in the INSVM

group (Fig 3). Indeed, as shown in On-line Figure 2, ventricular

volume was positively correlated with brain tissue volumes. Re-

gional evaluation identified a significantly lower mean cortical

volume in both frontal lobes in the INSVM compared with the

control group (left: controls, 53.2 � 8.8 �10 mm3, versus

INSVM, 52.4 � 5.4 �10 mm3; P � � .01; right: controls, 52.8 �

9.5 �10 mm3, versus INSVM, 51.0 � 9.9 �10 mm3; P � � .01)

and greater volumes of the posterior part of the cingulate gyri in

FIG 2. Steps of fetal brain MR imaging reconstruction and tissue segmentation. Columns A and B,
The raw stacks, including the image obtained as a reference (Column A, axial, and Column B,
coronal) and the orthogonal views (note the low quality of these images). Column C, The 3
orthogonal planes of the final reconstruction. Column D, The segmentation into cortical gray
matter (green), white matter (blue), lateral ventricles (yellow), CSF outside the ventricles (red),
cerebellum (turquoise), and brain stem (purple).
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both hemispheres (left: controls, 1.5 � 0.2 �10 mm3, versus

INSVM, 1.7 � 0.4 �10 mm3; P � .01; right, 1.6 � 0.2 �10 mm3,

versus INSVM, 1.9 � 0.4 �10 mm3; P � .03). In addition, fetuses

with INSVM had a decreased mean volume in the anterior part of

the gyri parahippocampalis and ambiens of the left hemisphere

(controls, 3.4 � 0.5 �10 mm3 versus 3.3 � 0.5 �10 mm3; P �

.04). On-line Table 1 shows all the data collected in the regional

cortical volume analysis.

Neonatal Neurobehavior
The NBAS could be performed in only 24 fetuses with INSVM and

24 controls (75% and 82.8%, respectively) because parents could

not be contacted or refused to participate. Routine neonatal clin-

ical examination findings were normal

in all controls. The mean age at NBAS

did not significantly differ between the

two groups (controls, 44.5 � 2.1 post-

menstrual weeks, versus INSVM, 44.6 �

2.9 postmenstrual weeks; P � .94).

The habituation cluster was only

completed in 37.5% of cases (n � 9) and

was not considered for the analysis. Af-

ter we adjusted for confounding vari-

ables, no significant differences were

found between groups. A tendency of

weaker performance in the case group

was observed in the motor cluster (mean

z scores: controls, 0.74 � 0.71, versus

INSVM 0.32 � 0.86; P � .644) and the

range of state clusters (mean z scores:

controls, �0.19 � 1.54, versus INSVM

�0.32 � 1.41; P � .924), whereas

slightly higher values were observed in

the social-interactive cluster (mean z

scores: controls, 0.71 � 0.67, versus

INSVM 0.78 � 0.65; P � .091).

To explore the association between
prenatal parameters and neonatal neu-
robehavior, we performed ordinal re-
gression of the NBAS severity score (de-
pendent variable) with main clinical
data (study group, atrial diameter,
bilateral dilation), yielding a nonsignifi-
cant model (P � .768, �2 � 1.826,
Nagelkerke R2 � 0.032, df � 4). The ad-
dition of sulcal depth (insula, Sylvian fis-
sure, and parieto-occipital, calcarine,
and cingulate sulci) resulted in a nonsig-
nificant model (P � .115, �2 � 20.508,
Nagelkerke R2 � 0.308, df � 14) but in-
creased the explanation of variability be-
tween controls and cases from 2.6% to
38.9%. Finally, the addition of volumet-
ric cortical data (total supratentorial
volume (STV), total GM, left and right
frontal lobes, left and right posterior
part of the cingulate gyrus, left anterior

part of the gyri parahippocampalis and

ambiens), result in a statistically significant model (P � .005, �2 �

41.590, Nagelkerke R2 � 0.732, df � 21), showing a significant

association of prenatal cortical parameters with the severity of

abnormal neurobehavioral outcomes, providing significant addi-

tional information to the main clinical characteristics.

DISCUSSION
To the best of our knowledge, this is the first study to describe

global and regional differences in cortical development assessed

by MR imaging in fetuses with true INSVM and their correlation

with neonatal neurobehavior. These differences were not only

limited to regions adjacent to the lateral ventricles but also in-

Table 1: Clinical characteristics of the study groupsa

Controls
(n = 29)

INSVM
(n = 32) P

Maternal age (yr) 33.7 � 4.2 32.4 � 5.5 .32
Birth weight (g) 3414 � 517 3406 � 553 .96
Gestational age at birth (wk) 39.8 � 0.9 39.8 � 1.2 .81
Gestational age at MRI (wk) 27.7 � 0.9 27.7 � 0.9 .91
Lateral ventricular widtha 4.6 � 1.4 10.6 � 1.1 �.01b

Fetus sex .02d

Male 58.6% (17) 87.5% (28)
Female 41.4% (12) 12.5% (4)

Laterality of ventriculomegaly
Bilateral – 34.4% (11)
Unilateral left – 34.4% (11)
Unilateral right – 31.2% (10)

Evolution of lateral ventricular widthc

Regressive – 25% (8)
Stable – 75% (24)
Progressive – 0% (0)

Classification according to atrial width
Mild (10.0–11.9 mm) – 84.3% (27)
Moderate (12.0–13.9 mm) – 16.7% (5)

Note:— – indicates that these characteristics do not apply for the control group.
a Comparison of clinical characteristics between the control and case cohort. Results are expressed as means or
percentage and number of subjects as appropriate.
b Measurement of the more dilated lateral ventricle by ultrasound at diagnosis.
c Evolution of lateral ventricular width until term of pregnancy.
d Significant (�.05).

Table 2: Sulcal depth and grading scores of the study groupsa

Variable
Controls
(n = 29)

INSVM
(n = 32) P

Left hemisphere depths
Insula 29.4 � 1.5 29.7 � 1.8 .03b

Sylvian fissure 16.7 � 1.6 17.2 � 2.4 .15
Parieto-occipital sulcus 10.2 � 2.3 8.1 � 2.6 �.01b

Cingulate sulcus 3.8 � 1.3 4.3 � 2.5 .29
Calcarine sulcus 12.5 � 2.7 10.9 � 2.1 �.01b

Right hemisphere depths
Insula 29.6 � 1.4 29.7 � 1.7 .04b

Sylvian fissure 16.8 � 1.9 16.0 � 1.6 .01b

Parieto-occipital sulcus 11.1 � 2.4 9.0 � 2.8 �.01b

Cingulate sulcus 3.6 � 1.1 4.0 � 1.5 .33
Calcarine sulcus 13.5 � 2.2 11.8 � 4.8 �.02b

Sum of grading scores
Left hemisphere 21.1 � 5.3 18.2 � 5.1 .01b

Right hemisphere 21.8 � 5.1 19.6 � 5.3 .03b

Total cortex 42.9 � 10.2 37.8 � 9.9 .01b

a Comparison of sulcal depth measurements between the control and case cohort. Depth measurements (in millime-
ters) were normalized by BPD and multiplied by 100. Results are expressed as means. P values were adjusted by
gestational age at examination and sex.
b Values � .05.
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cluded the Sylvian fissure, cingulate gyrus, and the frontal, tem-

poral and occipital regions.

Our results are in line with previous data showing significant

differences in development of the parieto-occipital and calcarine

sulci15 and the Sylvian fissure and insula using sonography.16 It

should be noted that the Sylvian fissure and insula are involved in

speech and language processing and influence pathways of cogni-

tion and emotion,28,29 2 functions that have been described as

being altered in VM.4,6 Nevertheless, this study adds valuable in-

formation providing a comprehensive evaluation of global and

regional cortical development using different features of prenatal

MR imaging, including sulcal depth, grading, and cortical vol-

umes. Global cortical grading was significantly lower in INSVM in

both hemispheres, reflecting a general delayed brain development

in these fetuses. Additionally, changes in several regions were

found, which might explain neurodevelopmental problems pre-

sented by a subgroup of patients with INSVM. Among these re-

gions, fetuses with INSVM presented significantly underdevel-

oped temporal sulcation. Indeed, this region is a key structure in

language function and takes part in processing social cognition,

which plays a role in subtypes of autism.30 Most interesting, bilat-

eral cases presented widespread changes with delayed develop-

ment in parietal, temporal, and occipital areas, the Sylvian fissure,

and superior temporal sulci, which may reflect a more severe

condition.

Several studies in the pre- and postnatal periods have demon-

strated greater cortical volumes in mild fetal VM12-14 and our data

confirm these findings, with a significant increase in cortical gray

matter volume. It has been suggested that greater cortical volume

is related to increased surface area along the enlarged ventricular

wall, which may result in a larger number of progenitor neu-

rons,14 or be due to the lack of regular apoptosis in the developing

brain.13 Regional analysis showed that this enlargement was pres-

ent in most regions, reaching significance in the posterior part of

the cingulate gyrus and the anterior part of the gyri parahip-

pocampalis and ambiens. On the other hand, decreased cortical

volumes were found in the frontal lobe of both hemispheres. The

frontal lobe is composed of several cytoarchitectural subregions,

among them, the superior and medial frontal gyri, which are in-

volved in specific functions such as cognition-related processing

and are part of the default network, which is essential for normal

cognition and self-referential processing.31 Most interesting,

these frontal regions with reduced cortical volume are highly con-

nected to the cingulate cortex, showing greater volumes. We hy-

pothesize that these volumetric changes might reflect cytoarchi-

tectonic changes, which could imply changes in interaction and

functionality.

The prognosis for INSVM is considered good in around

90% of the cases.3 However, within this pooled risk, there is a

wide range of abnormal outcomes from 0%32 to 36%.33 We

failed to demonstrate statistically significant differences in

neonatal neurobehavior, but INSVM cases showed weaker per-

formance in the motor and range of state clusters. Nonetheless,

we found a significant association between cortical develop-

ment parameters and NBAS results, explaining more than 70%

of the variation in neurodevelopment in INSVM. Previous

data have demonstrated the correlation between cortical devel-

FIG 3. Brain tissue volumes in study groups. Cerebral tissue volumes including both hemispheres in INSVM (circles) and control (rhombuses)
cohorts. A, Supratentorial volumes. B, Volumes of the lateral ventricles. C, Cortical gray matter volumes. D, White matter volumes. Volume
measures are in cubic millimeters.
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opment and later a neurobehavior in fetuses with congenital

heart disease34 and fetal growth restriction.35

We acknowledge that this study has some limitations and

strengths that should be discussed. First, although MR imaging is

not affected by a fetal skull shadow, it has less spatial resolution

than high-frequency transvaginal sonography; making tissue bor-

ders slightly blurred and less clear compared with sonography,

this may have interfered in those sulci in the initial stage of devel-

opment, such as the cingulate sulci. This finding could also ex-

plain the lower interclass correlation coefficient we obtained for

the mesial area and cingulate sulcus and the absence of differences

in this region. Second, the use of automatic quantification for

cortical volumes could be influenced by segmentation of cortical

tissue. To overcome this, we reviewed all images and corrected

them manually if necessary. And finally, the lack of statistical dif-

ferences in neurodevelopmental tests between these 2 study

groups could be explained by the sample size and the fact that

INSVM is a nonhomogeneous population in which only part of

the group has abnormal neurodevelopment; therefore, differ-

ences between controls and fetuses with INSVM could be weaker.

Although in the neonatal stage many neurodevelopmental func-

tions can still not be assessed, several studies have highlighted

evidence that neonatal behavioral skills are linked to later neuro-

cognitive development.26

Considering strengths, this is the first study performing a

comprehensive assessment of cortical development in a well-

selected cohort of INSVM, including 3 different and comple-

mentary techniques to quantify cortical development by MR

imaging. The methodologies applied are able to identify subtle

changes that might not be detected in a standard clinical eval-

uation and, additionally, provide objective and quantitative

data that can be used to develop biomarkers. Moreover, the use

of MR imaging allows adequate visualization of both hemi-

spheres, which is commonly limited when performing sonog-

raphy. Finally, all cases included in this study were strictly

selected, ruling out the genetic anomalies and/or fetal infec-

tion, resulting in a unique cohort of true INSVM, preventing

the inclusion of conditions that could potentially involve brain

alterations and bias our results.

From a clinical point of view, the results of this study pro-

vide new data suggesting that detailed evaluation of cortical

development in INSVM could add predictive value to identify

the cases at higher risk of presenting altered neurodevelop-

ment. This finding is of great interest because in our cohort,

clinical prognostic markers, including ventricular width and

volume and their evolution, were not associated with neonatal

neurobehavior. In addition, evaluation of sulcal depth and

grading by MR imaging is feasible in clinical settings, and al-

though our results are far from achieving individual predic-

tion, they do provide seminal evidence to continue investigat-

ing the use of cortical parameters as imaging biomarkers.

CONCLUSIONS
This is a pioneering study that describes differences of cortical

development assessed by MR imaging in fetuses with INSVM that

are correlated with neonatal neurobehavior. These results provide

the opportunity to explore the utility of these parameters to iden-

tify cases of INSVM at higher risk of presenting altered neurode-

velopment and who could therefore, benefit from early interven-

tion. Further studies are needed to explore whether cortical

development is also correlated with neurodevelopment later in

life.

ACKNOWLEDGMENTS
We thank Magnetic Resonance Imaging Core Facility of the Insti-

tut d’Investigacions Biomediques August Pi i Sunyer for their

technical help.

Disclosures: Nadine Hahner—RELATED: Grant: Agéncia de Gestió d’Ajusts Universi-
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Diffusion-Weighted MR Imaging in a Prospective Cohort of
Children with Cerebral Malaria Offers Insights into

Pathophysiology and Prognosis
X S.M. Moghaddam, X G.L. Birbeck, X T.E. Taylor, X K.B. Seydel, X S.D. Kampondeni, and X M.J. Potchen

ABSTRACT

BACKGROUND AND PURPOSE: Validation of diffusion-weighted images obtained on 0.35T MR imaging in Malawi has facilitated mean-
ingful review of previously unreported findings in cerebral malaria. Malawian children with acute cerebral malaria demonstrated restricted
diffusion on brain MR imaging, including an unusual pattern of restriction isolated to the subcortical white matter. We describe the
patterns of diffusion restriction in cerebral malaria and further evaluate risk factors for and outcomes associated with an isolated
subcortical white matter diffusion restriction.

MATERIALS AND METHODS: Between 2009 and 2014, comatose Malawian children admitted to the hospital with cerebral malaria
underwent admission brain MR imaging. Imaging data were compiled via NeuroInterp, a RedCap data base. Clinical information obtained
included coma score, serum studies, and coma duration. Electroencephalograms were obtained between 2009 and 2011. Outcomes
captured included death, neurologic sequelae, or full recovery.

RESULTS: One hundred ninety-four/269 (72.1%) children with cerebral malaria demonstrated at least 1 area of diffusion restriction. The
most common pattern was bilateral subcortical white matter involvement (41.6%), followed by corpus callosum (37.5%), deep gray matter
(36.8%), cortical gray matter (17.8%), and posterior fossa (8.9%) involvement. Sixty-one (22.7%) demonstrated isolated subcortical white
matter diffusion restriction. These children had lower whole-blood lactate levels (OR, 0.9; 95% CI, 0.85– 0.98), were less likely to require
anticonvulsants (OR, 0.6; 95% CI, 0.30 – 0.98), had higher average electroencephalogram voltage (OR, 1.01; 95% CI, 1.00 –1.02), were less likely
to die (OR, 0.09; 95% CI, 0.01– 0.67), and were more likely to recover without neurologic sequelae (OR, 3.7; 95% CI, 1.5–9.1).

CONCLUSIONS: Restricted diffusion is common in pediatric cerebral malaria. Isolated subcortical white matter diffusion restriction is a
unique imaging pattern associated with less severe disease and a good prognosis for full recovery. The underlying pathophysiology may be
related to selective white matter vulnerability.

ABBREVIATIONS: CM � cerebral malaria; IWMDR � isolated subcortical white matter diffusion restriction; EEG � electroencephalogram

Malaria remains a common burdensome disease with 219

million new infections and 435,000 deaths in 2017.1 Pedi-

atric cerebral malaria (CM), the most severe form of the disease,

maintains a fatality rate of 15%–25% with long-term neurologic

disability in 35%– 45% of survivors despite treatment with anti-

malarials that clear parasitemia within hours.2 Postmortem stud-

ies have shown that CM has diverse pathologic findings, high-

lighting the complex nature of the host/parasite interaction.3,4

MR imaging studies have shown a wide range of findings,5 further

underscoring the complex nature of this disease. Past use of im-

aging has helped illuminate pathophysiologic mechanisms driv-

ing morbidity and mortality of CM, showing that brain swelling

on initial MR imaging predicts death6 and demonstrating regions

of focal brain atrophy on CT in survivors with epilepsy that cor-

respond to the epileptic foci.7

Our group has previously reported the various patterns of MR

imaging findings in CM and discussed their implications in terms
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of the underlying pathophysiologic processes involved in CM.5,6,8

The most commonly observed patterns of structural abnormality

on CM brain MR imaging include diffuse brain swelling and dis-

tinct patterns of abnormalities on T2 in the basal ganglia, cerebral

cortex, and white matter.5 The initial reports did not include DWI

findings due to limitations of the 0.35T technology in our Malawi-

based study site. Through additional sequence acquisition and

postprocessing, we have now validated the DWI data from the

Malawi MR imaging.9 Therefore, this report details the DWI find-

ings in this large cohort of children with pediatric CM.

