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ABSTRACT

BACKGROUND AND PURPOSE: The effect of white matter hyperintensities as measured by FLAIR MR imaging on functional impair-
ment and recovery after ischemic stroke has been investigated thoroughly. However, there has been growing interest in investigat-
ing normal-appearing white matter microstructural integrity following ischemic stroke onset with techniques such as DTI.

MATERIALS AND METHODS: Fifty-two patients with acute ischemic stroke and 36 without stroke were evaluated with a DTI and
FLAIR imaging protocol and clinically assessed for the severity of motor impairment using the Motricity Index within 72 hours of
suspected symptom onset.

RESULTS: There were widespread decreases in fractional anisotropy and increases in mean diffusivity and radial diffusivity for
the acute stroke group compared with the nonstroke group. There was a significant positive association between fractional ani-
sotropy and motor function and a significant negative association between mean diffusivity/radial diffusivity and motor func-
tion. The normal-appearing white matter ROIs that were most sensitive to the Motricity Index were the anterior/posterior limb
of the internal capsule in the infarcted hemisphere and the splenium of the corpus callosum, external capsule, posterior limb/
retrolenticular part of the internal capsule, superior longitudinal fasciculus, and cingulum (hippocampus) of the intrahemisphere/
contralateral hemisphere.

CONCLUSIONS: The microstructural integrity of normal-appearing white matter is a significant parameter to identify neural differ-
ences not only between those individuals with and without acute ischemic stroke but also correlated with the severity of acute
motor impairment.

ABBREVIATIONS: AD 4 axial diffusivity; ADC 4 apparent diffusion coefficient; DTI 4 diffusion tensor imaging; DWI 4 diffusion-weighted imaging; FA 4
fractional anisotropy; InfHem 4 infarcted hemisphere; IQR 4 interquartile range; NAWM 4 normal-appearing white matter; MD 4 mean diffusivity; RD 4
radial diffusivity; WMH 4 white matter hyperintensities

The effect of white matter hyperintensities (WMH) as meas-
ured by FLAIR MR imaging on functional impairment and

recovery after ischemic stroke has been investigated thoroughly.1-7

However, there has been growing interest to investigate normal-
appearing white matter (NAWM) microstructural integrity,8,9 that
is neither classified as infarct/edema/lesion tissue10,11 in diffusion-
weighted imaging (DWI) nor WMH via FLAIR.1,4 Recently, DTI

of NAWM in patients with acute ischemic stroke has been used to
determine the relationship between decreased whole-brain frac-
tional anisotropy (FA) in NAWM and functional outcomes after
ischemic stroke.12,13 There have been other studies that have
investigated DTI measures 10–15 days14 and 30þ days15 follow-
ing stroke. In this study, we performed an region of interest
(ROI) DTI analysis of NAWM to determine the relationship
between diffusivity metrics and the severity of motor impair-
ment in the acute stages (within 72 hours of symptom onset) in
patients with confirmed acute ischemic stroke compared with
controls suspected of having ischemic stroke but without acute
infarct.

MATERIALS AND METHODS
Participants and Clinical Assessment
The Northwestern University institutional review board approved
the study. Patients older than 18 years of age with a confirmed
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acute ischemic stroke or suspected of having an acute stroke were
enrolled. Written informed consent was obtained from the patient
or his or her legally authorized representative for all participants.
Patients with an acute stroke were defined as those with MR imag-
ing evidence of acute infarct as identified on diffusion-weighted
and apparent diffusion coefficient (ADC) images. Patients without
an acute stroke (non-stroke) were defined as those who under-
went MR imaging to rule out stroke if they had presented with
any neurologic symptom within the 72hours of medical center
admission. The non-stroke patients did not have a diagnosis of an
acute infarct, TIA, or history of stroke (ischemic or hemorrhagic)
or TIA. Diagnosis was made by a board-certified vascular neurol-
ogist in each case. It was confirmed that participants did not have
demyelinating disease or a prior stroke diagnosis before inclusion
in this study. Clinical assessments with the Motricity Index (range,
0–100, 100 = no motor impairment),16 NIHSS (range, 0–42, 0 =
no stroke symptoms),17 and MR imaging data were acquired in
the participants within 72hours of symptom onset. Patient demo-
graphics, premorbid characteristics, risk factors, and comorbid-
ities were also collected as shown in Table 1.

