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Impact of Ischemic Lesion Location on the mRS Score in
Patients with Ischemic Stroke: A Voxel-Based Approach
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ABSTRACT

BACKGROUND AND PURPOSE: Previous studies indicated that ischemic lesion volume might be a useful surrogate marker for functional
outcome in ischemic stroke but should be considered in the context of lesion location. In contrast to previous studies using the ROI
approach, which has several drawbacks, the present study aimed to measure the impact of ischemic lesion location on functional outcome
using a more precise voxelwise approach.

MATERIALS AND METHODS: Datasets of patients with acute ischemic strokes from the Multicenter Randomized Clinical Trial of Endo-
vascular Therapy for Acute Ischemic Stroke in the Netherlands (MR CLEAN) were used. Primary outcome was functional outcome as
assessed by the modified Rankin Scale 3 months after stroke. Ischemic lesion volume was determined on CT scans 3-9 days after stroke.
Voxel-based lesion-symptom mapping techniques, including covariates that are known to be associated with functional outcome, were
used to determine the impact of ischemic lesion location for outcome.

RESULTS: Of the 500 patients in the MR CLEAN trial, 216 were included for analysis. The mean age was 63 years. Lesion-symptom mapping
with inclusion of covariates revealed that especially left-hemispheric lesions in the deep periventricular white matter and adjacent internal
capsule showed a great influence on functional outcome.

CONCLUSIONS: Our study confirms that infarct location has an important impact on functional outcome of patients with stroke and
should be considered in prediction models. After we adjusted for covariates, the left-hemispheric corticosubcortical fiber tracts seemed
to be of higher functional importance compared with cortical lesions.

ABBREVIATIONS: FU-NCCT = follow-up noncontrast CT; ILV = ischemic lesion volume; VLSM = voxel-based lesion-symptom mapping

I tis very desirable to improve prediction of functional outcome
after an ischemic stroke to rapidly inform patients and their
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relatives and to optimize patient management, care, and rehabil-
itation strategies."> Several studies aimed to forecast functional
outcome of patients at an early stage after acute ischemic stroke
using clinical and imaging data.”* With regard to stroke studies, it
would be of major interest to replace clinical study end points
with a validated surrogate end point. Within this context, image-
based surrogate end points would be easier and more reliable to
assess and would allow performing phase II stroke studies with a
smaller sample size. Previous studies indicated that ischemic le-
sion volume (ILV) as a surrogate marker for functional outcome
might be useful but should be considered in the context of lesion
location.”®

Voxel-based lesion-symptom mapping (VLSM) techniques
have been frequently used to investigate the relationship between
lesion topography and functional outcome.>” VLSM compares
functional outcome scores between patients with and without le-
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sions on a voxelwise basis. In this approach, patients are divided
for each voxel into 2 groups according to whether they have a
lesion at that voxel location.” VLSM methods have been used to
examine motor recovery,'® spatial neglect,'' and aphasia®'? in
patients with chronic stroke, and the 1-month modified Rankin
Scale score was used in patients with subacute stroke (2-3 days).”
These studies have provided insight into clinical deficits linked to
lesions in particular brain regions but did not include important fac-
tors known to be associated with functional outcome after stroke
such as age, sex, ILV, recanalization status, and treatment technique.

We aimed to investigate the impact of stroke lesion topogra-
phy on functional outcome (3-month mRS) with and without
accounting for factors known to be associated with functional
outcome after stroke using a large data base of well-characterized

patients with acute ischemic stroke.

MATERIALS AND METHODS

Study Population

The analyses are based on data from the Multicenter Randomized
Clinical Trial of Endovascular Treatment of Acute Ischemic
Stroke in the Netherlands (MR CLEAN), which evaluated the
effect of intra-arterial treatment versus usual care alone in pa-
tients with stroke with acute large-vessel occlusion in the anterior
circulation. The main results and design of the study have been

reported before.'>'*

Inclusion and Exclusion Criteria

We included all patients with a follow-up noncontrast CT (FU-
NCCT) scan 3-9 days after stroke. Patients with FU-NCCT scans
of poor quality due to motion or beam-hardening artifacts or
technical errors precluding automatic registration or segmenta-
tion were excluded. Patients with decompressive hemicraniec-
tomy and considerable brain shift secondary to mass effect were
excluded as well. Moreover, we excluded patients with previous
stroke, an mRS score of >0 at baseline, or mRS = 6 three months
after stroke to remove potential confounds from death unrelated
to the stroke. As a result, the patient population of this substudy
differed from the total MR CLEAN population.

