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Abstract: Measures from diffusion MRI have been used to characterize the corticospinal tract in
chronic stroke. However, diffusivity can be influenced by partial volume effects from free-water,
region of interest placement, and lesion masking. We collected diffusion MRI from a cohort of chronic
stroke patients and controls and used a bitensor model to calculate free-water corrected fractional
anisotropy (FAT) and free water (FW) in the primary motor corticospinal tract (M1-CST) and the dorsal
premotor corticospinal tract (PMd-CST). Region of interest analyses and whole-tract slice-by-slice anal-
yses were used to assess between-group differences in FAT and FW in each tract. Correlations between
FAT and FW and grip strength were also examined. Following lesion masking and correction for multi-
ple comparisons, relative increases in FW were found for the stroke group in large portions of the M1-
CST and PMd-CST in the lesioned hemisphere. FW in cortical regions was the strongest predictor of
grip strength in the stroke group. Our findings also demonstrated that FAT is sensitive to the direct
effects of the lesion itself, thus after controlling for the lesion, differences in FAT in nonlesioned tissue
were small and generally similar between hemispheres and groups. Our observations suggest that FW
may be a robust biological measurement that can be used to assess microstructure in residual white
matter after stroke. Hum Brain Mapp 38:4546–4562, 2017. VC 2017 Wiley Periodicals, Inc.

Key words: chronic stroke; white matter tractography; rehabilitation; fractional anisotropy; corticospi-
nal tract

r r

INTRODUCTION

Brain lesions resulting from stroke lead to profound
changes in behavior. For example, approximately 70% of
stroke survivors live with deficits in upper extremity func-
tion [Nakayama, 1994; Tennant, 1997; Meyer, 2014]. Bio-
markers for stroke recovery are needed to serve as surrogate
indicators of disease state, predict recovery or treatment
response, and move stroke rehabilitation research forward
[Kim and Winstein, 2016]. In this study, we examine a novel
dMRI measurement, termed free-water [Metzler-Baddeley
et al., 2012; Reetz and Binkofski, 2013; Reetz et al., 2013],
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which has not previously been studied in the context of
chronic stroke.

The corticospinal motor tract (CST) is essential for vol-
untary motor function because it allows for the transfer of
signals from the motor cortex to the distal upper-extremity
musculature [Heffner and Masterton, 1983; Jang, 2009;
Lemon and Griffiths, 2005; Nudo and Masterton, 1990a,
1990b]. Seminal studies conducted in nonhuman primates
show that lesions to the CST produce deficits in motor
function. Diffusion magnetic resonance imaging (dMRI)
lesion studies in humans support this position [Archer
et al., 2016; Dum and Strick, 1991; Groisser et al., 2014; He
et al., 1993, 1995; Schaechter et al., 2008, 2009; Schulz et al.,
2012; Thomalla et al., 2004].

Diffusion MRI is a useful tool to evaluate the CST in
humans because it allows for the in vivo quantification of
white matter microstructure [Jones et al., 2013]. Measures
of microstructure such as fractional anisotropy (FA) can be
derived from dMRI, and several groups have now shown
that FA is reduced in specific regions of the CST in the
chronic phase after stroke [Archer et al., 2016; Lindenberg
et al., 2010, 2012; Stinear et al., 2007, 2012]. However,
atrophy-based partial volume free-water (FW) contamina-
tion can bias the diffusion index which limits the utility of
FA as a measure of tissue microstructure [Metzler-Badde-
ley et al., 2012; Reetz and Binkofski, 2013; Reetz et al.,
2013]. FW dMRI analysis using a bi-tensor model has been
developed to overcome this limitation [Metzler-Baddeley
et al., 2012; Pasternak et al., 2009]. FW measurements pro-
vide an index of extracellular fluid within a voxel. When
the FW component is eliminated, the remaining dMRI sig-
nal provides a corrected FA value (FAT), which is gener-
ally higher compared to the original FA value [Pasternak
et al., 2009]. FW is expected to increase with atrophy-
based neurodegeneration [Pasternak et al., 2012a; Wang
et al., 2011], and recent evidence shows that FW is sensi-
tive to disease states such as schizophrenia and Parkin-
son’s disease [Ofori et al., 2015; Pasternak et al., 2012b].
FW and FAT measurements have not been examined in
the CST in the chronic phase after stroke.