DWI is a mainstay of neurologic imaging and should offer

important insights into diseases in resource-limited tropical set-

tings that are only now benefiting from access to advanced imag-

ing technology. DWI signal changes reflect edematous changes in

the brain parenchyma from cytotoxic edema. One mechanism of

cytotoxic edema is transsynaptic injury, which is thought to be

caused by excitotoxic amines released through a number of

pathophysiologic mechanisms.10 Receptors associated with exci-

totoxic mechanisms are distributed throughout the brain, in both

gray and white matter.11 Resultant DWI changes from this mech-

anism occur in astrocytes, oligodendrocytes, the myelin sheath,

and axons, leading to intramyelinic cytotoxic edema. Low ADC

values are generally thought to represent areas of cell death. How-

ever, cytotoxic edema is a premorbid state, and in some circum-

stances, reversibility is possible.12 This is exemplified by recent

work in stroke imaging, which has found, with great accuracy,

differences in ADC values between infarcted white matter and

penumbra with a reversible potential after tissue plasminogen ac-

tivator administration.13

Diffusion-weighted sequences are commonly used to evaluate

ischemic stroke and neoplasms. However, diffusion restriction is

seen in a number of other conditions and provides insight into

their pathophysiology. These conditions include hypoxic-isch-

emic encephalopathy,14 diffuse axonal injury,15 and toxic16 or

metabolic17 leukoencephalopathy. Diffusion restriction revers-

ibility has been described in several conditions—most commonly

involving the white matter. Examples of conditions in which there

can be reversible white matter–restricted diffusion include demy-

elinating disease,18 heroin-induced encephalopathy,19 postictal

state,20 hypoglycemia,21 and vigabatrin-associated vacuolar

myelinopathy.22

Among children admitted to the pediatric research ward with

CM in Blantyre during several years, we observed various patterns

of diffusion restriction, including the unusual finding of isolated

subcortical white matter diffusion restriction (IWMDR) in a sub-

stantial minority (22.7%) of children with CM. Given the unique

nature of this pattern of diffusion restriction and the limitations

in our present understanding of coma etiology in children with

CM, in addition to descriptively reporting the DWI findings from

the pediatric CM cohort, we further evaluated risk factors for and

outcomes associated with white matter–restricted diffusion in pe-

diatric CM.

MATERIALS AND METHODS
Children admitted to the pediatric research ward of Queen Eliza-

beth Central Hospital between 2009 and 2014 who met the World

Health Organization definition of CM and demonstrated malarial

retinopathy23,24 were eligible for inclusion in the study. When

possible, initial imaging was performed within 12 hours of admis-

sion. Children who died or regained consciousness before imag-

ing could be performed and those whose parents did not consent

to enrollment in the study were excluded. Standard clinical care

including emergent antimalarial treatment was provided accord-

ing to ward protocols in all cases.25

The appropriate local and United States research ethics com-

mittees approved this work. Demographic, clinical, electroen-

cephalogram (EEG), and imaging data were prospectively col-

lected. Clinical variables included temperature, Blantyre coma

scale score6 at admission, platelet count, whole-blood lactate

level, white blood cell and glucose levels, systolic blood pressure,

HIV status, seizures before admission, histidine-rich protein

levels—a marker of parasite burden,26 the presence/absence of

clinical seizures, and overall coma duration. Coma duration was

imputed for those who died to be 2 SDs above the mean coma

duration in the survivors. Outcomes captured included death,

neurologic sequelae at discharge, or intact survival. Admission

EEGs were obtained between 2009 and 2011.6 EEG characteristics

included average and maximal voltage, dominant rhythm fre-

quency, sleep architecture, variability, reactivity, presence and lo-

cation of slowing, and presence of asymmetry.

Two fellowship-trained radiologists, one trained in MR imag-

ing with 13 years of experience and the other trained in neurora-

diology with 16 years of experience, blinded to patient outcomes

interpreted all MR imaging. Data were compiled into a searchable

RedCap data base developed for this project called “NeuroInt-

erp.”27 Among imaging data collected were the presence or ab-

sence of DWI findings in various anatomic locations. DWI se-

quences were acquired via standard protocol, previously validated

on this 0.35T Signa Ovation Excite MR imaging scanner (GE

Healthcare, Milwaukee, Wisconsin).9 Abnormal findings on DWI

were described as being present versus absent; if findings were

present, we indicated the predominant location involved, includ-

ing involvement of the subcortical white matter, cortical gray

matter, globus pallidus, putamen, caudate, corpus callosum,

and/or posterior fossa. The radiologists provided independent in-

terpretations with discrepancies addressed by consensus review.

A case definition of IWMDR was developed using Neuro-

Interp-derived data. Cases included those that demonstrated sub-

cortical diffusion restriction, excluding those with concurrent

basal ganglia and cortical diffusion restriction.28 Of note, occa-

sional abnormal findings on DWI were also seen in the corpus

callosum and posterior fossa in this subgroup.

Statistical analysis was conducted using Epi Info, Version 7.2

(https://www.cdc.gov/epiinfo/index.html). Statistical associa-

tions for categoric clinical, and outcome variables were deter-

mined using Pearson �2 tests. Statistical differences in continuous

variables were determined using Student t and ANOVA tests.

Univariate logistic regression models were used to estimate rele-

vant correlation coefficients, which are reported as odds ratios. A

P value � .05 was considered significant.

RESULTS
A total of 269 consecutive pediatric patients with CM meeting the

inclusion criteria were imaged on the 0.35T Signa Ovation Excite
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MR imaging scanner between 2009 and 2014. The mean age was

51.4 months. One hundred ninety-four/269 (72.1%) demon-

strated at least 1 area of diffusion restriction. Patterns of gray

matter involvement included the cortex in 48/269 (17.8%) and

the basal ganglia in 99/269 (36.8%) children. Basal ganglia in-

volvement was most commonly seen in the globus pallidus (71/

269, 26.4%). White matter involvement was predominantly bilat-

eral and subcortical (112/269, 41.6%) and/or corpus callosal (101/

269, 37.5%). Diffusion restriction was

less commonly observed in the posterior

fossa (24/269, 8.9%) (Fig 1).

Sixty-one (22.7%) children with CM

demonstrated the unusual pattern of

IWMDR (Fig 2). IWMDR occurred ex-

clusively in the subcortical regions with

no periventricular involvement. Chil-

dren with IWMDR had significantly

lower whole-blood lactate levels (mean,

5.4 versus 6.9 mmol/L; OR, 0.9; 95% CI

0.85– 0.98). They were also less likely to

require anticonvulsant medication on

admission and have clinical seizures

(57% versus 71%; OR, 0.6; 95% CI,

0.30 – 0.98). There was no significant

difference between the groups in terms

of admission temperature and Blantyre

coma scale score, platelet count, white

blood cell count, serum glucose levels,

systolic blood pressure, HIV status, sei-

zures before admission, and histidine-

rich protein levels.

A total of 155/269 children had ad-

mission EEGs, of which 36 (23%) dem-

onstrated IWMDR. The average EEG

voltage was significantly higher in the

IWMDR group (128.9 versus 104.5 �V; OR, 1.01; 95% CI, 1.00 –

1.02). Higher average voltage was associated with survival in
prior studies on Malawian children with CM6,29 and in a

pooled Malawian and Ugandan CM population.29

Although additional EEG variables did not reach statistical

significance, likely due to the small sample size30 with IWMDR,

there were additional EEG trends within this group that previ-

ously conferred favorable outcomes.29 These include a higher

FIG 1. Patterns of diffusion restriction on admission MR imaging in children with retinopathy-positive cerebral malaria. Numbers in each
category are reported as No. (%). Examples of each observed pattern are illustrated with accompanying description.

FIG 2. IWMDR on initial brain MR imaging in children with cerebral malaria. A–C, Axial diffusion-
weighted images in 3 different comatose children with acute cerebral malaria. There are conflu-
ent regions of diffusion restriction in the subcortical white matter without involvement of the
cortex or deep gray matter. D–F, Axial DWI in a different patient demonstrates a similar pattern
of white matter hyperintensity on diffusion-weighted images, with corresponding hypointensity
on ADC maps, consistent with true diffusion restriction. Axial T2-weighted image demonstrates
subtle regions of corresponding T2 hyperintensity.
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maximum EEG voltage (251.1 versus 219.4 �V) and more likeli-

hood of demonstrating retained reactivity (58.8% versus 40.5%)

and nonfocal slowing (97.2% versus 90.5%). There were no dif-

ferences in dominant rhythm frequency, presence of sleep archi-

tecture, variability, or asymmetry.

In terms of outcomes, IWMDR was associated with a shorter

period of coma and improved outcome at discharge. Only one

(1.6%) of those with IWMDR died versus 33 (15.9%) of those

without the finding (OR, 0.09; 95% CI, 0.01– 0.67). Of those who

survived, 55 (90%) fully recovered without evidence of neurologic

sequelae at discharge (90% versus 71%; OR, 3.7; 95% CI 1.5–9.1)

(Table 1).

DISCUSSION
In the largest series of pediatric cases of CM imaged to date, re-

stricted diffusion was frequently seen, and the finding of isolated

restricted diffusion of the subcortical white matter, an MR imag-

ing finding not often seen with other conditions, was remarkably

common and was associated with less severe disease clinically and

better outcomes. White matter diffusion restriction was associ-

ated with lower lactate levels and a lower odds of clinical sei-

zure—2 established predictors of disease severity supporting

these patients having a less severe disease state.31 The preceding

finding may underscore the concept of “selective vulnerability,”

wherein white matter–restricted diffusion changes can be seen

without cortical or deep gray matter involvement because the

white matter is more susceptible to various transient deleterious

physiologic changes.14 In cases of CM coma with good outcome,

isolated white matter dysfunction related to selective and revers-

ible white matter vulnerability may explain the previously inex-

plicable nature of this rapidly reversible coma.

Although uncommon in other settings, isolated white matter

transient restricted diffusion has been described in several other

disease states (Table 2). Acute toxic leukoencephalopathy, which

occurs as a result of various drug or environmental exposures,

shows symmetric areas of T2 hyperintensity in the periventricular

white matter, often with associated diffusion restriction, and the

findings are frequently reversible if toxic exposure is removed and

follow-up imaging is performed.16,32 Acute toxic leukoencepha-

lopathy–associated isolated white matter–restricted diffusion is

thought to arise from intramyelinic cytotoxic edema and resul-

tant myelin vacuolization, capillary endothelial injury inducing

cytotoxicity, and/or direct toxic demyelination.16 Endothelial in-

jury is a central pathophysiologic mechanism in CM. A substan-

tial number of children in our cohort (61/269, 22.7%) demon-

strated diffuse subcortical white matter involvement, similar to

the typical appearance of acute toxic leukoencephalopathy

though with a distribution in the subcortical regions. A recent

large-scale study of Malawian children with CM found extensive

alterations in blood metabolites during CM compared with levels

during convalescence,33 implicating circulating metabolites pos-

sibly playing some role in the overall pathogenesis.

Reversible diffusion restriction is also described in acute severe

hypoglycemia, in which restricted diffusion most commonly in-

volves the internal capsule, centrum semiovale, and cerebral cor-

tex and is commonly reversible with appropriate timely treat-

ment.21,30,34,35 In hypoglycemia, the pathophysiology of diffusion

Table 1: Clinical characteristics and outcomes associated with IWMDR in children with cerebral malariaa

IWMDR+ IWMDR− OR 95% CI P Value
Clinical characteristics

Admission temperature (°C) 38.9 � 1.1 38.8 � 1.2 1.11 0.87–1.42 .40
Plasma lactic acid levels (mmol/L) 5.4 � 3.6 6.9 � 4.5 0.91 0.85–0.98 .02
Systolic blood pressure (mm Hg) 41.2 � 214.7 74.9 � 137.6 1.00 0.99–1.00 .14
HIV status 5 (9.6%) 32 (16.3%) 0.55 0.20–1.48 .23
Reported preadmission seizure 53 (89.8%) 171 (83.0%) 1.80 0.72–4.52 .21
Plasma glucose level (mmol/L) 6.4 � 2.1 6.7 � 3.6 0.97 0.89–1.06 .49
Plasma HRP-II levels 10.2 � 10.2 10.8 � 10.1 0.99 0.96–1.02 .67
Received anticonvulsant at admission 35 (57.4%) 148 (71.2%) 0.55 0.30–0.98 .04

Admission Blantyre coma scale score 1.4 � 0.6 1.3 � 0.6 1.44 0.90–2.31 .13
Admission white blood cell count � 10�9/L 10.5 � 7.9 11.3 � 7.9 0.98 0.95–1.03 .51
Platelet count � 10�9/L 56 � 60 59 � 64 1.00 1.00–1.00 .81
EEG characteristics

Average voltage (�V) 128.9 � 50.7 104.5 � 53.5 1.01 1.00–1.02 .02
Maximum voltage (�V) 251.1 � 75.8 219.4 � 88.5 1.00 0.99–1.01 .06
Sleep architecture 20 (55.6%) 66 (55.5%) 1.00 0.47–2.13 .99
Dominant rhythm frequency (Hz) 2.3 � 0.9 2.4 � 1.7 NA NA .56
Variability 24 (66.7%) 69 (58.0%) 1.45 0.66–3.17 .35
Reactivity 20 (58.8%) 45 (40.5%) 2.10 0.96–4.58 .06
General slowing 35 (97.2%) 105 (90.5%) 3.67 0.46–29.4 .22
Paradoxic reactivity 10 (50%) 17 (37.0%) 1.70 0.59–4.93 .32
Asymmetry 7 (19.4%) 34 (28.8%) 0.60 0.24–1.49 .27

Outcomes
Overall coma duration (hrs) 47.5 � 25.3 74.8 � 43.9 0.98 0.97–0.99 �.001
Full recovery 55 (90.2%) 148 (71.2%) 3.70 1.50–9.10 .004
Survival with sequelae 5 (8.2%) 27 (13.0%) 0.60 0.22–1.63 .32
Death 1 (1.6%) 33 (15.9%) 0.09 0.01–0.67 .02

Note:—HRP-II indicates histidine-rich protein, a marker of parasite burden; IWMDR�, subjects with purely subcortical white matter abnormalities, excluding those with cortical
DWI abnormalities and those with basal ganglia DWI abnormalities; IWMDR�, those who did not meet criteria for IWMDR�; NA, not applicable.
a Values are No. (%) or means.
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restriction is not definitively understood but is thought to be re-

lated to transmembrane pump energy failure leading to cytotoxic

edema and/or excitatory edema. The latter is thought to be re-

sponsible for those with predominantly white matter involve-

ment, whose outcomes tend to be more favorable. Our study also

showed this finding to be related to favorable CM outcomes with

a fatality rate of 0.7% versus 12.6% in the sample overall. Al-

though systemic hypoglycemia is rapidly addressed on admission

and would not have been present at the time of imaging, focal

metabolic energy failure due to vascular sludging, hyperpyrexia,

seizures, and other drivers of high-energy demand ubiquitous in

CM could be anticipated and could be reversible with optimal

care. Glutamate levels are significantly lower during the acute

phase of pediatric CM,33 supporting the supposition that energy

failure could play a role in diffusion restriction.

Hyperthermia has been shown to increase the excitatory

amino acids glutamate and aspartate as well as inhibitory amino

acids gamma-aminobutyric acid and glycine in the brain. Signif-

icant reduction in cerebral blood flow, edema formation, and cell

injuries is evident.36 While we did not find a direct relationship

between white matter DWI changes and temperature, the temper-

ature at the time of the MR imaging was not specifically noted and

markedly elevated temperatures of �39°C during the acute phase

are a hallmark of this disease. Therefore, the absence of an asso-

ciation may be related to the temporal nature of our data collec-

tion. These changes lead to excitatory edema rather than frank

cytotoxic edema. Review of postmortem specimens from prior

studies on Malawian children with cerebral malaria has failed to

demonstrate intramyelinic edema,4 and an excitatory edema state

is more likely present, which could lead to findings of restricted

diffusion. The presence of excitatory edema would also help ex-

plain another unusual finding in cerebral malaria, in which there

is an acute onset of coma, which generally resolves with a short

duration.

Mechanisms involved in early cytotoxic edema in infarct pen-

umbra12,13 are also of particular interest in CM. The current un-

derstanding of the pathophysiology of CM predominantly in-

volves the presence of microvascular sequestration. Postmortem

studies have demonstrated the presence of sequestration within

the postcapillary venules of the brain.25 Cerebral white matter is

highly vulnerable to the effects of focal ischemia. Pathologic

changes in oligodendrocytes and myelinated axons appear early

and seem to be concomitant with, but independent of, neuronal

perikaryal injury.37 Microvascular occlusion may lead to venous

congestion and regional hypoperfusion, with the downstream se-

quelae of excitatory edema in underperfused regions of the brain.

This phenomenon could be transient if the patient is treated be-

fore progression to cell death occurs.

CONCLUSIONS
Isolated restricted white matter diffusion is common in pediatric

CM and is associated with less severe disease and better outcomes

compared with patients who do not demonstrate this finding. The

underlying pathophysiology of this finding is not thoroughly un-

derstood and may result from the selective vulnerability of white

matter to several potentially reversible deleterious pathophysio-

logic changes that occur in patients with CM. IWMDR may rep-

resent a marker for a better prognosis. In CM, low ADC values

occur in the absence of cytotoxic edema. Other etiologies for fluid

redistribution resulting in restricted water motion, such as excit-

atory edema, should be considered.

Disclosures: Gretchen L. Birbeck—UNRELATED: Board Membership: Fogarty Inter-
national Center Advisory Board and the American Neurological Association; Consul-
tancy: GlaxoSmithKline, Comments: related to neuropsychiatric effects of antima-
larial drugs; Grants/Grants Pending: National Institutes of Health. Karl B. Seydel—
UNRELATED: Employment: Blantyre Malaria Project. Michael J. Potchen—RELATED:
Grant: National Institutes of Health*; UNRELATED: Expert Testimony: expert witness
in medical legal cases; Grants/Grants Pending: National Institutes of Health and
Radiological Society of North America.* Terrie E. Taylor—RELATED: Grant: National
Institutes of Health*; UNRELATED: Board Membership: Novartis Institute for Trop-
ical Diseases; Employment: Michigan State University*; Grants/Grants Pending: Na-
tional Institutes of Health*; Payment for Lectures Including Service on Speakers
Bureaus: Novartis Institute for Tropical Diseases. *Money paid to the institution.