Ethics Statement

The MR CLEAN study protocol was approved by the Medical and
Ethical Review Committee (Medisch Ethische Toetsings Com-
missie of Erasmus MC, Rotterdam, the Netherlands) and the re-
search board of each participating center. All patient records and
images were anonymized before analysis, and written informed
consent was obtained from all patients or their legal representa-
tives as a part of the original trial protocol.

Ischemic Lesion Segmentation

Binary masks of the ischemic lesions on 3- to 9-day FU-NCCT
were created using a validated automatic method.'® An intensity-
based region-growing algorithm implemented in Matlab (Math-
Works, Natick, Massachusetts) iteratively examined all neighbor-
ing voxels of a segmented volume to determine whether these
neighboring voxels should be included in the segmentation. A
voxel was included if the difference in its intensity and the average
intensity of the segmented volume was smaller than a predefined
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threshold. The region-growing was repeated for multiple thresholds.
The range of thresholds was 1.5—4.5 HU with steps of 0.5 HU, result-
ing in 7 repeated segmentations. If needed, the segmentations were
adjusted by an experienced observer with >5 years’ experience in
neuroradiology (M.E.), blinded to clinical information and treatment as
well as further imaging. Subsequently, the ILV was calculated.

Functional Outcome

Functional outcome was assessed by the mRS at 3 months after
stroke onset. The mRS is one of the most widely used end points
for stroke severity in clinical trials in acute stroke, shown to be
valid and reliable.'® It captures the patient’s functional outcome
onan ordinal scale that ranges from 0 to 6, where zero indicates no
symptoms and 6 denotes a patient’s death.

Statistical Analysis

Two-tailed Wilcoxon rank sum tests were used to evaluate differ-
ences in continuous variables between patients with left-versus-
right hemispheric strokes. Categoric variables were compared
using the Pearson y” test. Backward stepwise regression was per-
formed to investigate the relation among age, sex, ILV, admission
National Institutes of Health Stroke Scale score, occlusion site,
collateral score, pretreatment Alberta Stroke Program Early CT
Score, time to treatment, treatment technique (intra-arterial
treatment, intravenous administration of alteplase, or conserva-
tive treatment), and recanalization status with functional out-
come. Successful recanalization was defined as a modified Arterial
Occlusive Lesion score =2 or, if missing, as a modified Throm-
bolysis in Cerebral Infarction score of 2b-3."” All analyses were
performed in SPSS 21 (IBM, Armonk, New York).

Voxel-Based Lesion-Symptom Mapping

Voxelwise analysis requires that all images be in the same coordi-
nate space to allow comparison of voxels between groups. There-
fore, after ischemic lesion segmentation, each of the FU-NCCT
images was coregistered to the standard Montreal Neurological
Institute'® atlas space using an affine transformation and subse-
quent nonlinear transformation implemented in the NiftyReg
toolkit (https://www.nitrc.org/projects/niftyreg/).'® The average

1?° served as a reference

CT atlas template described by Rorden et a
image. This template was based on healthy individuals with ages
similar to those commonly seen in stroke (mean, 65 years of age).
All coregistration results were visually checked for quality and
adjusted if needed. Statistical maps of lesion contribution related to
functional outcome were generated using VLSM, Version 2.55
(http://160.129.198.244/resources.html). For each voxel, patients
were divided into 2 groups according to whether they had a lesion
at that voxel location. In VLSM maps, high #-scores indicate that a
lesion in that specific voxel has a very significant effect on func-
tional outcome. We limited our analysis to voxels that were af-
fected in =10 individuals (10%). Resulting t-score maps were
thresholded (P < .01) on the basis of cluster size and permutation
method (2000 permutations; P < .05) to correct for multiple
comparisons. To evaluate the impact of predefined brain regions
on mRS, we calculated median, mean, minimum, and maximum
t-score values for each anatomic ROI provided by the Harvard-
Oxford cortical and subcortical structural atlas®' and the Johns



Left Hemisphere

FIG1. Incidence of lesions within each voxel for all patients with right and left hemispheric stroke (A) and a statistical power map between 40%

and 80% for a = 0.01 for 3-month mRS (B).