Changes in CST microstructure after stroke have been
interpreted as reflecting Wallerian degeneration [DeVetten
et al., 2010; Mazumdar et al., 2003], which follows a stereo-
typical course [Iizuka et al., 1989; Johnson et al., 1950;
Lampert and Cressman, 1966]. Evidence from animal stud-
ies demonstrates that the disintegration of axonal struc-
tures and fragmentation of the myelin sheaths occurs
within days after the infarct. Myelin degradation, which
leads to fibrosis and atrophy of the affected tract due to
the infiltration of astrocytes, emerges at approximately 14
days [Iizuka et al., 1989; Johnson et al., 1950; Lampert and
Cressman, 1966]. In humans, the first studies to show defi-
cits in microstructural properties of the CST drew regions
of interest (ROIs) in the posterior limb of the internal cap-
sule (PLIC) and cerebral peduncle (CP) using anatomical
landmarks and FA maps to guide ROI placement

[Lindenberg et al., 2010, 2012; Schaechter et al., 2008, 2009;
Stinear et al., 2007; Thomalla et al., 2004]. Other studies
have reported stroke related deficits in microstructure by
averaging measures across the entire CST [Lindenberg
et al., 2012]. What is not clear from these studies is
whether chronic stroke is associated with both decreases
in FAT and increases in FW across all segments of the CST
or whether differences are limited to the PLIC and CP. In
contrast to dMRI studies that focus on PLIC and CP, func-
tional MRI studies have characterized changes in the blood
oxygenation level response (BOLD) in cortical motor
regions in the chronic phase after stroke. Increased BOLD
signal in contralesional M1 and bilateral PMd has been
demonstrated during motor tasks performed by the
impaired hand, and these data have been interpreted as
reflecting cortical reorganization in primary and premotor
areas [Buetefisch et al., 2014; Burke Quinlan et al., 2015;
Loubinoux et al., 2007; Plow et al., 2015; Rehme et al.,
2012; Tombari et al., 2004; Ward et al., 2003]. Here, we
extend dMRI analyses to include cortical regions using
both ROI- and slice-level approaches.

We calculated measures of FAT and FW in the primary
motor corticospinal tract (M1-CST) and the dorsal premo-
tor corticospinal tract (PMd-CST). ROI analyses (CP, PLIC,
and cortex) and slice-by-slice analyses were used to assess
between group differences in FAT and FW in the M1-CST
and PMd-CST. Correlations between grip strength and
FAT and FW in the stroke group were also examined in
each tract using ROI (CP, PLIC, and cortex) and slice-by-
slice analysis approaches. We test the hypothesis that FAT

asymmetry will be higher and FW asymmetry will be
lower in stroke as compared to controls in the M1-CST
and PMd-CST. We also test the hypothesis that in the
stroke group, grip strength will correlate positively with
FAT asymmetry and negatively with FW asymmetry in the
M1-CST and PMd-CST.

METHODS

Subjects

The study group consisted of 23 individuals poststroke,
all of whom satisfied four inclusion criteria: (1) a single
ischemic stroke affecting function in the contralateral hand
at least six months prior, (2) able to apply force to a force
transducer in the pinch grip configuration, (3) intact sensa-
tion to light touch in the contralateral hand, and (4) able to
provide informed consent. All procedures were approved
by the local Institutional Review Board and conducted
according to the Declaration of Helsinki. Each participant
provided written informed consent before testing. Age, sex,
and other individual characteristics can be found in Table I.
Data were also collected from a control group which
included 23 age-matched participants. All stroke subjects
self-reported right hand dominance prior to stroke. All con-
trol subjects self-reported right hand dominance. Age was
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not significantly different between groups [t(44) 5 0.66;
P 5 0.507] and control subjects (range: 45–80 years) were
well-matched to the individuals poststroke (range: 31–79
years) for both age and sex (15M/8F for both groups).