REFERENCES
1. World Health Organization. World malaria report 2018. License: CC

BY-NC-SA 3.0 IGO. https://www.who.int/malaria/publications/
world_malaria_report/en/. Accessed April 10, 2019

2. Lopera-Mesa TM, Doumbia S, Chiang S, et al. Plasmodium falci-
parum clearance rates in response to artesunate in Malian children
with malaria: effect of acquired immunity. J Infect Dis 2013;207:
1655– 63 CrossRef Medline

Table 2: Conditions with reversible/transient white matter diffusion restriction and their pathophysiology
Condition Proposed Pathophysiology Relevance to Cerebral Malaria

Acute toxic
leukoencephalopathy

Intramyelinic edema, myelin vacuolization Endothelial injury is a pathophysiologic mechanism in CM38

Capillary endothelial injury
Direct toxic demyelination16

Hypoglycemia Energy failure leading to excitatory edema21 Hypoglycemia is a frequent complication in
children with severe falciform malaria39;
local/focal hypoglycemia may occur due to
sludging even in the absence of
systemic hypoglycemia

Peri-/postictal state Increased metabolic demand leading to energy
failure and resultant cytotoxic and
vasogenic edema40

Seizures, often recurrent, are a frequent manifestation of CM
and associated with worse outcome29

Penumbra of ischemic
infarct

Early white matter ischemic injury with axonal
swelling and intramyelinic edema13

Sequestration in postcapillary venules of the brain
and venous congestion are central to
CM pathogenesis25

Demyelination Immune-mediated perivenular
inflammation and demyelination41

Vascular inflammatory markers are associated with CM,
and perivenular inflammation is thought to contribute
to CM pathogenesis38

AJNR Am J Neuroradiol 40:1575– 80 Sep 2019 www.ajnr.org 1579

https://www.who.int/malaria/publications/world_malaria_report/en/
https://www.who.int/malaria/publications/world_malaria_report/en/
http://dx.doi.org/10.1093/infdis/jit082
http://www.ncbi.nlm.nih.gov/pubmed/23448727


3. Milner DA Jr. Rethinking cerebral malaria pathology. Curr Opin
Infect Dis 2010;23:456 – 63 CrossRef Medline

4. Dorovini-Zis K, Schmidt K, Huynh H, et al. The neuropathology of
fatal cerebral malaria in Malawian children. Am J Pathol 2011;178:
2146 –58 CrossRef Medline

5. Potchen MJ, Kampondeni SD, Seydel KB, et al. Acute brain MRI
findings in 120 Malawian children with cerebral malaria: new in-
sights into an ancient disease. AJNR Am J Neuroradiol 2012;33:
1740 – 46 CrossRef Medline

6. Seydel KB, Kampondeni SD, Valim C, et al. Brain swelling and death
in children with cerebral malaria. N Engl J Med 2015;372:1126 –37
CrossRef Medline

7. Kampondeni SD, Potchen MJ, Beare NA, et al. MRI findings in a
cohort of brain injured survivors of pediatric cerebral malaria.
Am J Trop Med Hyg 2013;88:542– 46 CrossRef Medline

8. Postels DG, Li C, Birbeck GL, et al. Brain MRI of children with reti-
nopathy-negative cerebral malaria. Am J Trop Med Hyg 2014;91:
943– 49 CrossRef Medline

9. Zhuang Y, Potchen MJ, Kampondeni SD, et al. Validation of diffu-
sion measurements obtained on a 0.35T MR in Malawi: important
insights for radiologists in low income settings with low field MRI.
Magn Reson Imaging 2018;45:120 –28 CrossRef Medline

10. Moritani T, Smoker WR, Sato Y, et al. Diffusion-weighted imaging
of acute excitotoxic brain injury. AJNR Am J Neuroradiol 2005;26:
216 –28 Medline

11. Hassel B, Boldingh KA, Narvesen C, et al. Glutamate transport, glu-
tamine synthetase and phosphate-activated glutaminase in rat CNS
white matter: a quantitative study. J Neurochem 2003;87:230 –37
CrossRef Medline

12. Liang D, Bhatta S, Gerzanich V, et al. Cytotoxic edema: mechanisms
of pathological cell swelling. Neurosurg Focus 2007;22:E2 Medline

13. Sato A, Shimizu Y, Koyama J, et al. A new threshold of apparent
diffusion coefficient values in white matter after successful tissue
plasminogen activator treatment for acute brain ischemia. J Neuro-
radiol 2017;44:223–26 CrossRef Medline

14. Chalela JA, Wolf RL, Maldjian JA, et al. MRI identification of early
white matter injury in anoxic-ischemic encephalopathy. Neurology
2001;56:481– 85 CrossRef Medline

15. Zheng WB, Liu GR, Li LP, et al. Prediction of recovery from a post-
traumatic coma state by diffusion-weighted imaging (DWI) in pa-
tients with diffuse axonal injury. Neuroradiology 2007;49:271–79
CrossRef Medline

16. McKinney AM, Kieffer SA, Paylor RT, et al. Acute toxic
leukoencephalopathy: potential for reversibility clinically and on
MRI with diffusion-weighted and FLAIR imaging. AJR Am J Roent-
genol 2009;193:192–206 CrossRef Medline

17. Maheen Anwar SS, Mubarak F, Sajjad Z, et al. 5-FU induced acute
toxic leukoencephalopathy: early recognition and reversibility on
DWI-MRI. J Coll Physicians Surg Pak 2014;24(Suppl 1):S8 –10
CrossRef Medline

18. Koelman DL, Benkeser DC, Klein JP, et al. Acute disseminated
encephalomyelitis: prognostic value of early follow-up brain MRI.
J Neurol 2017;264:1754 – 62 CrossRef Medline

19. Barnett MH, Miller LA, Reddel SW, et al. Reversible delayed leuko-
encephalopathy following intravenous heroin overdose. J Clin Neu-
rosci 2001;8:165– 67 CrossRef Medline

20. Cianfoni A, Caulo M, Cerase A, et al. Seizure-induced brain lesions:
a wide spectrum of variably reversible MRI abnormalities. Eur J
Radiol 2013;82:1964 –72 CrossRef Medline

21. Kang EG, Jeon SJ, Choi SS, et al. Diffusion MR imaging of hypogly-
cemic encephalopathy. AJNR Am J Neuroradiol 2010;31:559 – 64
CrossRef Medline

22. Pearl PL, Vezina LG, Saneto RP, et al. Cerebral MRI abnormalities
associated with vigabatrin therapy. Epilepsia 2009;50:184 –94
CrossRef Medline

23. Newton CR, Chokwe T, Schellenberg JA, et al. Coma scales for chil-
dren with severe falciparum malaria. Trans R Soc Trop Med Hyg
1997;91:161– 65 CrossRef Medline

24. Molyneux ME, Taylor TE, Wirima JJ, et al. Clinical features and
prognostic indicators in paediatric cerebral malaria: a study of 131
comatose Malawian children. Q J Med 1989;71:441–59 Medline

25. Taylor TE, Molyneux ME. The pathogenesis of pediatric cerebral
malaria: eye exams, autopsies, and neuroimaging. Ann N Y Acad Sci
2015;1342:44 –52 CrossRef Medline

26. Dondorp AM, Desakorn V, Pongtavornpinyo W, et al. Estimation of
the total parasite biomass in acute falciparum malaria from plasma
PfHRP2. PLoS Med 2005;2:e204 CrossRef Medline

27. Potchen MJ, Kampondeni SD, Ibrahim K, et al. NeuroInterp: a
method for facilitating neuroimaging research on cerebral malaria.
Neurology 2013;81:585– 88 CrossRef Medline
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Optimizing the Detection of Subtle Insular Lesions on MRI
When Insular Epilepsy Is Suspected

X J. Blustajn, X S. Krystal, X D. Taussig, X S. Ferrand-Sorbets, X G. Dorfmüller, and X M. Fohlen

ABSTRACT
SUMMARY: Insular epilepsy is underdiagnosed and accounts for a number of failed operations. Identifying insular target lesions on MR
imaging can help guide intracranial electroencephalography and improve the outcome of surgery. In this study, we present a novel method
of exploring the insular region for subtle lesions on 3D MR imaging by MPR postprocessing of slices in oblique reference planes. Using this
method, we retrospectively reviewed presurgical MRIs that were initially considered to have normal findings in 7 pediatric patients with
intractable insular epilepsy. Insular epilepsy was confirmed in these patients on stereo-electroencephalography and histopathology. The
MPR postprocessing method we describe helped detect subtle insular lesions in all 7 patients.

ABBREVIATIONS: FCD � focal cortical dysplasia; SEEG � stereo-electroencephalography

Refractory epilepsy of the insula is one of the most challenging

forms of epilepsy to diagnose and treat for a number of rea-

sons. Due to the position of the insula situated at the crossroads of

several lobes, the clinical semiology of insular seizures often ori-

ents toward a frontal, parietal, or temporal lobe origin.1 Further-

more, because the insula is covered by the opercular folds, its

electrical activity is partly shielded from scalp electroencephalog-

raphy. Several authors have shown that the ictal discharge in in-

sular seizures could mimic frontal, temporal, central, or parietal

seizure-onset zones, misleading the diagnosis.1-3

When insular epilepsy is suspected, stereo-electroencephalog-

raphy (SEEG) is often required to accurately locate the ictal onset

zone.1,4 The proper positioning of these intracranial electrodes

depends on the ability of MR imaging to define a target lesion.

When MR imaging is unable to define a lesion, the chances of a

successful operation are significantly reduced.

Because the insula covers a small surface area of the brain and

its cortex forms discrete gyri oriented in an oblique sagittal plane,

it may be difficult to identify its architecture and its limits on MR

imaging viewed in standard orthogonal planes (sagittal, axial, and

coronal).

In this retrospective study of 7 pediatric patients who under-

went an operation for refractory insular epilepsy, we show how

MPR postprocessing of high-resolution 3D-T1WI and 3D-T2WI

can help identify subtle insular lesions that were initially missed

on presurgical MR imaging but were subsequently identified on

SEEG and histopathology.

METHODOLOGY
Local regional ethics approval was obtained for this retrospective

study.

Case Selection
Of the 293 patients who had undergone focal resection for refrac-

tory epilepsy in our institution between January 2009 and Decem-

ber 2016, we selected those with insular epilepsy on the basis of

SEEG results (30 patients; 10%). Of these patients, we excluded

those MRIs positive for insular lesions (11 patients). Among the

remaining cases, apparently “nonlesional,” we excluded those

whose presurgical MRIs were performed with insufficient resolu-

tion (maximum voxel size of 1 mm3) (12 patients).

Seven patients were retained in our study, 4 boys and 3 girls

with a mean age at the time of presurgical MR imaging of 8.6 years

(range, 3–14.7 years).

Imaging Acquisition and Analysis
MR imaging was performed on a 3T Ingenia scanner (Philips

Healthcare, Best, the Netherlands) using a 32-channel head coil.

All of the scans were obtained with the patient under general

anesthesia, as is routine in our institution for children younger

than 7 years of age or for patients with difficulty in remaining calm

for the duration of the examination.
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The following sequences were analyzed for each patient: 3D T1

turba field echo in the sagittal plane (TR � 9.7 ms, TE � 4.6 ms,

matrix � 240 � 240, pixel size � 1 � 1 mm, FOV � 235 �235

mm, slice thickness � 1 mm, flip angle � 8°, echo-train length �

159); 3D T2 TSE in the sagittal plane (TR � 2500 ms, TE � 252

ms, matrix � 240 � 240, pixel size � 0.7 � 0.7 mm, FOV � 240 �

240 mm, slice thickness � 1 mm, flip angle � 90°, echo-train

length � 133).

MRIs were reviewed by 2 experienced neuroradiologists (J.B. and

S.K.) working with the knowledge that all patients had insular focal

cortical dysplasia (FCD) based on presurgical SEEG and histopathol-

ogy but blinded to the side and exact location of lesions within the

insula. Reviews were first conducted independently, comparing the

insulae of both hemispheres in each patient. The results of these re-

views were compared. Discordant results were then discussed, and a

consensus was reached. A � score was calculated on the basis of the

initial independent reviews.

MR imaging studies were reformatted in oblique reference

planes to analyze specific structures using an MPR algorithm in-

tegrated in the PACS of our institution. The oblique sagittal plane,

parallel to the base of the insula, was used to analyze its gyral

architecture (Fig 1). Planes parallel and perpendicular to the su-

perior, inferior, and anterior peri-insular sulci were used to ana-

lyze the transitional zones between the insular cortex and its

neighboring structures (Fig 2). Images were evaluated for signs of

FCD of the insula, the peri-insular sulci,

the opercula, or other structures sur-

rounding the insula. These signs in-

cluded cortical thickening, increased

cortical T2WI signal, blurring of the

gray/white matter junction, abnormal

white matter signal extending from the

cortex to the ventricular surface, the

transmantle sign,5-7 and abnormal gyral

and/or sulcal patterns,5 including shal-

low sulci or underdeveloped gyri (hyp-

oplasia or a poorly defined gyral pat-

tern), unusually deep sulci or broad gyri

(pachygyria), and sulci or gyri with an

unusual form (dysmorphic or irregular

gyral pattern).

RESULTS
The clinical and radiologic data are

summarized in Tables 1 and 2,

respectively.

The 7 patients selected for our study

underwent an operation at a mean age

of 8.6 years (range, 3–13 years). SEEG

was performed in all patients before

the operation and demonstrated an ic-

tal onset zone within the insula (ante-

rior insula in 4, posterior insula in 3).

MR imaging was performed at a maxi-

mum of 3 months before the operation

and showed subtle abnormalities in-

volving the insula in all patients. One pa-

tient had FCD limited to the insula, and 6 had FCD involving the

adjacent structures as well.

The most commonly observed MR imaging features of insular

FCD in our study were insular and peri-insular blurring, found

in 6 of the 7 patients, and an abnormal gyral pattern of the insula,

found in all 7 patients. On the basis of these features, 1 radiologist

found insular FCDs in all 7 patients, and the other radiologist

found insular FCD in 6 of the 7 patients. Neither radiologist found

such anomalies in the contralateral insula. The rate of interob-

server agreement for the detection of insular dysplasia was almost

perfect, with a � score of 0.86.

The presurgical MR imaging, CT–MR imaging coregistration

with SEEG electrodes in place, and postsurgical MR imaging of 2

types of patients are shown: one with an isolated insular lesion

(patient 1, Fig 3) and one with an insular lesion extending into the

peri-insular sulcus (patient 3, Fig 4).

DISCUSSION
To our knowledge, this is the first clinical report to describe a

method for analyzing MRIs to improve the detection of subtle

insular lesions in patients with drug-resistant epilepsy.

In the few studies that have reported insular epilepsy surgery

in children, negative findings on MRIs are common, and little

attention is given to imaging considerations.4,8,9 Lesion identifi-

FIG 1. 3D-T1-weighted sequence with MPR processing showing the common gyral pattern of the
insula: reference view to analyze the insula. A, T1WI oblique sagittal view, parallel to the base of
the insula, anterior lobule. ASG indicates anterior short gyrus; MSG, middle short gyrus; PSG,
posterior short gyrus. Posterior lobule: ALG indicates anterior long gyrus; PLG, posterior long
gyrus, which appears classically shorter than the ALG. B, T1WI axial view shows the oblique cut
plane parallel to the base of the insula. C, T1WI coronal view shows the oblique cut plane parallel
to the base of the insula.

FIG 2. T1WI sagittal view representation of the peri-insular sulci. A, Superior peri-insular sulcus. B,
Inferior peri-insular sulcus. C, Anterior peri-insular sulcus.
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cation on MR imaging increases a patient’s chances of complete
resection, which is an essential prognostic factor of successful ep-

ilepsy surgery.10-12

In this study, 6 of the 7 detected lesions were classified as FCD

on histopathologic analysis according to the Blümcke classifica-

tion.13 The 1 case in which no FCD was found (patient 3) may be

attributed to the small size of the surgical samples due to the

surgical constraints in this region. Those constraints might ex-

plain why 2 patients were not seizure-free after the operation (pa-

tients 4 and 6).

The MR imaging sequences we chose to analyze are in keeping

with the recommended international consensus guidelines for

imaging infants and children with recent-onset epilepsy.14 Apart

from high-resolution 3D-T1WI and 3D-T2WI sequences, there is

no consensus on the use of other types of sequences in the clinical

setting.

Furthermore, it is necessary to use both T1WI and T2WI se-

quences to detect FCDs in a young pediatric population because mat-

uration of subcortical white matter appears at different ages on T1WI

and T2WI, becoming isointense to cortex at times.15 Beyond 24

months, subcortical white matter maturation is usually complete15

and FCDs can be detected on both T1WI and T2WI.

The use of MPR postprocessing helped to identify the gyral

pattern of the insula and the pattern of the peri-insular sulcus.

It also improved the detection of abnormal cortical signal,

thickening, and blurring of these structures. All 7 patients were

FIG 3. Patient 1. Isolated insular lesion. Oblique sagittal view parallel
to the base of the insula. A, T1WI oblique sagittal view shows an
unusual gyral pattern of the posterior lobule of the right insula, which
shows 3 gyri (arrow). B, T1WI oblique sagittal view shows a normal
gyral pattern of the contralateral insula. C, T2WI oblique sagittal view
shows blurring of the most anterior long gyrus of the right insula
(arrow). D, T2WI oblique sagittal view shows no blurring of the con-
tralateral insula. E, T2WI oblique sagittal view with SEEG electrodes
(ictal onset zone around electrode OP). OM, OP, IP, TP, and TS indi-
cate the names of depth electrodes. F, FLAIR sagittal view of the right
insula after an operation.