Table 1: Demographic differences between patients with left-versus-right hemispheric

strokes®

precluding automatic registration or
segmentation. Moreover, patients were

Left (n =122) Right (n = 94) PValue .\ luded because of hemicraniectomy

Age (yr) 624 =18 633+ 141 =7 (21 patients), severe swelling (3 pa-

Male sex (%) 80 (66) 55(59) 23 . .

Admission NIHSS 20 [14-23] 16 [14-19] 44 tients), previous stroke or mRS of >0 at

ILV (cm?) 659 + 62.9 815 + 715 B baseline (22 patients), or mRS = 6 three

3-Month mRS 3[2-4] 3[2-4] .81 months after stroke (22 patients).

Treated with tPA (%) 15(94) 86 (92) 43 All analyses were based on the final

Treated'with EVT (%) 58 (62) 45(48) 96 dataset comprising 216 patients.

Rgcanahzed ' 64(53) 4952 % On-line Table 1 shows the baseline

Time to treatment (min) 97.7 £52.0 107.7 =712 44

SICH (%) 10) 4(4) 1 and follow-up characteristics of patients

ASPECTS 9[7-10] 9[8-10] 16 included in this study and of the original
Note:—EVT indicates endovascular thrombectomy; SICH symptomatic intracranial hemorrhage. MR CLEAN population for Comparison.
2 Values are means or median [25th-75th percentiles]. The patients in this study had a mean age
Table 2: VLSM results of regions with mean t-values of >4.00° of 63 years, and 63% were men. The

Region Mean Median SD Max Min overall mean ILV was 73 mL.

Left superior longitudinal fasciculus 4.85 4.86 0.50 6.21 3.06

Left corticospinal tract 445 4.42 153 8.06 236  Backward Stepwise Regression

Left uncinate fasciculus 444 4.19 112 7.04 2.93 Analysis

Left central opercular cortex 437 448 0.97 6.8 243 The odds for a good outcome (lower

Right corticospinal tract 432 4.45 0.86 6.23 239 oS . .

Left inferior fronto-occipital fasciculus 426 4.04 123 7.4 238 mRS) were significantly higher given

Left anterior thalamic radiation 4.09 410 0.71 6.58 236 male sex and successful recanalization

Right frontal operculum cortex 4.08 4.06 0.39 5.06 2.66 status (OR = 2.58; 95% CI, 1.16—6.01;

Left planum temporale 4.03 4.05 0.41 5.30 2.52

P =.023; OR = 2.03;95% CI, 1.05-4.04;

Note:—Min indicates minimum; Max, maximum.

#Mean, median, minimum, maximum, and SD of t-scores calculated for each anatomic ROI provided by the Harvard-
Oxford cortical and subcortical structural atlas and Johns Hopkins University International Consortium of Brain Map-

ping Diffusion Tensor-81 white matter labels.

Hopkins University International Consortium of Brain Mapping
Diffusion Tensor-81 white matter labels,** distributed as part of
the FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl).>?
In a second step, we repeated the VLSM and recalculated the ¢-
score maps, adjusting for the variables found to be significantly
associated with functional outcome in a backward stepwise re-
gression analysis.

RESULTS

Patient Characteristics

Of the 500 patients included in MR CLEAN, 353 patients had a 3-
to 9-day FU-NCCT scan (On-line Fig 1). Sixty-nine patients were
excluded because of technical errors and insufficient scan quality

P = .038, respectively) and significantly
lower given a high ILV, older age, long
time to treatment, and a high NIHSS
score (OR = 0.71; 95% CI, 0.62—0.79;
P <.001; OR = 0.64; 95% CI, 0.46—-0.88; P = .007; OR = 0.78;
95% CI, 0.60—-0.98; P = .043; OR = 0.79;95% CI, 0.70—-0.88; P <
.001, respectively). Odds ratios and confidence intervals of the
variables in the final model are shown in On-line Fig 2. These
variables were used as covariates in subsequent VLSM analysis.
The discriminative power of the final regression model was very
good (area under the curve = 0.890; 95% CI, 0.846—0.933) (On-
line Fig 3).