DWI
Axial diffusion-weighted images were acquired with the following
parameters on a 3T MAGNETOM Skyra (Siemen, Erlangen,
Germany) scanner: TE = 95 ms, TR = 10,000 ms, flip angle= 90°,

matrix size = 122� 122, FOV = 220�
220 mm2, section thickness = 2 mm,
voxel resolution = 1.8 � 1.8 � 2mm3,
slices = 74, b = 0 s/mm2 images = 3, dif-
fusion gradient directions = 30, diffu-
sion-weighting = 1000 s/mm2.

FLAIR Imaging
Axial turbo spin-echo FLAIR images
were acquired with the following pa-
rameters: TE = 81 ms, TR = 9000 ms,
TI = 2500 ms, flip angle = 150°, ma-
trix size = 320 � 320, FOV = 220 �
220 mm2, section thickness = 4 mm,
voxel resolution = 0.7 � 0.7 � 4.0
mm3, slices = 30.

DWI Preprocessing and Tensor
Fitting
The diffusion-weighted images were
first brain-extracted using the FSL
Brain Extraction Tool.18 The data
were then denoised using an estimate
of the noise variance in the CSF signal
intensity of the right ventricle. The
data were corrected for motion and
eddy currents by coregistering diffu-
sion-weighted images to the image
acquired with b = 0 s/mm2 using the
FMRIB Linear Image Registration
Tool (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FLIRT). The motion-correc-

tion transformation matrix was applied to the diffusion gra-
dient directions to rotate them according to the registration
algorithm. The preprocessed diffusion-weighted data were
fitted to a tensor on a voxelwise basis using dtifit in the FSL
Diffusion Toolbox to produce estimates of FA, mean diffu-
sivity (MD), radial diffusivity (RD), and axial diffusivity
(AD).

White Matter Hyperintensity and Infarct Segmentation
FLAIR images were skull-stripped, denoised using a nonlocal
means filter,19 and corrected for intensity nonuniformity.
Cleaned images were input to the lesion prediction algorithm
of the Lesion Segmentation Toolbox in SPM12 (https://www.
applied-statistics.de/lst.html). Lesion probability maps were
thresholded at greater than zero percentage probability to
form initial masks and corrected using FreeSurfer and
approved by a neurologist (C.L.). The brain-extracted FLAIR
images were affine registered to the b=0 s/mm2 diffusion scan
(3dAllineate; Analysis of Functional Neuro Images [AFNI]),
and the resultant transform was applied to the corrected mask
with nearest-neighbor interpolation to obtain diffusion-space
WMH masks. The FLAIR images were brain-extracted and
affine-registered to the b=0 s/mm2 diffusion scan using FLIRT
in FSL. The same transformations were applied to the WMH
mask images.

Table 1: Demographics, clinical outcome measures, stroke risk factors, and acute infarct
characteristics among those diagnosed with an acute ischemic stroke and those who
were suspected of having an acute stroke but did not have an infarct (non-stroke)

Acute Stroke (n = 52) Nonstroke (n = 36) P
Demographics

Age (mean) (SD) (yr) 69.2 (17.4) 62.2 (17.7) .068
Women (No.) (%) 28 (54.0%) 19 (52.8%) .907
Black (No.) (%) 17 (32.7%) 13 (36.1%) .715

Clinical outcome measures
Motricity Index (median) (IQR) 77 (44–92) NA –

NIH Stroke Scale (median) (IQR) 4 (2–13) NA –

Stroke risk factors
Diabetes mellitus 14 (26.9%) 7 (19.4%) .394
Hypertension 40 (76.9%) 24 (66.7%) .309
Atrial fibrillation/flutter 13 (32.5%) 8 (22.2%) .595
Dyslipidemia 27 (51.9%) 17 (47.2%) .652
Cardiomyopathy 14 (26.9%) 7 (19.4%) .271
Smoking history 17 (32.7%) 8 (22.2%) .612

Infarct characteristics
Median infarct volume (IQR) (mL) 1.1 (0.3–9.2) NA –

Infarct overlap with corticospinal tract
(No.) (%)

36 (69.2%) NA –

Side of infarct, right (No.) (%) 31 (59.6%) NA –

Median white matter hyperintensity
volume (IQR) (mL)

11.7 (2.2–35.2) 10.1 (1.93–26.7) .143

Stroke subtype
Cardioembolic 12 (23.1%) NA –

Small artery disease 11 (21.2%) NA –

Large atherosclerosis 13 (25.0%) NA –

Cryptogenic 14 (26.9%) NA –

Other 2 (3.8%) NA –

IV-tPA cases 10 (19.2%) NA –

Thrombectomy rate 5 (9.6%) NA –

Note:—NA indicates not applicable; IV-tPA, intravenous tissue-type plasminogen activator; NIH, National
Institutes of Health.
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The infarct voxels were segmented using a threshold approach
in which values were less than 0.68� 10�3 mm2/s from the MD
images to produce the infarct masks.20 These were manually cor-
rected using FreeSurfer and approved by a neurologist (C.L.).