Table 1: Clinical data

Patient Sex

Age at
Seizure

Onset (yr)
Neurologic Status

before Surgery

Age at
Last Surgery

(yr)
Topography of Resective

Surgery
Postsurgical

Deficit Pathology

FU
Duration

(yr) Engela

1 M 2.5 LH, Special education 13.0 Posterior Ins and posterior Op 0 FCD IIa 4.2 I
2 M 3.2 RH, MoMR 6.2 Anterior Ins and Op,

� frontal Disc
Left facial

paresis
FCD Ib 4.2 I

3 F 3.5 RH, Normal cognitive
function

14.7 Posterior Ins and STG 0 Negative 2.4 I

4 F 0.8 RH, MoMR 3.0 Anterior Ins�
frontal Disc

0 FCD IIa 2.3 III

5 M 0.4 Left hemiparesis SMR,
ASD

6.1 Anterior Ins� frontal Disc 0 FCD IIa 0.9 I

6 F 2.0 LH, MiMR 7.6 Posterior Ins and parietal Op,
temporal Op

0 FCD IIb 3.0 III

7 M 1.0 LH, MoMR, ASD 9.7 Anterior Ins and Inferior Frontal 0 FCD IIb 1.8 II

Note:—LH indicates left-handed; RH, right-handed; MiMR, mild mental retardation; MoMR, moderate mental retardation; SMR, severe mental retardation; ASD, autism
spectrum disorder; Op, operculum; Ins, insula; STG, superior temporal gyrus; Disc, disconnection; FU, follow-up; yr, year.
a Engel Surgical Outcome Scale.

Table 2: Review of presurgical MRIs in patients with intractable insular epilepsy with no initial detection of insular lesions

Patient
No. Side

Insula Peri-Insular Sulcus Surrounding Structures

Gyral Pattern Blurring Sulcal Form Blurring Gyral Pattern Blurring
1 R Supernumerary ALG � – – – –
2 R Poorly defined AL � Irregular anterior portion

of SPS
Anterior SPS – Frontal opercula,

orbitofrontal
3 R Hypoplasia PL � – Posterior IPS Hypoplasia STG STG, HG
4 R Irregular AL � Irregular anterior portion

of SPS
Anterior SPS – –

5 R Irregular AL � – APS – Frontal opercula,
orbitofrontal

6 L Thick PL � – Posterior IPS – HG, temporal stem
7 L Poorly defined AL � Poorly defined APS APS – Pars orbitalis

Note:—ALG indicates the anterior long gyrus; R, right; L, left; SPS, superior peri-insular sulcus; PL, posterior lobule; IPS, inferior peri-insular sulcus; STG, superior temporal gyrus;
HG, Heschl gyrus; AL, anterior lobule; APS, anterior peri-insular sulcus; –, normal; �, present; �, absent.
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found to have subtle abnormal findings on MR imaging in-

volving the insula, while no such anomaly was detected in the

contralateral insula. These findings, along with the strong �

score, suggest that the analytic method described in this study

is a reliable one, with very few false-positive or false-negative

results, while the caveat of a small sample size should be taken

into account.

Only patient 1 in our series presented with radiologic signs of

FCD limited to the insula itself. Detection of this FCD was made

possible through the analysis of the sagittal oblique plane, reveal-

ing a posterior lobule with 3 long gyri and blurring of the gray-

white matter junction (Fig 3). Literature review of anatomic stud-

ies has shown the total number of insular gyri to vary between 4

and 7 (with an average of 5),16-19 but no study has shown �2 gyri

in the posterior lobule of the insula. This unusual gyral pattern in

association with localized gray/white matter blurring is suggestive

of FCD. Asymmetry of the insular gyral pattern between the 2

hemispheres in the same patient is common19 and should not be

considered an indication of dysplasia.

In the 6 remaining patients, MR imaging signs suggestive of

FCD were found in both the insula and the adjacent peri-insular

sulcus, stressing the importance of a systematic analysis of these

structures.

All of these lesions, identified retrospectively on presurgical

MRIs, were found to be epileptogenic on SEEG recordings. The

seizure-onset zones, identified on the intracranial electrodes, were

in close proximity to the anomalies identified on MR imaging

(Figs 3 and 4), while electrode positioning was guided by electro-

clinical data before MR imaging detection.

This study has the following limitations: Because refractory

insular epilepsy is a rare condition in our experience, a retrospec-

tive study design was the most suitable for a preliminary study. As

a consequence of the retrospective na-

ture of the study, the parameters of pre-

surgical MRIs were heterogeneous, with

insufficient resolution in a large propor-

tion of the examinations, further reduc-

ing the number of patients retained in

the study. Furthermore, radiologists

were blinded to the side and exact loca-

tion of lesions within the insula and

compared both insulae of each patient

with each other. This comparison al-

lowed some degree of evaluation of the

level of agreement between the 2

radiologists.

The radiologists knowing that all pa-

tients had FCD involving the insula may

have created a measurement or expecta-

tion bias, increasing their tendency to

falsely identify lesions. However, this

bias did not seem to influence the out-

come of the study because no false-pos-

itive results were found.

The results of this preliminary study

should be confirmed by a multicentric

prospective blinded study on a larger

population of patients with a control group, allowing a more ro-

bust statistical analysis.

CONCLUSIONS
In this retrospective study, insular lesions were detected in all 7

patients on MRIs initially considered to have negative findings.

This highlights the importance of a rigorous imaging technique

and analysis by experienced radiologists to reduce the number of

so-called “negative” cases.

When exploring refractory epilepsy, the following criteria should

be met to optimize the chances of detecting subtle insular lesions on

MR imaging: The radiologist must have a good understanding of the

gross anatomy of the insula and its surrounding structures. MR im-

aging sequences must include high-resolution 3D-T1WI and 3D-

T2WI to detect signal anomalies at various stages of myelination

in the young pediatric population. Images should be recon-

structed in oblique planes using an MPR algorithm to improve

the identification of the gyral pattern of the insula and the

pattern of the peri-insular sulcus.

Despite proper analysis of the insular region on presurgical

MRI, the full extent of certain forms of FCD still escapes detec-

tion. Further advances in the detection of these subtle lesions may

be expected in light of the technologic progress being made in MR

imaging research using ultra-high-field-strength (7T) scanners to

improve spatial resolution as well as the possible contribution of

advanced MR imaging techniques such as arterial spin-labeling

and diffusion tensor imaging.
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Quantitative Analysis of Spinal Canal Areas in the Lumbar
Spine: An Imaging Informatics and Machine Learning Study

B. Gaonkar, D. Villaroman, J. Beckett, C. Ahn, M. Attiah, D. Babayan, J.P. Villablanca, N. Salamon, A. Bui, and
L. Macyszyn

ABSTRACT

BACKGROUND AND PURPOSE: Quantitative imaging biomarkers have not been established for the diagnosis of spinal canal steno-
sis. This work aimed to lay the groundwork to establish such biomarkers by leveraging the developments in machine learning and
medical imaging informatics.

MATERIALS AND METHODS:Machine learning algorithms were trained to segment lumbar spinal canal areas on axial views and inter-
vertebral discs on sagittal views of lumbar MRIs. These were used to measure spinal canal areas at each lumbar level (L1 through L5).
Machine-generated delineations were compared with 2 sets of human-generated delineations to validate the proposed techniques.
Then, we use these machine learning methods to delineate and measure lumbar spinal canal areas in a normative cohort and to ana-
lyze their variation with respect to age, sex, and height using a variable-intercept mixed model.

RESULTS: We established that machine-generated delineations are comparable with human-generated segmentations. Spinal canal
areas as measured by machine are statistically significantly correlated with height (P < .05) but not with age or sex.

CONCLUSIONS: Our machine learning methodology demonstrates that this important anatomic structure can be accurately
detected and quantitatively measured without human input in a manner comparable with that of human raters. Anatomic devia-
tions measured against the normative model established here could be used to flag spinal stenosis in the future.

ABBREVIATIONS: CPT ¼ Current Procedural Terminology; ERT ¼ ensemble of regression trees; ICD-9 ¼ International Classification of Diseases; ML ¼
machine learning; MRN ¼ medical record number; SVM ¼ support vector machine

Spinal cord or nerve root compression due to narrowing of the
spinal canal is thought to underlie the disorders of lumbar ra-

diculopathy and myelopathy, both major causes of morbidity and
disability1,2 in the United States. Patient screening includes radio-
logic evaluation of the central canal of the spine using
MR imaging alongside labeling of stenosis as none, mild, moder-
ate, or severe. These labels drive risky and often expensive treat-
ment and surgical decisions. Yet, MR imaging–based labeling is
known to be highly subjective and shows substantial interrater
variability.3–5 It is necessary to develop objective diagnostic and
treatment criteria6 to improve treatment.

Canal stenosis by definition is a reduction in the area of the
spinal canal. The percentage reduction in canal area compared
with a demographically matched control signifies the degree of
stenosis. Yet, computing the percentage reduction requires that
one can consistently and accurately delineate spinal canals on
MR imaging and that one has knowledge of the variation of
canal areas in asymptomatic individuals over a wide demogra-
phy. Our study presents work in both directions by proposing
and validating a machine learning (ML) method to automati-
cally delineate spinal canals on axial MR imaging using the vali-
dated ML method in conjunction with a large clinical data base
to establish a variable-intercept mixed linear model of variation
of spinal canal areas.

While computational methods to segment anatomic ROIs
have been published in the literature7-10 and used to segment sev-
eral regions in the spine,8,9,11-15 we focused on the spinal canal.
We established an ML technique to delineate spinal canals on
axial MR imaging and to measure their areas at lumbar levels.
Subsequently, we established a linear model linking these areas
to age, sex, and height using data from 1755 asymptomatic
individuals.

Received September 19, 2018; accepted after revision July 3, 2019.

From the Departments of Neurosurgery (B.G., D.V., J.B., C.A., M.A., D.B., L.M.) and
Radiology (J.P.V., N.S., A.B., L.M.), University of California, Los Angeles, Los Angeles,
California.

Please address correspondence to Bilwaj Gaonkar, PhD, Department of
Neurosurgery, 300 Stein Plaza, Ste 554E, Los Angeles, CA, 90095; e-mail:
bilwaj@gmail.com; @bilwaj

Indicates article with supplemental on-line appendix and tables.

Indicates article with supplemental on-line photo.

http://dx.doi.org/10.3174/ajnr.A6174

1586 Gaonkar Sep 2019 www.ajnr.org



The study was executed in 4 steps:

1. Creating a large data base of lumbar MRI studies.
2. Training and validating MLmodels for delineating canals and
measuring their areas, using subsets of data extracted from
the database and manually segmented by experts.

3. Using the MLmodels to measure canal areas in asymptomatic
individuals with MRIs.

4. Using these measurements to establish a linear model linking
lumbar spinal canal areas to age, sex, and height.

Many in the radiology community agree that there are numer-
ous advantages of standardized reports,16 and this study aims to
usher in a quantitative era for radiologic interpretation and
reporting for lumbar spinal stenosis.

MATERIALS AND METHODS
Institutional Review Board Statement
This study was conducted according to the rules and regulations
of our institution and approved by the institutional review board
(institutional review board No. 16–000196).

Data Collection for Machine Learning
We queried the PACS of our institution for individuals who
had undergone any spine imaging using the corresponding
Current Procedural Terminology (CPT)17 codes (On-line Table
1). This query yielded 39,295 unique medical record numbers
(MRNs) and corresponding accession numbers. We extracted

and anonymized the images corre-
sponding to each accession number.
The On-line Appendix presents fur-
ther details of our data collection.

MR Imaging Sequences
Axial T2 MR imaging was used for
canal segmentation. Resolutions in the
axial plane varied between 0.27 �
0.27mm per pixel to 1.5 � 1.5mm.
Resolutions were perpendicular to the
axial plane and ranged between 1 and
10 mm. The mean resolution was
0.53� 0.53mm in the axial plane and
5.13mm in the perpendicular direc-
tion. Corresponding SDswere 0.125�
0.125 and 0.5mm, respectively. The
mean TRs and TEs varied as TR =
3756 6 738ms and TE = 107 6

12ms. Corresponding sagittal images
used for disc segmentation had resolu-
tions between 0.5� 0.5 and 2� 2mm
per pixel in the sagittal plane and 1–5
mm perpendicular to the sagittal
plane.

Preprocessing
Preprocessing involved nonparamet-
ric bias correction, linear histogram
matching to a common template, and

intensity normalization to the 0–1 range for each 3D MR image.
All scans were oriented into the frame of the template using
linear image registration, and resampling was performed in
the axial frame to fit each section to a 256 � 256 pixel frame.

Training Data Generation by Human Raters
A subset of 100 axial MR images was randomly chosen from the
39,295 for algorithmic training purposes and archived alongside
corresponding sagittal MR images. Physicians segmented spinal
canals and discs with the help of students. A student was first
trained by an attending physician to identify spinal canal bounda-
ries and delineate them using ITK-SNAP (www.itksnap.org).18

The student delineated canals on each section of the 100 axial
MRIs and saved the segmentations as NIfTI files. The student
also went through the 100 corresponding sagittal MRIs and seg-
mented lumbar discs. The attending physician reviewed each sec-
tion and corrected the student-generated delineations. The
segmented spinal canal region was the area enclosed in the thecal
sac, excluding ligaments and structures within the cavity.
Segmenting the thecal sac within the spinal canal allows more
distinct edges and defines a more clinically relevant area. These
scans were used for training the models.

Validation Data Generation
The process of segmenting spinal canals on axial scans was
repeated 2 more times on 109 axial images with different student-
physician pairs, similar to the training data generation. These

FIG 1. Variation of spinal canal area with level. A, This 3D model represents a generic lumbar spine
where light blue objects represent an area of the central canal at each lumbar level at the midsec-
tion of a disc. The square frame (red) zooms in on the intervertebral disc (yellow) below L5 to
give an axial view of where the central canal area (light blue) is located. In a randomly selected T2-
MR imaging, each picture in this series B–F depicts 1 section of spinal cord segmentation (red)
from each level. Tissues within the canal but outside the thecal sac are not segmented.
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were selected by randomly sampling from the 39,000þ MRNs
containing symptomatic and asymptomatic cases.

Training the Machine Learning Model for Segmentation
of the Central Canal
Weusedahybridmachine learningmodel to execute segmentation
of central canals. In the first step, we detected a 25� 25 pixel win-
dow containing the canal. An ensemble of support vectormachine
(SVM)-based object detection systems was trained using histo-
gram-of-orientedgradient19 features and thehard-negativemining
paradigm to “classify” whether a particular 25� 25 pixel window
contained a central canal. The SVMs used were linear SVMs with
C =10, 50, 100, 150, 250, 500, 1000. A window classified by ≥4
SVMs as the spinal canalwas considered a “positive”detection.The
image was cropped along this window and passed on to the second
step of segmentation, which was executed using an ensemble of
regression trees20 (ERT) shape-regressionmodel.Weused theERT

with � = 0.05 and a tree depth set to
2 topredict 68points,which form the
contour of each spinal canal. Both
steps were implemented using the
DLib 1.8.0 software library (http://
dlib.net/).

Disc Segmentation
A Deep-U-Net7 model (On-line
Figure)was trainedon thedesignated

100 sagittal MR images to segment discs and was implemented
using the Keras API running on top of TensorFlow 1.3.0, A recti-
fied linear unit was used for convolutional neurons throughout
the architecture except for the final output layer, which used
sigmoidal activation. We used a fixed learning rate (1e-5) and
the Adam optimizer with drop-out (probability of .25) regula-
rization. The loss function used was the negative of the Dice
score.

Segmentation Measurements
We used Dice scores, the Hausdorff distance, and average
surface distance metrics. These compared overlaps for auto-
matic spinal canal segmentations with segmentations gener-
ated by manual raters and manual raters among themselves.

Data Collection for Analysis of Normative Cohort
We cross-referenced the 39,295 image accessions with anony-
mized patient records to eliminate studies associated with the

FIG 2. Sample case images of central canal segmentations. Three case images of axial T2 MR imaging (A) randomly selected from the dataset
are shown alongside their resulting segmentations (blue) of the spinal canal using the proposed ensemble technique (B), segmentation (red) by
manual rater 1 (C), and segmentation (green) by manual rater 2 (D).

Table 1: Comparison of automated spinal canal segmentations in a validation dataset of
109 axial MRIsa

Centrality
Auto vs
Rater 1

Auto vs
Rater 2

Rater 1 vs
Rater 2

Dice ratio Mean 0.84 6 0.08 0.83 6 0.08 0.9 6 0.05
Median 0.87 0.85 0.92

Hausdorff distance (mm) Mean 7.89 6 9.42 9.41 6 11.2 7.90 6 9.62
Median 4.59 5.64 4.66

Average surface distance (mm) Mean 0.84 6 0.08 0.83 6 0.08 0.9 6 0.05
Median 0.10 0.14 0.07

a Data are means and medians.
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International Classification of Diseases21 (ICD-9) codes (listed in
On-line Table 2) related to the presence of spinal pathology or
symptoms attributable to the spine (eg, sciatica). The filtered
dataset contained 3837 unique MRNs. We could not use all
the MRNs for analyses due to various factors, such as the
unavailability of associated demographic data (670 cases) and
failure to meet any of the quality control criteria mentioned
in On-line Table 3 (1412 cases). Quality control metrics
are required because incomplete acquisition, image corrup-
tion, erroneous segmentation, DICOM header mislabeling,
and misorientation in data present a challenge to automati-
cally detecting nonstenosed canals at all 5 levels. Our final
analysis included 1755 MRNs (797 men and 958 women), in
which the mean age of men was 49.6 years (s ¼ 16.92 years)
with a median of 49.5 years. The mean age of women was
48.25 years (s ¼ 16.25 years) with a median of 49.0 years. The
age ranges for both men and women were between 19 and
81 years.