Behavioral Assessments

Each individual’s maximum voluntary pinch grip con-
traction force (MVC) was measured for each hand. Partici-
pants were asked to maintain their MVC for three
consecutive 5 second trials. Each trial was separated by a
60 s period of rest. The MVC was calculated as the average
of the three 5 s trials. For the stroke group, the average MVC
for the impaired hand (37.42 6 21.91N) was significantly less
(P< 0.001) than the average MVC for the less-impaired
hand (67.73 6 18.05N), hereafter referred to as the unim-
paired hand. The nondominant hand in controls will be
referred to as the impaired hand and the dominant hand as
the unimpaired hand. Grip strength asymmetry was calcu-
lated for all stroke and all control subjects using the same
formula [(MVCunimpaired 2 MVCimpaired)/(MVCunimpaired 1

MVCimpaired)]. For all stroke subjects, MVC values for each
hand are shown in Table I. Positive grip strength asymmetry
values reflect greater strength in the unimpaired, compared
to the impaired, hand. The severity of upper extremity
motor impairment was assessed for each individual post-
stroke using the upper-extremity section of the Fugl-Meyer
Assessment (UE-FMA) [Fugl-Meyer et al., 1975; Gladstone
et al., 2002]. Hemiparetic severity (UE-FMA – mean: 42.04;
range: 9–65/66 points), grip strength asymmetry (mean:
0.33; range: 20.2 to 0.85), and stroke chronicity (mean: 7.76
years; range 0.73–24.45 years) captured a wide range, repre-
sentative of motor impairment in individuals poststroke
who seek rehabilitation.

MRI Acquisition and Data Processing

Magnetic resonance images were collected using a 32
channel head coil within a 3 T magnetic resonance scanner
(Achieva, Best, The Netherlands). Diffusion MRI images
were collected from each participant (TR: 7748 ms, TE: 86
ms, flip angle: 908, field of view: 224 3 224 mm, resolution:
2 mm isotropic, 64 noncollinear diffusion directions, b
value of 1,000 s/mm2 and one with a b value of 0 s/mm2,
75 axial slices covered the cortex and brainstem). Prior to
processing, the diffusion MRI volumes of 7 individuals
with lesions in the right hemisphere (Table I) were flipped
along the mid-sagittal plane, to produce the same coordi-
nates for the lesioned hemisphere of participants [Archer
et al., 2016; Lindenberg et al., 2012; Wang et al., 2012]. FSL
(fsl.fmrib.ox.ac.uk) was used for all diffusion MRI data
analyses [Jenkinson et al., 2012; Smith et al., 2004; Wool-
rich et al., 2009]. The diffusion data were first corrected for
eddy currents, then for head motion using a 3-D affine
registration, after which the brain was extracted [Smith,
2002]. The motion and eddy current corrected volume was

then used as input in two different procedures: (1) DTIFIT
to calculate FA maps, and (2) custom written MATLAB
(R2013a, The Mathworks, Natick, MA, USA) code [Paster-
nak et al., 2009] to calculate free-water (FW) and FW-
corrected FA maps (FAT). Calculation of FW and FAT was
consistent with prior work [Ofori et al., 2015; Pasternak
et al., 2009]. The bi-tensor model predicts signal attenua-
tion in the presence of FW contamination. It represents the
sum of attenuations contributed by two different compart-
ments: one that models FW, and a second tissue compart-
ment that models water molecules in the vicinity of tissue
membranes. The FW maps are the fractional volume of the
FW compartment. The tissue compartment follows DTI’s
formalism [Basser and Pierpaoli, 1996], where the attenua-
tion is parameterized by a diffusion tensor, leading to cor-
rected DTI measures, such as fractional anisotropy (FA) of
the tissue compartment (FAT). Finding the FW parameter
and the corrected diffusion tensor that best fit the acquired
signal is described in detail in previous work [Pasternak
et al., 2009].