Statistical Analysis
Tract-Based Spatial Statistics (TBSS) was performed in FSL.21 For
those individuals with infarcts in the left hemisphere, FA maps
were flipped so that all subjects had infarcts in the right hemi-
sphere. FA maps were first linearly and then nonlinearly regis-
tered to the FMRIB58_FA in the standard space of the Montreal
Neurological Institute. A mean FA image was then created from

all individual FA images and was used
to generate a common group skeleton.
A threshold was applied at 0.2 to mini-
mize potential white matter/gray mat-
ter partial volume effects. Each FA
image was projected onto the com-
mon group skeleton for subsequent
statistical analysis. For those individu-
als with infarcts in the left hemisphere,
MD, RD, AD, infarct, and WMH
maps were flipped so that all subjects
had infarcts in the right hemisphere.
The same transformations that were
applied to the FA maps were also
applied to the MD, RD, AD, infarct,
and WMH maps. The infarct (heat)
and WMH (cool) maps are shown
in Figs 1 and 2 and are presented
as a percentage of those individuals
who had instances of infarct or
white matter hyperintensity voxels
with respect to the total acute stroke
group. The Johns Hopkins University
ICBM-DTI-81 white matter labels
and tractography atlases were used to
identify the white matter ROIs that
contained the significantly changed
voxels.22-24

Test 1. To investigate potential differ-
ences in diffusivity metrics in those
diagnosed with an acute ischemic
stroke and those who were suspected
of having an acute stroke but did not
have an infarct (non-stroke), a 2-
group unpaired t test was performed
with age as a covariate. In order to
correct for multiple comparisons,
permutation testing (n = 500) was
performed using the randomise and
threshold-free cluster enhancement
(TFCE) functions in FSL.25

Test 2. To test for possible significant
interactions between the diffusivity

metrics and each individual risk factor (diabetes mellitus, hyper-
tension, atrial fibrillation/flutter, dyslipidemia, cardiomyopathy,
and smoking history) for those who were diagnosed with an acute
stroke, a partial correlation analysis was performed with age as a
covariate. In order to correct for multiple comparisons, permuta-
tion testing (n = 500) was performed.25

Test 3. To investigate potential associations between the diffusiv-
ity metrics and the Motricity Index for those who were diagnosed
with an acute stroke, a partial correlation analysis was performed
with age, total infarct volume, and infarct volume overlap with
the corticospinal tract as covariates. In order to correct for multi-
ple comparisons, permutation testing (n = 500) was performed.25

FIG 1. Group analysis for those diagnosed with an acute ischemic stroke and those who were
suspected of having an acute stroke but did not have an infarct (non-stroke). Green represents
the white matter skeleton for the group comparison. Blue represents significantly changed voxels
(P, .05) for FA, MD, RD, and AD: stroke FA, non-stroke FA, stroke MD. non-stroke MD, stroke
RD. non-stroke RD, and stroke AD. non-stroke AD. The cool map represents the WMH prob-
ability map from FLAIR images. The heat map represents the infarct (Inf) probability map from
MD images. Statistical analyses were adjusted for age as a covariate and corrected for multiple
comparisons using permutation-based testing.
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RESULTS
As shown in Table 1, the final analysis included 52 patients with
acute ischemic stroke and 36 without stroke (non-stroke group)
who were enrolled consecutively. In the patients with stroke,
the mean age was 69.26 17.4 years, 28 were women (54%), and
17 were black (32.7%). There were no statistical differences in
these baseline characteristics between the stroke and non-stroke
groups. Within the stroke group, the median Motricity Index
was 77 (interquartile range [IQR], 44–92) and the median
NIHSS score was 4 (IQR, 2–13). The median infarct volume
in the stroke group was 1.1mL (IQR, 0.3–9.2mL) with

predominance in the right hemi-
sphere in 31 (59.6%), and 36 infarcts
(69.2%) had overlap with the cortico-
spinal tract.