Area Measurements
We cross-referenced axial MRIs contain-
ing segmented canals with their sagittal
MRIs containing segmented interverte-
bral discs to locate slices at each lumbar
level in a standard way (Fig 1). At axial
slices where the center of a disc was
found, we documented canal areas to
investigate variation of these areas with
respect to age, sex, and height.

RESULTS
Segmentation Results
While central canals may not have a con-
sistent shape (Fig 2A), machine-gener-
ated segmentations were qualitatively
comparable with those generated by
human experts (Fig 2B–D). Quantitative
metrics (Dice score, Hausdorff distance,
and average surface distance) for the val-
idation dataset are recorded in Table 1.
These metrics indicate that machine-
generated segmentation agrees almost as
well with each human expert as the
human experts agree among themselves.
Disc segmentations generated by machine
achieved a Dice overlap of 0.88 with
respect to a single human rater on the
validation dataset. All discs detected
by the human rater were detected by
the U-Net, achieving a detection rate
of 100%.

Segmentation Modes of Failure
Figure 3A, -B presents 2 validation set
images that had a Dice coefficient <0.7.
The proposed model seems to fail by
nonsegmentation of entire slices. Given
that U-Net-generated disc segmenta-

tions had a 100% detection rate, we attempted a U-Net algorithm
for spinal cord segmentations. This model had parameters identi-
cal to the U-Net described for disc segmentation. As opposed to
the proposed method, the U-Net failed by mis-segmenting the
image (Fig 3C). Because such failures are difficult to track using
simple quality control criteria (On-line Table 3), we espoused the
SVMþ ERT approach.

Time Improvement
Human-driven segmentation of a spinal canal takes between 30
and 40minutes for each image, while machine-generated seg-
mentation takes between 20 and 25 seconds. Thus, machine seg-
mentation is as efficient as expected.

Relationship between Canal Areas and Height, Sex,
and Age
We investigated the relationship between canal areas and demo-
graphic factors (height, sex, and age) using a variable-intercept

FIG 3. Modes of segmentation failure of the proposed algorithm compared with U-Net results. Two
scans using SVM + ERT failed (Dice score <0.7). The mode of failure was complete lack of segmenta-
tion as seen in rows A and B, thereby making it easy to eliminate such cases automatically. In contrast
U-Net failures are more subtle and can involve under and oversegmentation as shown in row C.
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mixed linear model. This is because the canal area measurements
at L1 through L5 are not independent within subjects. Canal areas
were clustered by subject, and a mixed model of the form: Canal
Area � Age þ Sex þ Height þ Sex � Height þ (1 | Subject) is
used. We used the R package lme4 (https://cran.r-project.org/
web/packages/lme4/index.html) to implement the model. Tables
2–4 summarize the model fit and show that height is the only de-
mographic factor statistically significantly correlated with canal
areas at L1 through L5.

DISCUSSION
We describe a computerized pipeline to analyze spinal canal areas
with respect to age, sex, and height. Our machine learning algo-
rithm can automatically delineate spinal canals with human-level
accuracy in a time-efficient and consistent manner.

We acknowledge that there are certain limitations to the study
design. The first is the area of delineation, at the lower levels (L5–
S1), was chosen to be the thecal sac rather than the full canal.
This was because the thecal sac was most directly relevant to
nerve compression and thus to stenotic pathology. Because the

thecal sac is much more difficult to delineate, especially at lower
levels, this can yield partial canal segmentations as seen in Fig 1F.
A second caveat involves defining asymptomatic images using
ICD codes. While these codes are the clinical standard, they can
sometimes contain human error. A third limitation of the study
was that we could not obtain the demographic data for body
mass index and smoking status, both of which could be impor-
tant covariates in the model.

The high computational burden of training and analysis rep-
resented a challenge to the study. More advanced deep learning
models could potentially be trained with the use of graphics proc-
essing units, which were not available for this study. We would
expect such models to perform better than the proposed pipeline.
Lack of computational power also held up cross-validation analy-
sis during training. In the future, we intend to obtain additional
computational capacity and train more powerful ML models for
canal segmentation.

Future work will include shape analysis alongside area meas-
urements. Canal morphology is perhaps as important as canal
area to the diagnosis of stenosis. The development of diagnostic
shape measures will be an area of focus for future research.
Last, in the future, we also hope to investigate how our tech-
nique segments spinal canals when severe pathology is present
and whether such segmentations can be used for diagnostic
purposes.

CONCLUSIONS
We have used state-of-the-art machine learning technology to es-
tablish a normative range of spinal canal areas in the lumbar
spine from MR images. We have documented the variation of
these areas with respect to age, sex, and height. We believe that
these measurements and range are the critical first step to usher
in an objective paradigm in the radiologic diagnosis of lumbar
stenosis.
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Automatic Spinal Cord Gray Matter Quantification: A Novel
Approach
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X P. Cattin, and X K. Parmar

ABSTRACT

BACKGROUND AND PURPOSE: Currently, accurate and reproducible spinal cord GM segmentation remains challenging and a noninva-
sive broadly accepted reference standard for spinal cord GM measurements is still a matter of ongoing discussion. Our aim was to assess
the reproducibility and accuracy of cervical spinal cord GM and WM cross-sectional area measurements using averaged magnetization
inversion recovery acquisitions images and a fully-automatic postprocessing segmentation algorithm.

MATERIALS AND METHODS: The cervical spinal cord of 24 healthy subjects (14 women; mean age, 40 � 11 years) was scanned in a
test-retest fashion on a 3T MR imaging system. Twelve axial averaged magnetization inversion recovery acquisitions slices were acquired
over a 48-mm cord segment. GM and WM were both manually segmented by 2 experienced readers and compared with an automatic
variational segmentation algorithm with a shape prior modified for 3D data with a slice similarity prior. Precision and accuracy of the
automatic method were evaluated using coefficients of variation and Dice similarity coefficients.

RESULTS: The mean GM area was 17.20 � 2.28 mm2 and the mean WM area was 72.71 � 7.55 mm2 using the automatic method.
Reproducibility was high for both methods, while being better for the automatic approach (all mean automatic coefficients of variation,
�4.77%; all differences, P � .001). The accuracy of the automatic method compared with the manual reference standard was excellent
(mean Dice similarity coefficients: 0.86 � 0.04 for GM and 0.90 � 0.03 for WM). The automatic approach demonstrated similar coefficients
of variation between intra- and intersession reproducibility as well as among all acquired spinal cord slices.

CONCLUSIONS: Our novel approach including the averaged magnetization inversion recovery acquisitions sequence and a fully-auto-
mated postprocessing segmentation algorithm demonstrated an accurate and reproducible spinal cord GM and WM segmentation. This
pipeline is promising for both the exploration of longitudinal structural GM changes and application in clinical settings in disorders
affecting the spinal cord.

ABBREVIATIONS: AMIRA � averaged magnetization inversion recovery acquisitions; CV � coefficient of variation; DSC � Dice similarity coefficient; HD �
Hausdorff distance; SC � spinal cord

The human spinal cord (SC) can be affected by numerous neu-

rologic disorders of variable pathophysiology (eg, genetic, in-

flammatory, demyelinating, degenerative, and so forth),1,2 and

MR imaging is a valuable part of the diagnostic work-up in pa-

tients with suspected intramedullary pathology.3,4 SC gray matter

and white matter can be involved to a various extent not only

among different SC disorders but also among patients with the

same disease (eg, multiple sclerosis, amyotrophic lateral sclero-

sis).5,6 Hence, quantification of SC compartments may add to our

understanding of SC pathology5,6 and hopefully help in the man-

agement of individual patients in the future.

However, the SC presents additional challenges for MR imag-
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ing. The SC is surrounded by a number of different tissue types,

including CSF, bone, and air. These create considerable signal

inhomogeneities along this thin, elongated structure.3,4,7,8 As a

result, conventional SC MR imaging was— until recently—not

able to differentiate sufficiently among SC GM, WM, and CSF. In

the past, there were first attempts toward this differentiation using

a series of acquisition approaches.9-12 More recently an averaged

magnetization inversion recovery acquisitions (AMIRA) se-

quence was proposed, delivering a notable SC GM/WM contrast

while maintaining short acquisition times at the same time.13 The

latter is especially important for imaging small-sized structures

(like the SC GM/WM) in patients with disabilities having a short

time window in which they can lie still.

Moreover, accurate SC GM segmentation remains challeng-

ing. First, manual approaches demonstrated the feasibility of

distinguishing between WM and GM.9 However, manual ap-

proaches require a considerable amount of time, are prone to

error, and demonstrate significant interobserver and intraob-

server variability. As a result of improvements in image quality

and postprocessing techniques, the first fully automatic SC GM

segmentation methods were established in the past few years.14-17

These methods have deployed atlas-based GM segmentation al-

gorithms, which may, however, lead to misestimations or seg-

mentation errors, especially in case of pathology, image artifacts,

or large between-individual anatomic variations.18,19 A noninva-

sive broadly accepted reference standard for accurate and repro-

ducible SC GM measurements is still a matter of ongoing

discussion.

In this study, we validate a fully automatic method for SC GM

and WM segmentation in terms of its reproducibility and accu-

racy in segmenting the cervical SC of healthy controls against a

manual segmentation. The proposed approach used a variational

segmentation algorithm with a shape prior,20 modified for 3D

data with a slice similarity prior on AMIRA images.

MATERIALS AND METHODS
Subjects and MR Imaging Acquisition
Twenty-four healthy subjects (14 women; mean age, 40 � 11

years) were scanned in a test-retest fashion on a 3T whole-body

MR imaging system (Magnetom Prisma; Siemens, Erlangen, Ger-

many). All subjects provided written consent. Experimental pro-

cedures conformed to the Declaration of Helsinki, and the study

protocol was approved by the local ethics committee. We ac-

quired 12 axial AMIRA images13 (FOV � 128 � 128 mm2, slice

thickness � 8 mm, slice overlap � 4 mm, in-plane resolution �

0.67 � 0.67 mm2, TEbalanced steady-state free precession � 2.14 ms,

TRbalanced steady-state free precession � 5.13 ms, signal averaging � 1,

acquisition time � 51 seconds per slice) over a 48-mm cervical

SC segment, extending approximately from the C2–C5 verte-

bral level.13 The most rostrally acquired slice was placed with

its lower surface adjacent to the most rostral surface of the

C2/C3 intervertebral disc. For precise positioning of each in-

dividual slice and its orthogonal angulation to the course of the

SC, a strongly T2-weighted TSE with high contrast between

CSF and SC was used as a reference. For each slice, the AMIRA

approach acquired 8 images of considerably different tissue

contrast among GM, WM, and CSF with effective TI � 97.1,

158.7, 220.2, 281.8, 343.3, 404.9, 466.5, 528.0 ms. Averaging

the first 5 images enhances the GM/WM contrast-to-noise ra-

tio, whereas averaging the last 3 images clearly improves the

WM/CSF contrast-to-noise ratio (Fig 1). For more details on

the AMIRA sequence, please see Weigel and Bieri, 2018.13

Each subject was scanned 3 times in 1 MR imaging session.

The first 2 scans were performed in a back-to-back fashion with-

out repositioning to allow intrasession comparisons. The third

scan was obtained after patient repositioning to allow intersession

comparisons.

All scans underwent basic preprocessing including 2D and

3D correction for field inhomogeneities using the scanner soft-

FIG 1. Exemplary axial AMIRA slice of 1 representative volunteer at the C4 level. A–H, Eight images of different tissue contrast acquired by the
AMIRA sequence, shown in chronologic order from lowest-to-highest TI. I, Average image from A to E in full view, which delivers a high
contrast-to-noise-ratio for GM/WM. J, Average image from F to H, which delivers a high contrast-to-noise ratio for SC/CSF. K, Same average
image as in I but histogram-equalized and zoomed.
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ware before segmentation. To minimize numeric errors of the

validation metrics, we performed a 5-fold in-slice upsampling

of the slices using the Lanczos-3 interpolation kernel.

SC Segmentation
As proposed in a previous study,20 a variational segmentation

approach based on the continuous min-cut max-flow framework

was used, which includes total variation regularization to segment

WM and GM. The min-cut max-flow capacity functions are mod-

eled using edge, region, and prior information as well as an ap-

pearance model built from manual segmentations. Aiming for

high accuracy, the proposed approach prefers intensities of the

actual image and tries to include prior information as little as

possible, which regularizes for higher precision. Compared with

the previous study,20 we added a slice similarity prior,21 included

all inversion images of one slice (Fig 1) into the calculation of the

max-flow capacity functions, and improved the adaptation of the

appearance model with posterior models that reconstruct

the most likely appearance only based on well segmented pixels.22

As a first step of the algorithm to align the 12 slices, the images

are center-cropped and slice-wise successively coregistered rostral

to caudal using translations in pixel-size steps to prevent further

interpolation. Then, the algorithm automatically locates and de-

lineates the ring-shaped CSF from its surroundings and extracts

the cross-sectional SC surface. Finally, it uses the previously seg-

mented SC surface as a mask for GM/WM differentiation. An

illustration of the algorithm is shown in Fig 2. Segmentations were

achieved in a leave-one-subject-out cross-validation—that is,

with the currently segmented subject being left out in the appear-

ance model used.

The segmentation algorithm was implemented in Matlab

(MathWorks, Natick, Massachusetts). Processing time on a

Xeon CPU E5–2620 v3 @ 2.40GHz (Intel, Santa Clara, Califor-

nia) is around 1 minute for each segmentation step (CSF-SC

and WM-GM segmentation), and fewer than 8 GB of RAM is

used to segment a stack of 12 slices. Code is available on

https://github.com/neonroehre/AJNR2019.

Two experienced raters (C.T. and A.A.) were involved in the

manual segmentations. Both raters had �4 years’ experience in

neuroimaging research, including SC volumetric studies. In a first

step, segmentations were conducted on the average of the last 3

AMIRA images for the total SC cross-sectional area. Using the

already delineated total SC masks, we then performed manual

segmentations of the GM and WM cross-sectional areas on the

average of the first 5 AMIRA images (On-line Figure). C.T. seg-

mented all images once. These results were further applied as a

“manual reference standard.” C.T. also conducted a second

FIG 2. Flow chart of the automatic segmentation pipeline. As a first step of the algorithm to align the 12 slices, the images are center-cropped
and slice-wise successively coregistered rostral to caudal using translations in pixel-size steps to prevent further interpolation. Then, the
algorithm automatically locates and delineates the ring-shaped CSF from its surroundings and extracts the cross-sectional SC surface. Finally, it
uses the previously segmented SC surface as a mask for GM/WM differentiation. The iterative steps of CSF segmentation are shown as a
zoomed-in view. GM segmentation uses essentially the same steps and is thus not shown in detail.
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“run” of 60 randomly selected slices to assess intrarater com-

parisons. This second run was conducted with slightly differ-

ent contrast adjustments than the first to evaluate the robust-

ness of intrarater manual segmentation. A.A. segmented all

images of the first scan of all 24 healthy controls to allow in-

terrater comparisons.

To evaluate the performance of our method on SC slices, in

which the fully automatic approach failed (in total 12% of ac-

quired slices, see also Results), we applied a semiautomatic ap-

proach as follows: The SC/CSF boundaries were segmented man-

ually (manual reference standard) and segmentation of the GM

and WM was then performed using the fully-automatic approach

described above, given the manual total SC masks.

To compare our automatic method with currently available

algorithms, we tested the iterative nonlocal STAPLE algorithm23

on our AMIRA images using the algorithm in the SCFusion_

Demo package (https://www.nitrc.org/frs/download.php/7666/

scfusion_demo.zip). Asman et al23 used atlases consisting of SC-

GM-WM contrast images and SC-GM-WM manual reference

standard segmentations, which are rigidly registered to the target

slice and fused together with the most fitting manual reference

standard segmentation as an estimation of the targeted segmen-

tation. We built our own atlases and tested the iterative nonlocal

STAPLE in a leave-one-subject-out fashion.

Statistical Analysis
Intra- and intersession and intra- and interrater reproducibility of

the 2 approaches were evaluated using coefficients of variation

(CVs), Dice similarity coefficients (DSCs), and Hausdorff dis-

tances (HDs). The accuracy of the automatic method compared

with the manual reference standard was evaluated using the DSC

and HD. CVs between the 2 masks A and B were calculated with

the following formula:

CV � �2 �
�A � B�
�A � B�%.

DSCs were calculated as follows:

DSC � 2 �
�MRS � AM�

�MRS� � �AM�.

HDs were calculated as follows:

d�X3 Y� � max�di
X3 Y, i � 1…Nx�

HD � max	d�MRS3 AM�, d� AM3 MRS�
,

where d is the Euclidean distance between voxels x and y, MRS is

the manual reference standard and AM the automatic method.

Because of non-normally distributed data, we performed a

square root transformation of the CV, a cubic transformation of

the DSC, and a logarithmic transformation of the HD before con-

ducting all t test analyses and MANOVA. Two-paired t tests were

performed for the following comparisons after controlling for

normal data distribution: 1) manual segmentation versus au-

tomatic method reproducibility, and 2) manual segmentation ver-

sus automatic method total SC, WM, and GM cross-sectional area.

For the automatic method, differences in measures of reproducibility

and accuracy between intrasession and intersession; among GM,

WM, and total SC; and among the axial slice levels (1–12) were in-

vestigated using MANOVA. Additional Tukey post hoc tests were

conducted when applicable.

RESULTS
In total, 864 slices were acquired from 24 volunteers with 12 slices

per scan, and each scan was performed a total of 3 times for each

subject. Of 864 acquired axial SC slices, 9 were excluded from

further analysis because of severe imaging artifacts. The automatic

method successfully segmented 88% (752 slices) of all remain-

ing slices. Because of imaging artifacts, localization problems,

or posterior gaps of the CSF, 8% of all slice-wise SC segmen-

tations and 4% of GM segmentations would have needed fur-

ther manual interventions and thus were excluded from the

reproducibility analysis.