To obtain a standardized space representation of the FW
and FAT maps, the original FA map was registered to the
FMRIB FA template in standard space (1 3 1 3 1 mm) by
an affine transformation with 12 degrees of freedom and
trilinear interpolation using FLIRT [Jenkinson et al., 2002;
Jenkinson and Smith, 2001]. The lesion was masked out
during this step to prevent lesion related inaccuracies of
transformations. This step resulted in a linear transformed
FA map and its corresponding transformation matrix. Lin-
ear transformation was followed by a nonlinear transfor-
mation (FNIRT) [Jenkinson et al., 2012; Smith et al., 2004;
Woolrich et al., 2009], in which the input was the original
FA map and the FLIRT transformation matrix. Similar to
the FLIRT procedure, the lesion was masked out during
this step to prevent lesion related inaccuracies of transfor-
mations. The output of this step was the standardized
space representation of the FA map and the corresponding
nonlinear coefficient file which was subsequently applied
to the original FW and FAT maps to obtain a standardized
space representation map for each measure.

Lesion Characterization

For the stroke group, each individual’s lesion was manu-
ally drawn by two separate drawers for each stroke partici-
pant using the FA map in original space. Inter-rater
reliability of manual lesion drawing was assessed using
intraclass correlation coefficients (ICC) between the two
drawers. The ICC was high for all variables, including FAT

(ICC 5 0.84), FW (ICC 5 0.88), center of mass (ICC 5 0.97,
0.80, and 0.97 for x, y, and z, respectively), and volume
(ICC 5 0.90). As FAT and FW were our variables of interest,
we performed t-tests between FAT and FW values in each
lesion drawn by the two drawers, which did not identify
any significant differences for FAT [t(44) 5 0.15; P 5 0.88] or
FW [t(44) 5 0.45; P 5 0.66]. A standard space representation
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of each individual’s lesion was created using the nonlinear
coefficient file obtained from the FA map standardization
procedure. Each individual’s lesion was then overlaid onto
one image to create a lesion conjunction, which was then
overlaid on tract templates for the M1-CST and PMd-CST.
We used tract templates for the M1-CST and PMd-CST
which were identified using probabilistic tractography algo-
rithms that have been outlined elsewhere [Archer et al.,
2016]. Figure 1 shows the M1-CST in blue and the PMd-CST
in green. There was no overlap between the M1-CST and
PMd-CST tracts at z> 8. At z< 8, there was minimal overlap
between tracts (5.53%). Figure 1 shows the lesion conjunc-
tion for all individuals in the stroke group within the M1-
CST and PMd-CST. Red voxels represent areas of the tract
that were directly impacted by a lesion. On the leftmost
brain, the lesion conjunction is illustrated using a threshold
at n> 4, such that red voxels represent lesion locations com-
mon to at least 4 individuals. We then increased the thresh-
old to n> 6, n> 8, and n> 10. As shown in Figure 1, at the
highest threshold, the spatial extent of common lesion loca-
tion is reduced and limited to the PMd-CST.

Lesion Masking

The FAT and FW maps were binarized to create a brain
mask for each individual in the stroke group. The lesion
was then subtracted from this image to create an image
where values of 1 corresponded to areas of the brain not
directly impacted by the lesion and values of 0 corre-
sponded to areas of the brain impacted by the lesion. Our
primary analyses used asymmetry values to control for
within subject variability in FAT and FW, and are consis-
tent with previous studies using diffusion MRI data
[Archer et al., 2016; Lindenberg et al., 2010; Park et al.,
2013; Stinear et al., 2007; Wang et al., 2012]. To control for
tract volume between hemispheres in the lesion masking
analysis, we averaged data from the exact same voxels in
each hemisphere. Once the lesion was masked from the
tract in the impaired hemisphere, we flipped the masked

tract to the nonimpaired hemisphere, so asymmetry values
were based on data from the same voxels in both hemi-
spheres. This binarized tract template with the lesion
removed was then multiplied with the original FAT and
FW maps to create lesion-masked FAT and FW maps for
each hemisphere. Following this step, there were 4 maps
for each individual: unmasked FAT, unmasked FW,
masked FAT, and masked FW.