Acute Ischemic Stroke versus
Non-stroke Controls
As shown in Fig 1, the NAWM vox-
els (green) that exclude infarct (heat
map) and white matter hyperinten-
sity (cool map) probability masks
were tested for group differences in
FA, MD, RD, and AD between the
acute stroke group and the non-
stroke group. There were widespread
decreases in FA (blue, panel 1) and
increases in MD and RD (blue, pan-
els 2 and 3) for the acute stroke
group compared with the nonstroke
group. There were minimal increases
in AD (blue, panel 4) for the acute
stroke group compared with the
non-stroke group; however, most of
these voxels overlapped with the
WMH probability map.

Acute Stroke Risk Factor Testing
Each individual risk factor (diabetes
mellitus, hypertension, atrial fibrilla-
tion/flutter, dyslipidemia, cardiomy-
opathy, and smoking history) for
those who were diagnosed with an
acute stroke was tested for significant
interactions with FA, MD, RD, and
AD. None of the risk factors had
any significant interaction with the
diffusivity metric voxels. Additionally,
potential asymmetry effects26 in the
diffusion metrics between hemi-
spheres were investigated. The indi-
viduals who were flipped were
compared with the non-flipped indi-
viduals in a 2-group unpaired t test
with Motricity Index, age, total
infarct volume, and infarct volume
overlap with the corticospinal tract

as covariates to isolate potential effects of asymmetry. There
were no significant voxels.

Acute Stroke Testing for Motor Impairment Measured by
the Acute Motricity Index
As shown in Fig 2, in stroke, for the NAWM voxels tested for
partial correlation with the Motricity Index, 12.1% FA, 28.9%
MD, and 3.8% RD voxels were significant (blue) with respect to
the NAWM TBSS skeleton (green). There was a positive associa-
tion between FA and the Motricity Index and a negative associa-
tion between MD/RD and the Motricity Index. There were no

FIG 2. Partial correlation analysis for those diagnosed with an acute ischemic stroke. Green rep-
resents the white matter skeleton for the imaging measures versus the Motricity Index (MI) corre-
lation. Blue represents significantly changed voxels (P, .05) for FA, MD, RD, and AD: FA positively
associated with MI, MD negatively associated with MI, RD negatively associated with MI, and AD
not significantly associated with MI. The cool map represents the WMH probability map from
FLAIR images. The heat map represents the infarct (Inf) probability map from MD images.
Statistical analyses were adjusted for covariates of age, total infarct volume, and infarct volume
overlap with the corticospinal tract and then were corrected for multiple comparisons using per-
mutation-based testing.
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significant AD voxels. The right hemisphere represents the
infarcted hemisphere (InfHem).

Table 2 shows the ROI breakdown of the significantly
changed voxel overlay with the Johns Hopkins University ICBM-
DTI-81 white matter labels for the FA-Motricity Index partial
correlation. The splenium of the corpus callosum (1068, r =
0.443, P= .023) had the most significant number of voxels, fol-
lowed by the right (InfHem) posterior limb of the internal cap-
sule (419, r=0.434, P= .023), the right (InfHem) anterior limb of
the internal capsule (383, r=0.396, P= .025), the right (InfHem)
superior corona radiata (188, r=0.563, P= .021), and the left/
right sagittal stratum (131, r=0.345, P= .031/128, r=0.361,
P= .031). The right (InfHem) posterior limb of the internal cap-
sule (73.6%, r=0.434, P= .023) had the largest percentage of sig-
nificant ROI voxels, followed by the splenium of the corpus
callosum (65.2%, r=0.443, P= .023), the right (InfHem) anterior
limb of the internal capsule (55.1%, r=0.396, P= .025), the left/
right sagittal stratum (37.6%, r=0.345, P= .031/29.6%, r=0.361,
P= .031), the right (InfHem) retrolenticular part of the internal
capsule (31.3%, r=0.398, P= .027), and the right (InfHem) unci-
nate fasciculus (30.3%, r=0.451, P= .033).