Voxel-Based Lesion-Symptom Mapping
Figure 1 shows the incidence of lesions within each voxel for all
patients with stroke as well as the statistical power for & = 0.01 by
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Left Hemisphere

FIG 2. Voxel-based lesion-symptom mapping of lesion impact on the modified Rankin Scale score calculated separately for each hemisphere
(right side, n = 94; left side, n = 122) using no covariates (A); sex and age as covariates (B); and sex, age, and ischemic lesion volume as covariates
(C). The color range indicates t-scores thresholded at a 1% false discovery rate. Higher t-scores (red) indicate areas strongly associated with

functional outcome (mRS).

Table 3: VLSM results after inclusion of sex, age, and ischemic lesion volume®

(On-line Fig 4). When we included sex,

Region Mean Median SD Max Min age, and the NIHSS as covariates, the
Left corticospinal tract 3.86 41 0.97 5.90 236  volume of voxels significantly associated
Le:t inferior frfonto—olccipital fasciculus 3.29 3.36 0.55 4.8461 236 with mRS was reduced to 217 cm? in the
Left uncinate fasciculus 3.25 3.28 0.56 4.8 239 . . 3.
Left anterior thalamic radiation 3.04 3.01 0.42 4.62 236 right hemisphere and 230 cm” in the left
Left superior longitudinal fasciculus 2.65 262 0.21 368 236  hemisphere. When we included sex, age,

Note:—Min indicates minimum; Max, maximum.

#Mean, median, minimum, maximum, and SD of t-scores calculated for each anatomic ROI provided by the Harvard-
Oxford cortical and subcortical structural atlas and Johns Hopkins University International Consortium of Brain Map-

ping Diffusion Tensor-81 white matter labels.

color-coded overlays. The distribution of stroke lesions was com-
parable for the left and right hemispheres, with a slightly higher
incidence and higher power in the left hemisphere (maximum
incidences, n = 98) than the right hemisphere (maximum inci-
dences, n = 80). Table 1 shows the demographic differences be-
tween patients with left and right ischemic strokes. VLSM re-
vealed a significant contribution of brain regions comprising the
motor pathway, such as the left and right corticospinal tracts.
Moreover, injury involving the opercular cortex, the left superior
longitudinal fasciculus, and anterior thalamic radiation was asso-
ciated strongly with mRS (Table 2). A full list of mean, median,
minimal, and maximal ¢-score values of all template ROISs is pro-
vided in On-line Table 2.

After we included sex, age, and ILV as covariates, the left deep
periventricular white matter and adjacent internal capsule
showed a great influence on mRS (Fig 2 and Table 3). When we
included sex and age as covariates, larger regions of brain tissue in
the right hemisphere (245 versus 263 cm’) and in the left hemi-
sphere (267 versus 272 cm’) were significantly associated with
mRS (Fig 2). The volume of voxels significantly associated with
mRS was 250 cm® in the right hemisphere and 247 cm? in the left
hemisphere with sex, age, and time to treatment as covariates
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and recanalization status as covariates,
the volume of voxels significantly asso-
ciated with mRS was reduced to 155 cm’
in the right hemisphere and 236 cm” in
the left hemisphere. When ILV was included as a covariate, only
voxels defined by injury to the left deep periventricular white
matter and adjacent internal capsule (31.6 cm?) were associated
with mRS.

DISCUSSION
By means of a voxelwise approach, our data demonstrate the in-
fluence of ischemic lesion location on functional outcome in pa-
tients with acute large-vessel-occlusion ischemic stroke. After we
included covariates in the model, the left deep periventricular
white matter and adjacent internal capsule showed a definite in-
fluence on mRS 3 months after stroke.