Between-Group Differences in FAT and FW

Asymmetry

ROI analysis

Regions of interest (ROI) were created within the M1-
CST and PMd-CST for the cerebral peduncle (CP), poste-
rior limb of the internal capsule (PLIC), and cortex. The
CP ROI was placed from z 5 27 to z 5 211 [Schaechter
et al., 2009]. The PLIC ROI was placed from z 5 2 to z 5 6
[Archer et al., 2016; Schulz et al., 2012]. The cortex ROI
was placed from z 5 51 to z 5 55 [Schaechter et al., 2009].
For the M1-CST, lesion load (i.e., lesion overlap) was
3.0 6 12.7% for the CP, 1.9 6 6.2% for the PLIC, and
10.3 6 17.9% for the cortex. For the PMd-CST, lesion load
was 3.4 6 16.5% for the CP, 3.0 6 8.0% for the PLIC, and
21.2 6 37.5% for the cortex. For each ROI, 4 asymmetry
values (e.g., [(FWunimpaired 2 FWimpaired)/(FWunimpaired 1

FWimpaired)]) were calculated: (1) unmasked FAT, (2)
masked FAT, (3) unmasked FW, and (4) masked FW. Posi-
tive asymmetry scores reflect lower values in the impaired
hemisphere. Negative asymmetry scores reflect higher val-
ues in the impaired hemisphere. Independent sample t
tests were conducted for each measure for each ROI to
identify between group differences. Between group differ-
ences are reported for P values set at <0.05 uncorrected
and P< 0.05 corrected for multiple comparisons using the
FDR correction [Benjamini and Hochberg, 1995]. All statis-
tical analyses were conducted in SPSS (version 22, Chi-
cago, IL) and MATLAB (R2013a, The Mathworks, Natick,
MA, USA).

Figure 1.

Lesion conjunction. The lesion conjunction of the M1-CST (blue) and PMd-CST (green) is shown

in red. At n> 4, much of the tracts are covered by lesions, which indicates that at least four

individuals have a stroke in that location. At n> 6, n> 8, and n> 10, there is a steady decrease

in volume of M1-CST and PMd-CST covered by lesions. [Color figure can be viewed at wileyonli-

nelibrary.com]
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Slice-by-slice analysis

For each tract (M1-CST and PMd-CST), custom-written
Linux shell scripts were used to implement a slice-by-slice
approach to quantify the FAT and FW within each slice of
each tract in the z-axis. The data were collected using
2 mm isotropic voxels, and were then resampled to 1 mm
isotropic voxels in MNI space. Slice thickness in z-axis for
the slice-by-slice analysis was therefore 1 mm. This analy-
sis was conducted in both hemispheres, for both tracts, so
that asymmetry values of FAT and FW could be calculated.
For each tract, 4 profiles were created: (1) unmasked FAT,
(2) masked FAT, (3) unmasked FW, and (4) masked FW.
Between-group independent samples t tests were con-
ducted at each slice for all four profiles for each tract to
determine significant differences. Between group differ-
ences are reported using FDR corrected P values set at
<0.05 and <0.005 [Benjamini and Hochberg, 1995]. FDR
correction was calculated for each profile separately. The
number of multiple comparisons was therefore equal to
the number of slices for each tract (M1-CST: 79 compari-
sons; PMd-CST: 71 comparisons).