Table 3 shows the ROI breakdown of the significantly
changed voxel overlay with the Johns Hopkins University white
matter labels for the MD-Motricity Index partial correlation. The
splenium of the corpus callosum (947, r = –0.450, P= .012) had
the most significant number of voxels, followed by the left supe-
rior longitudinal fasciculus (561, r = –0.448, P= .021), the left
external capsule (544, r = –0.492, P= .017), the right (InfHem)
anterior limb of internal capsule (282, r = –0.481, P= .047), the

left posterior limb of the internal cap-

sule (274, r = –0.400, P= .014), and the

left sagittal stratum (220, r = –0.457,

P= .015). The left cingulum (hippo-

campus) (91.2%, r = –0.385, P= .021)
had the largest percentage of signifi-

cant ROI voxels, followed by the left

retrolenticular part of internal capsule

(87.4%, r = –0.368, P= .014), the left pos-
terior limb of the internal capsule

(74.7%, r = –0.400, P= .014), the left

external capsule (69.6%, r = –0.492,

P= .017), the left uncinate fasciculus

(65.0%, r = –0.428, P= .011), the left

sagittal stratum (63.2%, r = –0.457,

P= .015), and the splenium of the corpus

callosum (57.8%, r = –0.450, P= .012).
Table 4 shows the ROI breakdown

of the significantly changed voxel over-
lay with the Johns Hopkins University
white matter labels for the RD-
Motricity Index partial correlation. The
left external capsule (155, r = –0.409,
P= .018) had the most significant num-
ber of voxels, followed by the left poste-
rior thalamic radiation (56, r = –0.298,
P= .029), and the splenium of the cor-

pus callosum (44, r = –0.273, P = .032). The left external capsule
(19.8%, r = –0.409, P = .018) had the largest percentage of signifi-
cant ROI voxels, followed by the left posterior thalamic radiation
(10.1%, r = –0.298, P = .029).

There were no significantly changed voxels for the AD-
Motricity Index partial correlation.

DISCUSSION
Occurrence of Acute Stroke in Relation to Normal-
Appearing White Matter Integrity
As evidenced by the FA, MD, and RD results for the group test
between acute ischemic stroke and non-stroke participants, there
appears to be a decrease in integrity for normal-appearing white
matter surrounding not only the infarcted hemisphere, which
was predominately the MCA territory, but also in the contralat-
eral hemisphere. Previous work has shown that whole-brain in-
tegrity of normal-appearing white matter is associated with
functional motor outcomes following ischemic acute stroke.12,13

A recent DTI study analyzed cognitive impairment 10–14 days
following stroke in comparison with a control group, but there
were no delineations between abnormal and normal-appearing
white matter.14 However, there has been a lack of investigations
into the baseline NAWM integrity in those who have been
imaged within 72 hours of stroke onset compared with those
without stroke. The new evidence presented in this study suggests
that baseline normal-appearing white matter microstructural in-
tegrity in the infarcted hemisphere, intrahemisphere, and contra-
lateral hemisphere may potentially be an additional risk factor
that determines the susceptibility to stroke occurrence, which

Table 2: FA versus the Motricity Index adjusted for covariates of age, total infarct
volume, and infarct volume overlap with the corticospinal tracta

No. of Significant
Voxels

Significant
Voxels (%) r P

Anterior corona radiata, R 69 4.4% 0.379 .027
Anterior limb of internal capsule, R 383 55.1% 0.396 .025
Body of corpus callosum 23 2.4% 0.275 .032
Cerebral peduncle, R 47 10.1% 0.285 .030
Cingulum (cingulate gyrus), L 22 3.8% 0.252 .032
Cingulum (cingulate gyrus), R 41 6.8% 0.297 .032
External capsule, L 86 11.0% 0.311 .030
External capsule, R 129 19.5% 0.392 .033
Genu of corpus callosum 17 5.6% 0.237 .039
Posterior limb of internal capsule, R 419 73.6% 0.434 .023
Posterior thalamic radiation, L 22 4.0% 0.296 .035
Retrolenticular part of internal
capsule, L

20 14.0% 0.269 .036

Retrolenticular part of internal
capsule, R

87 31.3% 0.398 .027

Sagittal stratum, L 131 37.6% 0.345 .031
Sagittal stratum, R 128 29.6% 0.361 .031
Splenium of corpus callosum 1068 65.2% 0.443 .023
Superior corona radiata, L 40 3.1% 0.371 .034
Superior corona radiata, R 188 13.8% 0.563 .021
Superior longitudinal fasciculus, L 126 8.7% 0.307 .039
Superior longitudinal fasciculus, R 68 5.0% 0.536 .033
Uncinate fasciculus, R 23 30.3% 0.451 .033

Note:—L indicates left; R, right.
a The reported P value is corrected for multiple comparisons using permutation-based testing. Voxels are reported
from NAWM ROIs that exclude infarcts and white matter hyperintensities visible from FLAIR images. The right
hemisphere represents the infarcted hemisphere.
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builds on previous reports of overt WMH as a risk factor.27

However, it is still possible that widespread changes in NAWM
diffusivity metrics in patients with acute ischemic stroke com-
pared with non-stroke are sequelae of the acute infarct.