Cross-Sectional SC Measurements
The mean total SC area was 89.98 � 7.88 mm2, the mean WM area

was 72.71 � 7.55 mm2, and the mean GM area was 17.20 � 2.28

mm2 as measured by the automatic method. Compared with the

manual reference standard, the automatic method delivered sig-

nificantly higher total SC and WM area as well as significantly

lower GM area (86.88 � 11.87, 69.18 � 10.16, and 17.77 � 3.05

mm2, respectively; all, P � .001). Cross-sectional areas per slice of

the automatic method are shown in Fig 3.

Reproducibility
Measurements of intra- and intersession and intra- and interrater

reproducibility are shown in the On-line Table. Reproducibility

FIG 3. Cross-sectional areas of total spinal cord, white matter, and gray matter per axial slice as measured by automatic segmentations. Notice
the slight increase of total spinal cord (TSC) and the marked GM cross-sectional area increase caudally, which corresponds to the cervical SC
enlargement. The light gray area depicts the limits of �1 SD.
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of SC GM and WM is also depicted per slice in Fig 4. All mean CVs

of the automatic method were �4.77%, and the mean DSC was

�0.88 between scans and raters. The latter was significantly better

than for the manual segmentation (all, P � .001).

By means of MANOVA with DSC, HD, and CV as multivariate

outcomes, a significant difference between intra- and intersession

reproducibility for total SC, WM, and GM using the automatic

method was shown (P � .001 for all 3 models). However, CVs

differed only for WM and total SC (P � .05 and P � .001, respec-

tively), but not for GM. In our automatic method, intra- and

intersession reproducibility was significantly decreased in the or-

der total SC3WM3GM (all P � .001), as shown by MANOVA

and post hoc tests. No difference was found in intra- and interses-

sion reproducibility among slices for GM, but a significant de-

crease was found for WM (both P � .001) and total SC (P � .05

and P � .001, respectively) in caudal slices, as shown by

MANOVA. However, CVs were similar for all SC metrics among

all slices.

Accuracy
Measurements of accuracy of our fully automatic method com-

pared with a manual reference standard are shown in detail in the

Table and are also shown per slice in Fig 5. The automatic method

showed a mean DSC of �0.86 in all SC metrics. Accuracy was

significantly decreased in the order total SC3WM3GM (all P �

.001), as shown by MANOVA and post hoc tests. In MANOVA,

accuracy was lower for GM (P � .05) and total SC (P � .001) in

caudal slices, but not for WM. However, the DSC was similar

among acquired slices for total SC.

Measurements of accuracy of the initially discarded SC slices

(12% of all acquired AMIRA slices) analyzed in a semiautomatic

fashion are also shown in the Table. The semiautomatic approach

showed a mean DSC of �0.83 in both GM and WM. When we

compared it with the fully automatic approach on the initially

nondiscarded SC slices, a statistically significant accuracy de-

crease was observed in the semiautomatic approach (both P �

.001).

Comparison with the Iterative Nonlocal STAPLE
Algorithm
In comparison with the original study23 performed on T2* MR

images, the application of the iterative nonlocal STAPLE algo-

rithm in our AMIRA images showed a higher accuracy. Mean

DSC and HD for the total SC, GM, and WM were as follows—

total SC: mean DSC � 0.93 � 0.03 (median, 0.94), mean HD �

0.96 � 0.39 mm (median, 0.84 mm); GM: mean DSC � 0.80 �

0.06 (median, 0.82), mean HD � 1.09 � 0.42 mm (median, 1.04

mm); WM: mean DSC � 0.87 � 0.04 (median, 0.88), mean HD �

FIG 4. Comparison between the reproducibility of manual and automatic measurements (AM) of spinal cord gray matter and white matter per
axial slice. Intrasession and intersession reproducibility is assessed in terms of Dice coefficients (graphics on the left) and coefficients of variation
(graphics on the right). Manual and automatic intersession reproducibility is shown in dark gray, whereas manual and automatic intrasession
reproducibility is shown in light gray. Error bars display mean values � 0.2 SDs.

SC GM, WM, and TSC accuracy of automatic and semiautomatic segmentations against the manual reference standard segmentationsa

Parameter GM WM TSC
AM (on 88% of acquired slices, nondiscarded from initial analysis) DSC 0.86 � 0.04 (0.87) 0.90 � 0.03 (0.91) 0.95 � 0.03 (0.95)

HD (mm) 0.90 � 0.44 (0.72) 0.82 � 0.22 (0.75) 0.64 � 0.27 (0.67)
SAM (on 12% of acquired slices, discarded from initial analysis) DSC 0.83 � 0.04 (0.84) 0.96 � 0.01 (0.96)

HD (mm) 1.11 � 0.55 (0.93) 0.64 � 0.15 (0.67)
AM (on nondiscarded samples) and SAM (on discarded slices),

mixed (100% of acquired slices)
DSC 0.86 � 0.04 (0.86) 0.91 � 0.04 (0.92) 0.96 � 0.03 (0.96)
HD (mm) 0.91 � 0.46 (0.81) 0.80 � 0.22 (0.75) 0.60 � 0.29 (0.55)

Note:—SAM indicates semiautomatic segmentation; TSC, total spinal cord; AM, automatic segmentations; DSC, Dice coefficient; HD, Hausdorff distances.
a All values are shown as mean � SD (median).

FIG 5. Accuracy measurements in terms of Dice coefficients (graphics on the left) and Hausdorff distances (graphics on the right) of white
matter and gray matter per slice. Overlaid boxplots display median values as well as 25th and 75th percentile values. Gray areas depict the mean
standard error values � 1 SD.
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0.98 � 0.37 mm (median, 0.89 mm).23 Moreover, our proposed

automatic method had higher accuracy for all total SC, WM, and

GM compared with the iterative nonlocal STAPLE algorithm in

our AMIRA images (all, P � .001).

DISCUSSION
Visualization of the SC GM in MR imaging has been hampered by

technical difficulties until recently.8 Despite technologic advance-

ments, segmentation of SC compartments remains a challenge.24

In this work, we successfully deployed the novel MR imaging ap-

proach AMIRA and a fully automatic variational segmentation

algorithm with a shape prior modified for 3D data with a slice

similarity before demonstrating a fully automated approach for

segmentation of SC, GM, and WM.

In contrast to brain MR imaging, the environment of the SC

presents additional challenges for MR imaging methods and in-

herently for SC segmentation. The greatest challenges include

magnetic field inhomogeneities across the SC, cord curvature,

shape and size, contact of the SC and the osseous canal, osteo-

phytes causing focal changes in CSF flow dynamics within the

canal, motion artifacts, Gibbs artifacts, partial volume effects, and

B1 inhomogeneity.25-27 The AMIRA sequence13 used is based on a

2D approach that is, generally, less motion-sensitive than a 3D

sequence. It uses a relatively short acquisition time of 51 seconds

per slice, which leads to a reduction of motion artifacts and is

especially suitable for disabled patients with limited ability to lie

still (eg, due to spasticity). The AMIRA approach makes use of a

balanced steady-state free precession readout, which is inherently

of low-flow sensitivity or inherently flow compensated.13 The in-

version recovery preparation is global and nonselective; hence, it

does not pose an issue for CSF flow sensitivity either.

Furthermore, because the SC has a small cross-section of

roughly 1.3 � 0.7 cm and our slices were located close to the

isocenter, effects of B1 inhomogeneity do not play a significant

role for the present AMIRA images. The even smaller size of the

SC GM presents additional difficulties for MR imaging methods,

requiring submillimeter in-plane resolutions, especially for mor-

phometry. Visualization and segmentation of the SC GM and

WM are hampered by the similar relaxation times of the 2 SC

compartments, limiting the use of conventional SC MR imaging

for that purpose. Finally, the complex butterfly shape of the SC

GM makes the segmentation of the structure a rather difficult task

for computer-based segmentation methods. The AMIRA ap-

proach was able to produce SC images with a high GM/WM con-

trast in all participants. This was achieved in clinically feasible

acquisition times (10.2 minutes for a 48-mm cervical SC

segment).

Of 864 slices, only 9 were excluded due to image artifacts,

mainly resulting from magnetic field inhomogeneities produced

by bone structures (clavicles, scapulae, humeri, ribs, and so forth)

as well as due to aliasing and motion artifacts. Although, these

artifacts occurred in a rather small percentage of the acquired

images (1%), they should be taken into account in future appli-

cations of the AMIRA approach. A further argument in favor of

the use of AMIRA for SC GM and WM quantification is that our

pipeline was able to deliver not only higher accuracy measures

compared with a previous study24 demonstrating results from

various MR imaging sequences and segmentation algorithms, but

also better accuracy performance of an established algorithm on

AMIRA compared with T2* MR images (see also below). This

result may be an indirect indication of the superior quality of

AMIRA compared with other sequences used so far for spinal

cord GM and WM quantification. Nevertheless, due to AMIRA

having a nonisotropic resolution, our MR imaging acquisition

may have been more prone to partial volume effects, despite our

slices being angulated individually in an orthogonal way to the

course of the SC.

The proposed automatic segmentation method showed excel-

lent precision in terms of inter- and intrasession reproducibility

and was superior to the manual segmentation performed by ex-

perienced raters for all SC metrics, as measured by both CV and

DSC. Our automatic method was also superior in terms of the HD

for total SC, though it did not differ with regard to SC WM and

GM. At the same time, the accuracy of the automatic method was

high for total SC, GM, and WM, as measured by both the DSC and

HD. Comparing the present data with results of the SC GM seg-

mentation challenge,24 we achieved a superior mean GM DSC of

0.86 versus 0.80 performed by the deepSeg (https://pypi.org/

project/deepSeg/) algorithm in the SC GM segmentation chal-

lenge dataset. This achievement could be potentially explained by

the high quality of the AMIRA images and/or the use of a multi-

center dataset within the challenge with results from various MR

imaging sequences and segmentation algorithms. Application of

the previously published iterative nonlocal STAPLE algorithm on

our AMIRA images showed higher accuracy than the original

work of Asman et al23 (SC GM: median DSC of 0.82 versus 0.75,

median HD of 1.04 versus 2.5 mm), which was performed on

T2*-weighted 3D gradient-echo images. While our atlases were

constructed from a pool of around 800 samples, Asman et al had

around 2000 available slices. Thus, the better accuracy seen here

can be explained by a possible higher image quality in AMIRA

images compared with T2*-weighted 3D gradient-echo images;

however, a direct comparison of MR images within the same sub-

jects was not performed. The shallow architecture of the proposed

algorithm with only a few parameters may make it less prone to

overfitting to the training set compared with a state-of-the-art

deep neural network. However, a direct comparison of our

method with deepSeg28 was not possible in this study.

Precision and accuracy of our automatic method was de-

creased in the order of total SC3WM3GM. This decrease may

be caused by the accordingly decreasing size of WM and GM

compared with total SC because small differences may be trans-

lated into a larger variance. Moreover, the more complex geom-

etry of the GM and WM compared with total SC may be more

prone to misclassification errors. Finally, despite the good image

quality, signal contrast was stronger for SC/CSF compared with

GM/WM, which, in turn, could have partly contributed to differ-

ences in total SC and GM segmentation. Moreover, a slightly

lower reproducibility and accuracy of our measurements in more

caudally acquired slices could also be identified, which may reflect

a decrease in contrast intensity and a “noise” increase in AMIRA

images acquired closer to the lungs and surrounded by overall

greater body mass (thorax, shoulders, and arms) compared with

the more rostral cervical SC.
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Our automatic method also showed significantly lower intra-

session than intersession variability for all SC metrics. However,

GM intra- and intersession CVs were similar, with mean values

ranging between 4.10% and 4.77%. Accordingly, our method

demonstrated similar mean intra- and intersession CVs between

2.54% and 2.95% for WM. We, therefore, conclude that patient

repositioning only slightly influences GM and WM area measure-

ments; this conclusion provides evidence for the suitability of our

automatic segmentation method in longitudinal settings.

In our work, minimal contrast adjustment differences in our

manual segmentation led to a marked decrease of reproducibility,

especially in GM area quantifications, as shown in the manual

intra- and interrater measurements (mean CV up to 19.18%).

Because the proposed method is fully automatic and requires no

user-software interaction, it is devoid of additional variation pro-

duced by intra- and interrater variability. Therefore, our method

provides significant advantages in large datasets or multicenter

studies and, as mentioned above, may also be valuable in the lon-

gitudinal evaluation of individual patients (eg, patients with MS).

Compared with the manual reference standard, the automatic

method slightly overestimated total SC and WM area, while un-

derestimating the GM area. This result might be due to different

intensity-thresholding in the manual segmentation compared

with the automatic method. The caudal GM area increase shown

in Fig 3 can be explained by the increased volume of motor cells of

the cervical SC enlargement in the GM ventral horns, which in-

nervate the upper limb muscles.

Although a fully automatic segmentation was not feasible on

12% of acquired SC slices, a semiautomatic approach with man-

ual total SC segmentation and fully automatic GM and WM seg-

mentation could be performed on those slices. This approach also

showed high-accuracy measurements with mean DSC of �0.83 in

both GM and WM. However, compared with the fully automatic

method on the initially nondiscarded slices, a slight accuracy de-

crease was observed, which could be interpreted in terms of a

lower image quality of those AMIRA images. Nevertheless, these

results demonstrate a relative robustness of our automatic ap-

proach even in MR images of suboptimal quality, which are a

rather common phenomenon in clinical routine.

The present work focused on SC GM and WM segmentation

using AMIRA images of healthy controls. Nevertheless, the moti-

vation of our research is to deploy this method in patient data (eg,

patients with MS) for the development of a potential widely ap-

plied MR imaging biomarker. Exemplary segmentation of data of

patients with MS (not shown in detail here) showed that lesion

appearance was similar to that of GM and therefore challenged the

algorithm where lesions did not respect the GM boundaries (Fig

6). In future work, we intend to adjust the current method to

address its current limitations. As an alternative approach, we

plan to apply a deep learning– based segmentation approach on

pathologic images as already performed on the data of healthy

subjects.28,29

CONCLUSIONS
The AMIRA sequence is presented as a time-efficient and repro-

ducible MR imaging approach within the cervical cord. Our fully

automatic segmentation method for SC GM and WM demon-

strated further high reproducibility and accuracy. We were able to

show that a shallow algorithm produces state-of-the-art GM-WM

segmentation results on the AMIRA data. It is therefore suitable in

large longitudinal studies investigating upper cervical SC vol-

umes. Reproducibility measures of this work could be further

FIG 6. Examples of segmentations of representative patients with MS. The thick continuous line indicates automatic segmentation; the dashed
line, manual reference standard. A, A 54-year-old female patient with MS. Rostral cervical SC slices of the C1/C2 level without focal lesions.
Automatic segmentation highly corresponds to the manual reference standard. B, A 32-year-old male patient with MS. Rostral cervical SC slice
of the C2 level with a focal posterolateral lesion fused with the left posterior gray matter horn. Automatic segmentation misclassifies the focal
lesion as SC GM. C, A 33-year-old female patient with MS. A cervical SC slice of the C3/C4 level with a focal posterior lesion fusing with the
posterior SC GM horns and the central SC GM commissure. Automatic segmentation misclassifies the focal lesion as SC GM and CSF.
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used for effect size calculations of SC compartment metrics for

studies using the same processing approach. In future work, we

will address the use of deep learning approaches, as demonstrated

in recent studies.28
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ORIGINAL RESEARCH
SPINE

Comparative Analysis of Volumetric High-Resolution Heavily
T2-Weighted MRI and Time-Resolved Contrast-Enhanced MRA

in the Evaluation of Spinal Vascular Malformations
X S.K. Kannath, X S. Mandapalu, X B. Thomas, X J. Enakshy Rajan, and X C. Kesavadas

ABSTRACT

BACKGROUND AND PURPOSE: Volumetric high-resolution heavily T2-weighted imaging or time-resolved contrast-enhanced MRA is
used in the detection and characterization of spinal vascular malformations, though inherent trade-offs can affect their overall sensitivity
and accuracy. We compared the efficacy of volumetric high-resolution heavily T2-weighted and time-resolved contrast-enhanced images
in spinal vascular malformation diagnosis and feeder characterization and assessed whether a combined evaluation improved the overall
accuracy of diagnosis.

MATERIALS AND METHODS: Twenty-eight patients with spinal vascular malformations (spinal dural arteriovenous fistula, spinal cord
arteriovenous malformation, and perimedullary arteriovenous fistula) were prospectively enrolled. MR images were separately analyzed by
2 neuroradiologists blinded to the final diagnosis.

RESULTS: Both sequences demonstrated 100% sensitivity and 93.5% accuracy for the detection of spinal vascular malformations. Volu-
metric high-resolution heavily T2-weighted imaging was superior to time-resolved contrast-enhanced MR imaging for identification of
spinal cord arteriovenous malformations (100% versus 90% sensitivity and 96.7% versus 93.5% accuracy), however, for the diagnosis of
perimedullary arteriovenous fistula, time resolved contrast enhanced MRI was found to perform better than the volumetric T2 sequence
(80% versus 60% sensitivity and 96.7% versus 93.5% accuracy). Both sequences showed equal sensitivity (100%) and accuracy (87%) for spinal
dural arteriovenous fistulas. Combined evaluation improved the overall accuracy across all types of spinal vascular malformation. Volu-
metric high-resolution heavily T2-weighted imaging was superior or equal to time-resolved contrast-enhanced MR imaging for feeder
identification of spinal dural arteriovenous fistulas for both observers (90.9% and 72.7% versus 72.7%), which improved to 90.9% when the
sequences were combined. Time-resolved contrast-enhanced MR imaging performed better for major and total feeder identification of
spinal cord arteriovenous malformation (80% versus 60%) and perimedullary arteriovenous fistula (80% versus 60%– 80%).

CONCLUSIONS: Combined volumetric high-resolution heavily T2-weighted imaging and time-resolved contrast-enhanced MR imaging
can improve the sensitivity and accuracy of spinal vascular malformation diagnosis, classification, and feeder characterization.