Our findings are in line with those in previous studies map-

ping corticospinal tract lesions to motor impairment and motor

function recovery in patients with ischemic stroke.””**?> In a

previous study analyzing the ILV in motor-related brain struc-
tures (primary motor cortex, putamen, supplementary motor
area, corticospinal tract, and cerebellum), patients who achieved
functional independence (mRS 0-2) had a higher rate of MCA
recanalization at 24 hours, a smaller final infarct volume, and less
infarct growth. However, the multivariable analysis showed that



the best predictor of outcome in terms of mRS was the degree of
ischemic damage in the ipsilateral corticospinal tract, which clas-
sified the patients with 78% accuracy.”® In a following voxel-
based analysis, the voxels of the brain linked to persistent disabil-
ity were clustered in an area centered in the deep periventricular
white matter and in the adjacent internal capsule.>* The strategic
functional importance of this area might be because it represents
an important crossroad for many cortico-subcortical and long-
range intrahemispheric association fiber tracts, including the cor-
ticospinal tract. Our findings support the hypothesis of greater
impact of the cortical spinal tract over cortical lesions because
reorganization at the cortical level remains insufficient for the
patient’s recovery in case of damage to the main motor outflow
tract.”>?” Although the mRS is currently the most commonly
used outcome scale in stroke studies, it is mainly determined by
motor disability and is relatively insensitive to cognitive dysfunc-
tion. The analysis of other functional outcome parameters such as
the NIHSS, Barthel Index, or Glasgow Outcome Scale should be
examined in future studies using VLSM.

The voxelwise approach allowed a more precise analysis of
lesion location compared with previous studies using the ROI
approach,”® which is an intrinsic limitation implying an anatomic
a priori localization of the supposed relevant brain area.

In contrast to previous studies that mirrored right-sided le-

sions onto left-sided ones to increase statistical power,>?

our
study distinguished brain areas of the right and left hemispheres.
This distinction is important given that the association between
lesion location and outcome in terms of mRS is likely to be influ-
enced by the side of the lesion.”** Similar to the findings of Wu et
al,” lesion location in the right hemisphere was no longer signifi-
cantly associated with poor mRS scores after including ILV as a
covariate in the model. In contrast to Wu et al, including age and
sex into our model increased the number of voxels associated with
mRS not only in the right hemisphere but also in the left hemi-
sphere. This finding suggests that for a given sex and age, ischemic
lesion location influences the risk of disability.

An important strength of our study was the adjustment for
factors known to be associated with functional outcome after
stroke. We showed that even after we adjusted for these predictors
of functional outcome, infarcted voxels in the motor pathways
remained independently associated with functional outcome.
This finding highlights the importance of taking both lesion loca-
tion and ILV into account to augment stroke-outcome prediction
models.

In contrast to previous studies that used acute MR imaging,>’
the current study is the first to apply the voxel-based approach in
FU-NCCTs of patients with stroke. This is important because CT
is still the most common and widely available diagnostic imaging
technique. However, there are limitations to CT used for deter-
mining lesion size, and high-resolution MR imaging can provide
more precise results.””

With regard to the acquisition time of the FU-NCCT, the cur-
rent study measured ILV in imaging acquired at the subacute time
point of 3-9 days after stroke onset because it shows better asso-
ciation with acute imaging. Thus, a recent MR CLEAN substudy
reported that the growth of ILV was common 24 hours after
symptom onset.”' Moreover, previous studies observed a good

association between subacute and chronic ILV, as well as a similar
correlation between mRS and chronic and subacute volume, and
recommended assessing ILV 3—6 days after stroke onset.”*>* The
exclusive use of FU-NCCTs that were acquired after stroke treat-
ment distinguishes our approach from a study that analyzed acute
DWTI in an inhomogeneous group of patients with stroke under-
going MR imaging partly before and partly after revascularization
therapy.”

The use of FU-NCCT 3-9 days after stroke and the exclusion
of patients with hemicraniectomy and brain shift as well as death
before follow-up limit the generalizability of our study. However,
these patients are generally known to have unfavorable functional
outcome, while the analyzed patients with stroke are those whose
outcome is more difficult to predict.

CONCLUSIONS

Our study confirms that infarct location has an important impact
on the outcome of patients with acute ischemic stroke and should
be considered in prediction models. In the presented voxelwise
approach, lesions in the periventricular white matter and internal
capsule showed a strong influence on functional outcome, mea-
sured by the mRS, which underlines the importance of white mat-
ter injury to stroke pathology.
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