Severity of Initial Motor Impairment Due to Acute Stroke
and Infarcted Hemisphere Normal-AppearingWhite Matter
Integrity
As evidenced by the FA and MD results for the ipsilateral ante-
rior/posterior limb of the internal capsule with the partial correla-
tion to the initial Motricity Index score for motor impairment,
there appears to be a decrease in integrity for normal-appearing
white matter in the infarcted hemisphere, which relates to the ini-
tial severity of the injury.

Severity of Initial Motor Impairment Due to Acute Stroke
and Intrahemisphere/Contralateral Hemisphere Normal-
Appearing White Matter Microstructural Integrity
As evidenced by the FA and MD results for the splenium of the
corpus callosum and the contralateral external capsule, posterior

limb/retrolenticular part of the inter-
nal capsule, superior longitudinal fas-
ciculus, and cingulum (hippocampus)
with the partial correlation to initial
Motricity Index score for motor
impairment, there appears to be a
decrease in integrity for normal-
appearing white matter in the intra-
hemisphere and contralateral hemi-
sphere that relates to the initial
severity of the injury.

Relationship of Normal-
Appearing White Matter
Microstructural Integrity and
Traditional Imaging Markers
This study considered both the func-
tional locations and volumes of tradi-
tional markers of neural injury and
burden via infarcted and WMH tissue
as covariates to isolate, as well as possi-
ble, the relationship between NAWM
microstructural integrity and the se-
verity of motor impairment in acute
ischemic stroke. Because there were
statistically significant correlations,
particularly with FA/MD and the
Motricity Index, in motor ROIs in
each of the infarcted hemispheres,
intrahemisphere, and contralateral
hemisphere, these results suggest that
the health of NAWM is an additional
important variable along with tradi-
tional metrics of infarct volume,
infarct location, and WMH burden1-7

to better understand the severity and
extent of functional impairment.

Significant MD Results and Relationship to the Apparent
Diffusion Coefficient (ADC)
Because the MD (28.9% of voxels) results showed more signifi-
cance in the statistical testing of the white matter skeleton in
comparison with FA (12.1% of voxels), this study is optimistic for
larger studies being leveraged using typical clinical stroke MR
imaging protocol DWI scans that sample only 3 diffusion direc-
tions instead of the 30 directions used in this study. MD is a met-
ric akin to what is typically referred to as the ADC, which is
calculated from a 3-diffusion-direction DWI scan.28 Because a
minimum of 6 diffusion directions are needed to compute the
diffusion tensor,29 it is not possible to calculate, for example, FA.
However, because MD and ADC are both average diffusivity
measures, it is possible that a 3-direction DWI scan could provide
similar insight into NAWM following acute ischemic stroke.

Clinical Implications and Impact
The results presented in the current study provide the clinical
potential to improve on previous attempts to develop multimodal
algorithms and models30 to predict the likelihood and capacity

Table 3: MD versus the Motricity Index adjusted for covariates of age, total infarct
volume, and infarct volume overlap with the corticospinal tracta

No. of Significant
Voxels

Significant
Voxels (%) r P

Anterior corona radiata, L 29 2.1% –0.390 .021
Anterior limb of internal capsule, R 282 40.6% –0.481 .047
Body of corpus callosum 21 2.2% –0.259 .031
Cerebral peduncle, L 136 26.7% –0.388 .020
Cerebral peduncle, R 69 14.8% –0.378 .047
Cingulum (cingulate gyrus), L 19 3.3% –0.313 .030
Cingulum (hippocampus), L 124 91.2% –0.385 .021
External capsule, L 544 69.6% –0.492 .017
External capsule, R 21 3.2% –0.390 .048
Genu of corpus callosum 106 34.6% –0.336 .037
Posterior limb of internal capsule, L 274 74.7% –0.400 .014
Posterior limb of internal capsule, R 158 27.8% –0.412 .048
Posterior thalamic radiation, L 183 33.1% –0.465 .010
Retrolenticular part of internal
capsule, L