ABBREVIATIONS: ASA � anterior spinal artery; PMAVF � perimedullary arteriovenous fistula; SCAVM � spinal cord arteriovenous malformation; SDAVF � spinal
dural arteriovenous fistula; SVM � spinal vascular malformation; TRCE � time-resolved contrast-enhanced; TRICKS � time-resolved imaging of contrast kinetics;
VHHT2WI � volumetric high-resolution heavily T2-weighted imaging

Spinal vascular malformations (SVMs) are rare entities at var-

ious locations in the spinal cord and its coverings. These in-

clude predominantly spinal cord arteriovenous malformation

(SCAVM), spinal dural arteriovenous fistula (SDAVF), and peri-

medullary arteriovenous fistula (PMAVF). The clinical presenta-

tion is variable, though typical clinical patterns exist among

certain entities such as acute spinal cord dysfunction due to hem-

orrhage in SCAVM or slow progressive paraplegia in SDAVFs.1,2

There is a variable delay in the diagnosis due to nonspecific clin-

ical symptoms or low clinical suspicion, which often leads to se-

rious morbidity, even after successful treatment. MR imaging is

usually the initial investigation of choice based on which diagno-

sis is suspected, while DSA remains the criterion standard.3 DSA

is, however, invasive and has additional risks such as exposure to

ionizing radiation, iodinated contrast medium overload, and a
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small risk of inducing spinal cord infarction.4 DSA also can miss

the diagnosis in SDAVF and PMAVF because of operator-depen-

dent factors, and such patients may have a poor prognosis even

after successful treatment.5,6

SVMs are suspected on the basis of the presence of flow

voids in the subarachnoid space and/or cord parenchyma and

are further evaluated using volumetric high-resolution heavily

T2-weighted imaging (VHHT2WI), contrast-enhanced MRA,

and time-resolved contrast-enhanced (TRCE) MR imaging se-

quences for characterization and localization of arterial feed-

ers.7-13 VHHT2WI sequences such as Cube (GE Healthcare,

Milwaukee, Wisconsin) and sampling perfection with applica-

tion optimized contrasts by using different flip-angle evolu-

tion (SPACE; Siemens, Erlangen, Germany) provide excellent

contrast between the cord and CSF along with suppression of

CSF flow artifacts. Submillimeter spatial resolution of these

sequences allows multiplane reconstruction without artifacts,

which would help in the detection and diagnosis of SVM and

localization of arterial feeders.13 On the contrary, dynamic

TRCE MR image sequences such as time-resolved imaging of

contrast kinetics (TRICKS) provide good temporal resolution

and capture contrast kinetics as it transits through the feeding

artery and vascular malformation into the draining vein. While

the lack temporal information is a major disadvantage for the

former sequence, the latter sequence has poor spatial resolu-

tion and a limited FOV; thus, an accurate localization or char-

acterization of an SVM may be difficult or lesions may be missed

altogether.10 We hypothesized that combining these 2 sequences

could maximize the overall diagnostic performance while offset-

ting the trade-offs and thus could potentially improve the overall

accuracy of detection and characterization of spinal vascular mal-

formations. In the present study, we used the diagnostic capability

and feeder characterization of VHHT2WI (Cube) and TRCE MR

(TRICKS) independently and in combination for the assessment

of SVM.

MATERIALS AND METHODS
This prospective observational study included all patients with

clinically suspected or diagnosed spinal vascular malformations

who presented to the radiology department of Sree Chitra Tirunal

Institute for Medical Sciences and Technology between May 2015

and October 2017. Patients with contraindications to MR imag-

ing or partially treated SVMs or those who were unwilling to give

consent were excluded from the study. MR imaging of the whole

spine was performed on a 3T Discovery 750 MR imaging scanner

(GE Healthcare) initially, followed by invasive spinal angiography

on an Innova 3131 biplane DSA machine (GE Healthcare).

MR Imaging Technique
The MR imaging protocol consisted of initial routine T2 and 3D

Cube acquisitions of the whole spine in the sagittal plane, fol-

lowed by contrast-enhanced TRICKS of the suspected region. The

parameters were as follows—Cube: TE/TR, 60 –115/2500 ms;

echo-train length, 90; FOV, 30 cm with a matrix of 288 � 288 and

slice thickness of 1.6 mm in the sagittal plane. The entire spine was

covered in 2 or 3 stations. The total acquisition time for each

station was 6.08 minutes. For TRICKS, because there is a limita-

tion to the longitudinal area of coverage, the FOV was centered at

the region of maximum concentration of flow voids, after evalu-

ating the prior conventional T2 sequence. Initially the TRICKS

sequence with a temporal resolution of 4 seconds and 200 milli-

seconds was used for the first 7 patients, and the parameters were

as follows: TE/TR 1.4 –11/4 ms; flip angle, 30°; slice thickness, 2

mm with an FOV of 46 cm, matrix of 512 � 256, and NEX of 1

with 20 phases acquired in the sagittal plane in 1 minute and 43

seconds. To shorten the temporal resolution to 3 seconds 100

milliseconds, we reduced the TR to 3.7 ms, the NEX to 0.75, and

the flip angle to 20°, resulting in a total scan time of 1 minute 15

seconds, and these parameters were used in the remainder of the

study. Gadolinium contrast medium (gadodiamide, Omniscan;

GE Healthcare, Piscataway, New Jersey), 0.2 mmol/kg body

weight (15–18 mL), was injected at a rate of 3.5 mL/s followed by

a 20-mL saline chase follow-through.

The resulting images from both sequences were postprocessed

using multiplanar reconstructions and maximum intensity pro-

jections in orthogonal and oblique planes on an Advantage Work-

station for Windows (GE Healthcare).

Data Analysis
The VHHT2WI and TRCE MR images were independently ana-

lyzed after a gap of 2 weeks for the presence of vascular malfor-

mations, type (SDAVF, SCAVM, or PMAVF), and feeding arter-

ies (number and their level) by 2 neuroradiologists (S.K.K. with 9

years’ experience and S.M. with 3 years’ experience) who were

blinded to the case particulars. The spinal angiography data were

analyzed by a single neuroradiologist (J.E.R. with 14 years’ expe-

rience) blinded to the MR imaging observations. The technique of

identification of the type of vascular malformation and its feeder

was discussed previously and is detailed in On-line Table 2.10,13

Statistical analysis of the data was performed by calculating the

sensitivity, specificity, accuracy, and positive and negative pre-

dictive values of VHHT2WI, TRCE, and combined data in

identifying the type and location of vascular malformations in

comparison with spinal angiography. � coefficients of inter-

modality and interobserver variability were also calculated. All

analyses were performed on SPSS, Version 21 (IBM, Armonk,

New York).

RESULTS
Of 34 patients who met the inclusion criteria, 28 patients were

included in the final analysis after exclusions (On-line Figure).

The median age of the patients was 48 years (range, 15–78 years),

with 22 males and 6 females. Eleven patients had SDAVFs, 10 had

SCAVMs, 5 patients had PMAVFs, and the remaining 2 patients

had extraspinal arteriovenous malformations. The clinical and

demographic characteristics of the subjects are shown in Table 1.

Diagnosis and Characterization of SVMs
Both VHHT2WI and TRCE MR imaging performed equally with

a sensitivity of 100% and accuracy of 93.5% for diagnosing the

presence of SVMs. The specificity was low (33%), due to a low

number of true-negative cases.

For the diagnosis of SDAVF, VHHT2WI and TRCE MR im-

aging had equal sensitivity, specificity, and accuracy of 100%,
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80%, and 87%, respectively. The VHHT2WI sequence misdiag-

nosed 2 cases of PMAVFs and 1 case of vertebral body AVM as

DAVFs. The false diagnosis of the SDAVF was made due to the

presence of flow voids without apparent identification of a nidus.

False-positives occurred in 3 cases with TRCE MR imaging: In 1

case of an SCAVM, a small nidus was misinterpreted as a draining

vein; in another case of PMAVF, the anterior spinal artery

(ASA) was not visualized and was misdiagnosed as a DAVF;

and in the last, in an extraspinal AVM, the nidus was missed.

After we combined both sequences, the specificity and accu-

racy improved to 84% and 90%, respectively. Thus, cross-con-

firmation between the 2 modalities improved the overall accu-

racy of diagnosis.

For SCAVM, the VHHT2WI had excellent sensitivity and ac-

curacy of 100% and 96.7%, respectively, while the TRCE MR im-

aging had a sensitivity and accuracy of 90% and 93.5%, respec-

tively. Both sequences had an equal specificity of 95.2%. One

patient with an extraspinal AVM and one with a spinal cord AVM

were misdiagnosed with DAVFs on TRCE imaging. Combining

the sequences improved the overall accuracy of TRCE imaging to

that of VHHT2WI.

For PMAVFs, TRCE MR imaging performed better, with a

sensitivity and accuracy of 80% and 96.7% compared with the

VHHT2WI sequence, which had a lower sensitivity and accuracy

of 60%, and 93.5%, respectively. Both sequences had a specificity

and positive predictive value of 100%. In 2 patients, the PMAVF

was falsely diagnosed as an SDAVF on VHHT2WI. The combined

evaluation improved the sensitivity to that of TRCE MR imaging

due to better identification of the ASA.

Feeder Identification of SVMs

DAVF. The level of the arterial feeder to a DAVF was exactly iden-

tified by the VHHT2WI sequence in 7 and 6 of 11 patients by

observers 1 (63.6%) and 2 (54.5%), respectively. When extended

to 1 vertebral level, observer 1 identified arterial feeders in 10 of 11

(90.9%) patients, whereas observer 2 identified them in 8 of 11

patients (72.7%). On the TRCE sequence, observers 1 and 2 iden-

tified the level in 8 of 11 (72.7%) patients. By combined evalua-

tion, both observers identified feeders in 10 of 11 patients (Table

2). The laterality of the arterial feeder was correctly predicted in all

cases by observer 1 but was misinterpreted in 1 case by observer 2.

In the presence of multiple feeders to the DAVF, only 1 feeder

could be identified by both observers.

AVM. Both the observers identified dominant arterial feeders in 6

of 10 patients on VHHT2WI and 8 of 10 patients on the TRCE

sequence (Table 2). On the TRCE sequence, 2 feeders (20%) were

falsely localized to an incorrect level by both observers.

Also, TRCE performed better in the assessment of the over-

all number of feeders by both observers compared with

VHHT2WI. More than half the number of feeders were iden-

tified by TRCE (54.0%– 66.6%), while identification was possible

in only 25%–29% with VHHT2WI. In-

tranidal aneurysms were found on spi-

nal angiography in 4 patients. Both ob-

servers were able to identify these in 3 of

4 patients (75%) using both sequences.

PMAVF. The dominant feeder or single

feeder could be identified on VHHT2WI

in 4 of 5 (80%) patients by observer 1,

and in 3 of 5 (60%) patients by observer

2. Similarly, both observers could iden-

tify feeders in 4 of 5 (80%) patients with

the TRCE sequence.

Of 7 feeders on spinal angiography, on

the VHHT2WI sequence, observers 1 and

2 identified 4 (57.1%) and 3 (42.8%) arte-

rial feeders, respectively. Using the TRCE

sequence and combined VHHT2WI and

TRCE MR images, observers 1 and 2 iden-

Table 1: Demographics and clinical features of patients with spinal vascular malformations
SDAVF SCAVM PMAVF

Median age (range) (yr) 57.7 (49–67) 29 (15–53) 52 (27–78)
Sex

Male 10 6 5
Female 1 4 0

Comorbidities
Diabetes 4 1 2
Hypertension 2 0 1

Presentation
Acute/subacute 0 8 1
Chronic 11 2 4

Clinical features
Initial symptoms

Low back pain 3 7 3
Sensory symptoms 3 5 2
Motor weakness 5 5 0

Symptoms at diagnosis
All (motor/sensory/bladder/bowel) 9 7 5

Any symptoms 2 3 0
Time to diagnosis (median) (range) (mo) 11.4 (4–24) 42.6 (0–180) 13.4 (1–24)

Table 2: Feeder characterization and level localization of various spinal vascular malformations using different MR imaging sequences
VHHT2WI TRCE MRA Combined Approach

Obs. 1 Obs. 2 Obs. 1 Obs. 2 Obs. 1 Obs. 2
SDAVF

Exact level 7/11 (64%) 6/11 (54%) 7/11 (64%) 7/11 (64%) 7/11 (64%) 7/11 (64%)
Within 1 vertebral level 10/11 (91%) 8/11 (73%) 8/11 (73%) 8/11 (73%) 10/11 (91%) 10/11 (91%)

SCAVM
Dominant feeder 6/10 (60%) 6/10 (60%) 8/10 (80%) 8/10 (80%) 8/10 (80%) 8/10 (80%)
All feeders 6/24 (25%) 7/24 (29%) 13/24 (54%) 16/24 (67%) 13/24 (24%) 16/24 (67%)

PMAVF
Dominant feeder 4/5 (80%) 3/5 (60%) 4/5 (80%) 4/5 (80%) 4/5 (80%) 4/5 (80%)
All feeders 4/7 (57%) 3/7 (43%) 4/7 (57%) 5/7 (71%) 4/7 (57%) 5/7 (71%)

Note:—Obs. Indicates observer.
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tified 4 (57.1%) and 5 (71.4%) feeders, respectively. On the TRCE

sequence, 1 false-positive was identified by observer 1 and 2 false-

positives were identified by the observer 2. Two of 5 patients had

multiple feeders. VHHT2WI could identify only a single feeder

level in 2 patients by both observers. However, by TRCE, observer

2 could identify both feeders in 1 patient, and observer 1 could

identify only 1 feeder.

The representative cases of the 3 types of SVMs are illustrated

in Figs 1–3.

Intermodality and Interobserver Agreement
Moderate-to-substantial agreement was noted between the 2 mo-

dalities (VHHT2WI and TRCE MR) among the 2 observers in the

evaluation of the feeders or for localization. However, notably, the

agreement improved for both the observers when a combined

evaluation was performed. Substantial-to-perfect interobserver

agreement was also noted across the modalities for all types of

SVMs (On-line Tables 1 and 2).

DISCUSSION
Advanced MR imaging techniques used for the evaluation of

SVMs include anatomic depiction of the vascular malformation

using VHHT2WI (SPACE or Cube) or TRCE MR angiographic

sequences (TRICKS). Most of the earlier

studies discuss the utility of a specific

MR image for a particular spinal malfor-

mation such as an SDAVF or SCAVM. To

our knowledge, our series is the first study

to report the usefulness of 2 different im-

aging sequences in the evaluation of spinal

vascular malformation and its character-

ization. Our study found that VHHT2WI

and TRCE MR imaging had an overall

sensitivity of 100% and accuracy of 93.5%

in the evaluation of suspected spinal vas-

cular malformations. Also, the combined

evaluation did not improve the accuracy

of detection, suggesting that any one of the

modalities is sufficient for confirming the

presence of a vascular malformation. For

feeder identification of an SDAVF, volu-

metric sequences were found to have

higher accuracy, and combined evaluation

yielded a detection rate within 1 vertebral

level of 90%. However, the major feeders

of SCAVMs and PMAVFs were better rec-

ognized using the TRCE sequence than

the volumetric sequence.

Conventional T2 MR imaging is often

the first diagnostic study in the evaluation

of spinal vascular malformations. The

presence of flow voids and cord hyperin-

tensity in a patient with a suspected spinal

vascular malformation is reported to

have 100% sensitivity in the diagnosis of

SDAVFs.3 Flow voids, however, are ob-

served in only about 70% of cases; more-

over, the detection rate could be very low (�40%) in low-flow

shunt lesions.3,14 Advanced MR images can improve the sensitiv-

ity and diagnostic accuracy for the detection of SVM. Ama-

rourche et al10 reported the utility of the TRCE MR imaging tech-

nique (TRICKS) in the evaluation of different types of SVMs. In

this study, 98% sensitivity and 63% specificity were achieved for

the diagnosis of SVMs. Although the characterization of SDAVFs

was excellent with this technique, when one included the localiza-

tion of feeders within 1 level (82.8%), a false-positive interpreta-

tion was observed for PMAVFs, and the proportion of SCAVMs

included in the study was very low (6.4%). Other studies on

SDAVFs also reported similar high sensitivity (88%–100%) and

specificity (80%–90%) for the detection of SDAVFs and feeder

localization (85.7%–100%).11,12 The performance of TRCE is af-

fected by several technical parameters, such as positioning of the

FOV, delay between scan acquisitions and contrast bolus initia-

tion, and temporal resolution of the sequence.10-12 Positioning of

the FOV outside the region of the fistula can lead to a false-nega-

tive diagnosis, while low temporal resolution can lead to inade-

quate mapping of high- or low-volume shunts, yielding an erro-

neous interpretation.10-12

The other sequence used to investigate SVMs is VHHT2WI,

FIG 1. SDAVF. The VHHT2WI (A) shows a radicular vein (arrow) traced to left D8 vertebral foramen.
The vein is faintly appreciated in TRCE (arrow in B) as well. The diagnosis is confirmed on DSA (C).