Correlations Between FAT and FW and Grip

Strength in the Chronic Stroke Group

The average FAT and FW asymmetry scores calculated
in the ROI analysis were used as independent variables in
a simple regression analysis to predict grip strength asym-
metry in the chronic stroke group to determine significant
correlations, identified as P values <0.05 uncorrected and
P< 0.05 corrected for multiple comparisons using the FDR
correction [Benjamini and Hochberg, 1995]. The FAT and
FW asymmetry in each slice of the M1-CST and PMd-CST
were also used as independent variables to predict grip
strength asymmetry; thus, we found the slices in which

FAT and FW correlated with grip strength with signifi-
cance set at P< 0.05 uncorrected and P< 0.05 corrected for
multiple comparisons using the FDR correction [Benjamini
and Hochberg, 1995]. Secondary analyses were also con-
ducted to determine whether lesion size, lesion load
(within M1-CST and PMd-CST) [Riley et al., 2011], and
grip strength asymmetry correlated with FAT and FW
within the entire M1-CST and PMd-CST. To conduct this
analysis, an area under the curve (AUC) measure was cal-
culated for each tract by summing the average FAT or FW
values across all slices of the tract. This measure was cal-
culated separately for each subject for the unmasked and
masked analysis. Positive AUC values reflect higher FAT/
FW in the unimpaired hemisphere compared to the
impaired hemisphere. Conversely, negative AUC values
reflect higher FAT/FW in the impaired hemisphere com-
pared to the unimpaired hemisphere. We expect positive
FAT AUC values and negative FW AUC values in the
stroke group.

RESULTS

ROI Analysis: Between-Group Differences in FAT

and FW

Mean FAT and FW values for each ROI for each hemi-
sphere and each group are shown in Table II. Figure 2A
shows the mean 6 SEM unmasked FAT asymmetry scores
for the control group (gray) and the stroke group (blue) in
the M1-CST. A positive asymmetry score indicates lower
FAT in the impaired hemisphere compared to the unim-
paired hemisphere. A negative asymmetry indicates higher
FAT in the impaired hemisphere compared to the unim-
paired hemisphere. In the CP and PLIC, the stroke group
showed the expected increase in FAT asymmetry, which

TABLE II. Mean and standard deviations of impaired and unimpaired FAT and FW values for stroke and control

subjects

M1-CST PMd-CST

CP PLIC Cortex CP PLIC Cortex

FAT

Imp stroke (Unmasked) 0.72 (0.03) 0.69 (0.03) 0.52 (0.03) 0.73 (0.04) 0.70 (0.03) 0.39 (0.04)
Uni stroke (Unmasked) 0.75 (0.08) 0.71 (0.08) 0.59 (0.14) 0.77 (0.14) 0.74 (0.11) 0.57 (0.35)
Imp stroke (Masked) 0.72 (0.03) 0.69 (0.03) 0.55 (0.03) 0.73 (0.04) 0.70 (0.03) 0.46 (0.02)
Uni stroke (Masked) 0.74 (0.08) 0.69 (0.09) 0.55 (0.10) 0.77 (0.14) 0.72 (0.11) 0.34 (0.11)
Imp control 0.73 (0.03) 0.70 (0.02) 0.55 (0.02) 0.75 (0.04) 0.72 (0.04) 0.40 (0.08)
Uni control 0.70 (0.05) 0.68 (0.04) 0.59 (0.05) 0.73 (0.06) 0.71 (0.05) 0.52 (0.07)

FW

Imp stroke (Unmasked) 0.16 (0.03) 0.14 (0.03) 0.18 (0.03) 0.13 (0.029) 0.11 (0.03) 0.24 (0.06)
Uni stroke (Unmasked) 0.13 (0.06) 0.09 (0.07) 0.13 (0.04) 0.11 (0.07) 0.08 (0.04) 0.20 (0.13)
Imp stroke (Masked) 0.16 (0.03) 0.13 (0.03) 0.15 (0.03) 0.13 (0.03) 0.11 (0.03) 0.16 (0.01)
Uni stroke (Masked) 0.13 (0.06) 0.10 (0.06) 0.11 (0.04) 0.11 (0.07) 0.08 (0.04) 0.09 (0.04)
Imp control 0.14 (0.03) 0.11 (0.03) 0.13 (0.02) 0.12 (0.03) 0.10 (0.02) 0.17 (0.06)
Uni control 0.11 (0.04) 0.09 (0.05) 0.12 (0.02) 0.10 (0.04) 0.07 (0.03) 0.17 (0.11)
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Figure 2.