125 87.4% –0.368 .014

Retrolenticular part of internal
capsule, R

21 7.6% –0.353 .048

Sagittal stratum, L 220 63.2% –0.457 .015
Splenium of corpus callosum 947 57.8% –0.450 .012
Superior corona radiata, L 194 15.1% –0.350 .017
Superior longitudinal fasciculus, L 561 38.6% –0.448 .021
Uncinate fasciculus, L 39 65.0% –0.428 .011

Note:—L indicates left; R, right.
a The reported P value is corrected for multiple comparisons using permutation-based testing. Voxels are reported
from NAWM ROIs that exclude infarcts and white matter hyperintensities visible from FLAIR images.

Table 4: RD versus Motricity Index adjusted for covariates of age, total infarct volume,
and infarct volume overlap with the corticospinal tracta

Total No. of
Significant Voxels

Total Percentage of
Significant Voxels r P

Cerebral peduncle, L 17 3.3% –0.269 .030
External capsule, L 155 19.8% –0.409 .018
Posterior limb of internal
capsule, L

19 5.2% –0.315 .028

Posterior thalamic radiation, L 56 10.1% –0.298 .029
Splenium of corpus callosum 44 2.7% –0.273 .032

Note:—L indicates left.
a The reported P value is corrected for multiple comparisons using permutation-based testing. Voxels are reported
from NAWM ROIs that exclude infarcts and white matter hyperintensities visible from FLAIR images.
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for recovery following stroke. One study has shown that the abil-
ity to detect the preservation of the cortical spinal tract based on
early DTI measures is an important parameter that predicts
motor recovery and those who would benefit from targeted inter-
vention and therapy strategies.30 It is possible that not only early
estimates of available motor resources in the infarcted hemi-
sphere are important, but early estimates of intrahemisphere and
contralateral hemisphere normal-appearing white matter, as evi-
denced in the current study, are also relevant to better understand
the potential for extent of motor recovery. These results may lead
to further inquiries as to whether changes in normal-appearing
white matter are present before or are a result of the acute injury
and whether the decreased integrity in the intrahemisphere and
contra lateral hemisphere is chronic in nature.

Limitations
The Johns Hopkins University white matter label atlas22-24 covers
only a subset of the white matter skeleton used for statistical anal-
ysis in this study. Therefore, significant voxels are not represented
in the ROI analysis presented in Tables 2–4. Because this study is
focused on both the acute imaging analysis and clinical assessment
of motor function in ischemic stroke within 72 hours of symptom
onset, future work is needed to perform follow-up imaging analy-
sis and clinical assessment at 3–6months to determine the possi-
bility of long-term motor recovery with respect to the viability of
the NAWM microstructure. Vascular neurologists in this study
did not record further clinical diagnosis of the etiology of neuro-
logic symptoms for the nonstroke patient group once they were
determined to not have strokes. While the present study focused
on milder cases of stroke, it has been shown from a public health
standpoint that those with minor strokes (NIHSS, 3) are the
most commonly reported group of patients with strokes in the
United States31 which further emphasizes that there are meaning-
ful acute imaging parameters associated with motor impairment,
even in patients with relatively mild severity. While potential
asymmetry effects have been reported previously in the diffusion
metrics between hemispheres26 and they were found in this study
to not produce significant results between flipped versus non-
flipped images, it is possible that potential hemispheric asymmetry
could contribute to the imaging results shown in Figs 1 and 2.

CONCLUSIONS
The microstructural integrity of NAWM, as measured by diffu-
sion tensor parameters, is a significant parameter to not only
identify microstructural differences between those individuals
with acute ischemic stroke compared with those who did not
have an infarct but also to correlate with the severity of acute
motor impairment. In this study, the NAWM ROIs that were
most sensitive to the Motricity Index were the anterior/posterior
limb of the internal capsule in the infarcted hemisphere and the
splenium of the corpus callosum, external capsule, posterior
limb/retrolenticular part of the internal capsule, superior longitu-
dinal fasciculus, and cingulum (hippocampus) of the intrahemi-
sphere/contralateral hemisphere. Future studies could include the
3- to 6-month follow-up of the morphology of these imaging
measures in relation to clinical assessment, recovery, and rehabil-
itation of motor function.
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