FIG 2. SCAVM. VHHT2WI (A) shows flow voids (arrow) within the conus suggesting the diagnosis
of SDAVF. The feeder to the SCAVM was not identified. The parenchymal nidus (arrow in B) and
the feeder from the ASA (arrow in C) are well seen in TRCE MR imaging. DSA confirms the
observation (D).
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which provides superior parenchymal-CSF contrast distinction,

thus allowing easy identification of even subtle flow voids and

further characterization of the malformations based on the local-

ization of the lesion or the feeder that supplies it.13,15 A recent

study using this sequence demonstrated 98.1% sensitivity and

90% specificity for the diagnosis of SVMs, which was higher for

SDAVFs (100% and 90%) compared with SCAVMs (89% and

71.8%), respectively.16 Additionally, VHHT2WI could be used

for localization of SDAVFs, and the site could be reliably identi-

fied within 1 vertebral level in 94% of the cases.13 However, the

role of this sequence to distinguish intradural vascular malforma-

tions such as PMAVFs and SCAVMs and the capability of identi-

fying feeders to these malformations are unknown. Thus, al-

though both VHHT2WI and TRCE MR imaging are excellent

tools to evaluate suspected SVMs, due to inherent technical lim-

itations of each of these sequences, whether it is possible to replace

a diagnostic spinal angiography or plan limited angiography with

therapeutic intent is unclear.10,11,17

In our study, we found that VHHT2WI and TRCE MR imag-

ing had high sensitivity and accuracy in the diagnosis of SVM,

concurrent with other reported studies in the literature.10-15

Although the diagnosis of SDAVF could be confidently made

using either sequence, a false-positive diagnosis was a concern

for both. In our series, 2 cases of PMAVF and 1 case each of

PMAVF and SCAVM were erroneously diagnosed as SDAVFs.

Although VHHT2WI has submillimeter resolution, a near-nor-

mal-sized ASA feeding a low-flow PMAVF (type A PMAVF) might

be missed due to volume averaging and thus could be erroneously

reported as an SDAVF. Similarly, due to the low temporal resolution

of TRCE MR imaging, optimal capture of different angiographic

phases might be a limitation in a slow-flow PMAVF or a small

SCAVM with a near-normal-sized ASA

feeder, resulting in an overlap of feeders

and draining veins.10 Combining both se-

quences led to a higher accuracy of 90%,

and this improvement is likely a con-

sequence of improved diagnostic con-

fidence of subtle imaging observations

in one technique, which could be cross-

confirmed with the other. The higher

sensitivity and accuracy of VHHT2WI

and TRCE MR imaging in the diagnosis

of SCAVMs in our series are not surpris-

ing, given both the sequences’ ability in

direct visualization of the parenchymal

nidus, which, in itself, is confirmatory.

However, TRCE MR imaging was found

to be superior in the depiction of PMA-

VFs, primarily due to its ability to dem-

onstrate the arterial feeder.

Similar to results of prior reports,

our results confirm the role of advanced

MR images such as VHHT2WI and

TRCE in the detection of arterial feeders

to SDAVFs. The detection rate for both

sequences within 1 vertebral level was

found to be high and comparable with those reported in the liter-

ature.10-13 Most interesting, we observed that the rate of identifi-

cation depended on the readers’ experience; however, by using

input from both the sequences, high accuracy (90.9%) could be

attained. This suggests that the effect of the learning curve on

interpretation could be offset by using 2 modalities rather than a

single sequence. A similar observation was also noted for PMAVF,

in which a combined evaluation detected a higher proportion of

the main as well as all feeders. Contrary to the prior report, both

sequences could identify main feeders in 60%– 80% of the cases

and, in more than half, the number of all feeders to SCAVMs.10

The poor characterization reported by Amarouche et al10 might

be due to limited experience; only 3 patients with SCAVMs were

included in their study cohort. High interrater agreement was

found for all the parameters in our study, suggesting that the

observations are largely unambiguous and reproducible.

In this study, we used 2 disparate MR imaging techniques to

evaluate anatomic and flow characteristics of SVMs. Although

the performances of these individual sequences are compara-

ble as far as diagnosis and feeder identification of various

SVMs is concerned, combined evaluation improved the overall

accuracy. The greatest utility of the combined sequence was

found in enhancing the specificity and accuracy of SDAVF by

discriminating it from PMAVF and identification of the dom-

inant feeders to intradural malformations such as PMAVF and

SCAVM. One disadvantage of using both sequences for SVM

evaluation is the mild prolongation of the total acquisition

time. However, the clinician could opt for any particular se-

quence for the initial evaluation, and additional sequences

could be used only if the findings are confirmatory of the pres-

FIG 3. PMAVF. VHHT2WI shows a prominent ASA (arrow in A) supplying the fistula (not shown).
TRCE MR image shows 2 ASAs feeding the fistula (arrows in B). A hypertrophied ASA supplying the
fistula is demonstrated in C.
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ence of an SVM. The current favored approach at the authors’

institution is to obtain VHHT2WI initially, and perform a

TRCE sequence later, centering the FOV at the site of the SVM

localized from the earlier sequence. With this approach, false-

negative interpretation due to improper placement of the FOV

in TRICKS could be avoided and the observations could be

confirmed by both modalities. Accurate distinction of spinal

vascular malformations and their feeders preoperatively can

aid the interventionist in tailoring the spinal DSA and planning

endovascular treatment in a single sitting. This approach will

have the advantage of reduction in procedural time and the

risks of spinal DSA, radiation exposure, and contrast load

along with an overall reduced hospital stay.17

Our study has several strengths. The study design was prospec-

tive, blinded, and performed on a 3T MR imaging machine. Spi-

nal vascular malformations were evaluated with 2 different se-

quences, which enabled characterization of both the anatomic

and physiologic aspects of the pathology. Furthermore, we were

able to overcome the relative drawback of the limited FOV with

the TRCE sequence by planning the FOV on the basis of findings

on conventional MR imaging rather than using a fixed position as

in prior studies. Also, different types of SVMs were included and

separately analyzed to understand the disease-specific perfor-

mance of the sequences.

There are a few limitations to our study. Due to the rarity of the

disease, the number of patients in the study was relatively low. Use

of a lower temporal resolution of the TRCE MR imaging in the

initial phase of the study may have introduced some heterogene-

ity, though we believe that its effect on diagnostic accuracy is

negligible.

CONCLUSIONS
VHHT2WI is superior in identifying SCAVMs, while the TRCE

MR imaging is superior in identifying PMAVFs, with both se-

quences having equal accuracy in diagnosing SDAVFs. For feeder

identification, VHHT2WI is superior in SDAVFs, while the other

sequence is more useful in SCAVMs sand PMAVFs. The com-

bined evaluation of VHHT2WI and TRCE MR imaging increases

the sensitivity and specificity in identifying and classifying spinal

vascular malformations and thus could be used for planning tar-

geted DSA and subsequent interventions.
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LETTERS

Can Trace-Weighted Images Be Used to Estimate Diffusional
Kurtosis Imaging–Derived Indices of Non-Gaussian Water

Diffusion in Head and Neck Cancer?

We read with great interest the appealing article by Tu et al,1

aimed at assessing the role of histogram-based descriptors

of the non-Gaussian diffusional kurtosis imaging (DKI) model2

in treatment-response prediction of nasopharyngeal carcinoma.

They found that histogram-based analysis of DKI-derived indices

of “kurtosis” and “diffusivity” may potentially predict the neoad-

juvant chemotherapy and short-term radiation therapy response

in locoregionally advanced nasopharyngeal carcinoma, therefore

possibly modifying the treatment regimen. Considering that DKI

is a quantitative diffusion MR imaging technique, we think it

would be of practical interest to discuss in greater detail the ap-

proach used to estimate kurtosis and diffusivity in this study and

in various DKI applications in general.

Tu et al1 used only 3 orthogonal diffusion-weighting direc-

tions as is usual in extracranial DKI studies. While a rigorous

application of DKI would require the use of at least 15 diffusion-

weighting directions and 2 non-null b-values,2 this simplification

(based on the assumption of a relatively low diffusion anisotropy

degree for tumor lesions) allows reducing the scan time, which is

a pivotal issue in numerous extracranial applications of diffusion

MR imaging. In this context, the estimation of kurtosis and dif-

fusivity as the average of directional kurtosis and diffusivity ob-

tained separately along the 3 orthogonal directions (namely K and

D) hence represents the best possible approximation3 for rota-

tional invariant mean kurtosis (ie, the average of directional kur-

tosis along all spatial directions) and mean diffusivity, respec-

tively.2 However, it is likely that Tu et al1 estimated K and D by

fitting the DKI model to trace-weighted images (TWIs) (ie, the

geometric means of acquired diffusion-weighted images (DWIs),

along the 3 orthogonal diffusion-weighting directions), albeit not

explicitly reported.

This fact represents an important methodologic issue that

should be adequately discussed. Indeed, while the approach of

using TWIs has been widely adopted in many extracranial appli-

cations of DKI, it is mathematically as well as theoretically incor-

rect and yields no advantage in terms of acquisition time.3,4 No-

tably, a simulation study has shown that this approach can

potentially affect the estimation of K.3 In particular, even for true K

values � 1 (as typically observed in human tissue) and a low dif-

fusion anisotropy degree (�0.2), the percentage error in the K

estimation caused by the use of TWIs instead of single DWIs along

the 3 orthogonal directions can range up to more than 30%, re-

sulting in greater uncertainty introduced by DWIs noise for typ-

ical signal-to-noise ratio values. In addition, a recent in vivo study

has demonstrated that the fit of the DKI model to TWIs can in-

troduce bias and error in the estimation of K and D of head and

neck cancer, which can be non-negligible for single lesions.4 The

median (95% confidence interval) errors in K and D were 5.1%

(0.8%, 32.6%) and 1.7% (�2.5%, 5.3%), respectively.

In conclusion, toward an optimization of methods in quanti-

tative DKI of the head and neck and extracranial regions in gen-

eral, the use of at least 15 diffusion-weighting directions and 2

non-null b-values would be conceptually recommendable.2

Nonetheless, the widespread and growing tendency to obtain K

and D by fitting the DKI model to TWIs should possibly be

avoided because it can affect the estimation of DKI-derived

indices.3,4
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REPLY:

We appreciate the comments by Dr Giannelli and colleagues
regarding our recent article “Treatment Response Prediction

of Nasopharyngeal Carcinoma Based on Histogram Analysis
of Diffusional Kurtosis Imaging,” which raised an interesting
issue on the influence factors of diffusional kurtosis imaging
(DKI) estimation bias.

As they mentioned, DWI with 3 diffusion-weighted directions
is currently the de facto standard in the application of DKI in
body tumor. There are objective reasons for using 3 perpendicu-
lar directions in body application of non-Gaussian diffusional
kurtosis imaging rather than >15 directions as in brain white
matter evaluations.1 First, the different anisotropic features
between body and head lead to a basic need for >15 directions in
white matter applications, while 3 directions may be sufficient in
body applications.2 Second, the increase of directions will result
in a large increase in acquisition time, more likely leading to bulk
and respiration motion, which should be avoided in body imaging
acquisitions. Third, trace weighted images (TWIs) could increase
the low signal-to-noise ratio in body tissue and make images robust
to motion.3,4

Giannelli et al have reported that the percentage error in K
and D estimation using TWIs in head and neck cancer can be
non-negligible for single lesions. They recommended the use of
at least 15 diffusion-weighting directions and 2 non-null b-values
in quantitative DKI analysis based on a simulation study5 and a
prospective study.6 They drew this conclusion on the basis of a
small sample study with a group of 18 patients with significantly
different types of head and neck tumors, for example, tongue
squamous cell carcinoma and lymphoma, using 3 main diffusion
directions (x, y, z) with an acquisition time of 8minutes 21 sec-
onds (the time of our study is 3minutes 26 seconds).

As we all know, different types of tumors have remarkably dif-
ferent biologic microstructures, resulting in differing diffusivity.
For example, nasopharyngeal carcinoma (NPC) is a special type
of head and neck tumor that has remarkably different biologic
characteristics than other head and neck tumors. It is relatively
isotropic, though the microstructure complexity differs according
to treatment response.7 Moreover, the acquisition of NPC MR
images is relatively more sensitive to bulk and respiratory
artifacts; therefore, an appropriate short acquisition time is
important. Therefore, the reproductivity and reliability of the
recommendation for more directions not only in patients with
NPC but also in those with other head and neck tumors
remains controversial and needs further validation in unique
types of tumors with certain sample sizes. Moreover, it appears
that the DKI parameters may differ among different MR imag-
ing systems and different institutions.8-10 Further study should
be a multicenter large-sample-size prospective validation of
this recommendation. The more complex the algorithm, the
more error will occur during each step of calculation. Hence, a
simplified geometric model may be more feasible in clinical
application.11

In conclusion, the use of only 3 perpendicular directions
in general DKI body applications may lead to non-negligible
bias during calculation. However, in body solid tumors with
fewer anisotropic characteristics, 3 directions may be suffi-
cient in clinical application. These comments remind us to
pay more attention to the influencing factors of DKI acquisi-
tions. On the other hand, because the imaging biomarkers
differ in numerous studies,7,8,10,12-14 these comments give us
an idea of how to explain the variation among these studies, to
modify the parameter calculations, and to increase the possibility
of exploring unique, proper, and impactful metrics as image bio-
markers for further clinical application.
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LETTERS

Vendors Used in CT and MRI Neuroradiology Research

The market for radiology equipment is competitive through-
out the world because the gross sales overall may be in the

tens of billions of dollars. The vendors of these machines often
compete on the basis of price, relationships with purchasers, vol-
ume discounting, and convenience of use. However, the percep-
tion that one manufacturer has an advantage in advanced
technology over the other may also impact sales decisions, partic-
ularly at cutting edge research institutions. Assessing the quality
of a manufacturer’s research and development (R&D) is a diffi-
cult process. Industry may show its dedication to advancement
by sponsoring research projects with funds and/or providing
access to “works-in-process” advanced techniques to interested
parties. We sought to determine the relative contributions of
manufacturers to the neuroradiology literature in 2018 for the
American Journal of Neuroradiology (AJNR) and a European-
based (Neuroradiology) journal. Although this search may not be
a true test of the quality of the R&D effort of a company, it may
indicate which vendor has an advantage in neuroradiology
research publications and, by proxy, institutions.

Thus, we reviewed each original research article published
in 2018 in the AJNR and Neuroradiology and recorded which
vendor was specified in the methodology for CT and MR
imaging articles. For each technique, the results were aggre-
gated on the whole and into categories for brain, spine, and
head and neck to determine the frequencies of vendors men-
tioned in the articles. For MR imaging (Tables 1 and 2) and
CT (Tables 3 and 4) articles, we categorized manufacturers as
Siemens (Erlangen, Germany), GE Healthcare (Milwaukee,
Wisconsin), Philips Healthcare (Best, the Netherlands) and

“Others.” As a retrospective bibliometric analysis that did
not involve human subjects, this study was exempt from insti-
tutional review board approval and was Health Insurance
Portability and Accountability Act compliant.

We found that Siemens (72/190, 37%) led the AJNR litera-
ture in MR imaging studies overall, including 36% of brain,
40% of spine, and 46% of head and neck publications. For CT,
the gap narrowed with Siemens accounting for 38% of CT
articles. GE Healthcare and Philips Healthcare competed for
second place in AJNR. In Neuroradiology, similar trends were
seen, except in head and neck. Siemens was favored in the
Neuroradiology MR imaging literature, constituting 42% of
brain and 75% of spine articles. For CT, Siemens was domi-
nant with 73% of brain and 75% of spine neuroradiology
articles. Taken in total, Siemens had more mentions than other
vendors (P < 0.01).

Our study noted that research performed on Siemens CT and
MR imaging products led overall in the American- and
European-based journals we selected for 2018. That advantage
was more noteworthy in MR imaging research and in
Neuroradiology.

Disclosures: David Yousem—UNRELATED: Expert Testimony: medicolegal;
Payment for Lectures Including Service on Speakers Bureaus: American College
of Radiology; Royalties: Elsevier.

S. Ramezanpour
R. Jalilianhasanpour

D.M. Yousem
Russell H. Morgan Department of Radiology and Radiological Science

Johns Hopkins Medical Institution
Baltimore, Marylandhttp://dx.doi.org/10.3174/ajnr.A6180
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Table 1: AJNR MR imaging articles published in 2018

Body Part
Siemens

(No./No.) (%)
GE Healthcare
(No./No.) (%)

Philips Healthcare
(No./No.) (%)

Others
(No./No.) (%) Total

Brain 52/144 (36%) 52/144 (36%) 34/144 (23%) 6/144 (4%) 144
Spine 8/20 (40%) 5/20 (25%) 7/20 (35%) 0/20 (0%) 20
Head and neck 12/26 (46%) 4/26 (15%) 9/26 (34%) 1/26 (3%) 26
Totals 72/190 (37%) 61/190 (32%) 50/190 (26%) 7/190 (3%) 190

Table 2: Neuroradiology MR imaging articles published in 2018

Body Part
Siemens

(No./No.) (%)
GE Healthcare
(No./No.) (%)

Philips Healthcare
(No./No.) (%)

Others
(No./No.) (%) Total

Brain 25/59 (42%) 17/59 (28%) 16/59 (27%) 1/59 (1.6%) 59
Spine 3/4 (75%) 1/4 (25%) 4
Head and neck 4/14 (28%) 4/14 (28%) 6/14 (42%) 14
Totals 32/77 (41%) 21/77 (27%) 23/77 (29%) 1/77 (1.2%) 77

Table 3: CT vendors noted in AJNR articles

Body Part
Siemens

(No./No.) (%)
GE Healthcare
(No./No.) (%)

Philips Healthcare
(No./No.) (%)

Others
(No./No.) (%) Total

Brain 2/8 (25%) 3/8 (37%) 1/8 (12%) 2/8 (25%) 8
Spine 1/6 (16%) 3/6 (50%) 1/6 (16%) 1/6 (16%) 6
Head and neck 5/7 (71%) 2/7 (29%) 7
Totals 8/21 (38%) 8/21 (38%) 2/21 (9%) 3/21 (14%) 21

Table 4: CT vendors noted in Neuroradiology articles

Body Part
Siemens

(No./No.) (%)
GE Healthcare
(No./No.) (%)

Philips Healthcare
(No./No.) (%)

Others
(No./No.) (%) Total

Brain 11/15 (73%) 2/15 (13%) 1/15 (6%) 1/15 (6%) 15
Spine 3/4 (75%) 1/4 (25%) 4
Head and neck 1/6 (16%) 3/6 (50%) 2/6 (33%) 6
Totals 15/25 (60%) 5/25 (8%) 1/25 (4%) 4/25 (16%) 25
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