Between-group differences in FAT and FW asymmetry within the

CP, PLIC, and cortex. Mean FAT and FW asymmetry is shown

for the unmasked (left column) and masked (right column) analy-

ses for the CP, PLIC, and cortex ROIs within M1-CST and PMd-

CST for the control (gray) and stroke (blue) groups. Each bar

represents the group mean within each ROI, and the error bars

represent 6SEM. A positive asymmetry score indicates lower

FAT/FW in the impaired hemisphere compared to the unim-

paired hemisphere. A negative asymmetry indicates higher FAT/

FW in the impaired hemisphere compared to the unimpaired

hemisphere. [Color figure can be viewed at wileyonlinelibrary.

com]
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was significantly greater than the negative asymmetry val-
ues found in controls [CP: t(22) 5 3.55; P< 0.05, corrected;
PLIC: t(22) 5 3.10; P< 0.05, corrected]. FAT Asymmetry
values between groups were of a similar magnitude (0.02)
but in different directions. Table II shows that the mean
FAT values in each group differed between hemispheres
by 0.03 in CP and 0.02 in PLIC. Figure 2A also shows that
for the unmasked analysis, both groups showed a positive
FAT asymmetry score in the cortex. No between-group dif-
ference was found. Figure 2B shows the masked FAT anal-
ysis for ROIs in the M1-CST. Lesion masking had little
effect on between group differences in the CP
[t(22) 5 3.46; P< 0.05, corrected], but abolished the
between group difference in PLIC. Indeed, lesion masking
attenuated the FAT asymmetry score in the cortex for the
stroke group, such that the groups were no longer signifi-
cantly different.

Figure 2C,D shows the data from the unmasked and
masked FW analyses for the M1-CST. In both analyses,
both groups showed a negative asymmetry, which ranged
from 20.1 to 20.22. However, as shown in the figure,
more negative FW asymmetry was found in the cortex for
the stroke compared to the control group for both the
unmasked analysis (t(22) 5 3.97; P< 0.05, corrected) and
the masked analysis (t(22) 5 3.49; P< 0.05, corrected).
Together these data demonstrate that FW is relatively
higher in the M1-CST in the impaired hemisphere in the
stroke group and is not altered by lesion masking.

Figure 2E–H shows the same plots for the PMd-CST.
Similar patterns and similar magnitude were found for
both FW and FAT. As shown in Figure 2E,F, lesion masking
abolished the between group difference in FAT in PLIC, but
revealed a significant between group difference in FAT in
the cortex [t(22) 5 5.18; P< 0.05, corrected], with the stroke
group moving from a positive asymmetry score to a nega-
tive asymmetry score. Figure 2G,H is consistent with the
FW data in M1-CST (Fig. 2C,D) and shows that both groups
had negative asymmetry scores. However, Figure 2H shows
that FW asymmetry was significantly more negative in the
stroke group in the cortex when the lesion was masked
[t(22) 5 5.40; P< 0.05, corrected], consistent with a relative
increase in FW in the impaired hemisphere. Together, these
data suggest that between group differences in FAT asym-
metry in CP and PLIC are small and sensitive to direct
effects of the lesion itself. Indeed, once the analyses were
restricted to nonlesioned tissue, differences in FAT in CP
and PLIC were generally attenuated. In contrast, in the cor-
tex, between-group differences in FW were of a larger mag-
nitude, more pronounced, and maintained or enhanced
following lesion masking.

Slice-by-Slice Analysis: Between-Group Differ-

ences in FAT and FW

The unmasked M1-CST FAT slice-by-slice profile is
shown in Figure 3A, in which the black lines represent the

group average FAT asymmetry values (y-axis of plot) at
each z-slice (x-axis of plot). Gray shading represents the 6

SEM for the control group and blue shading represents
the 6SEM for the stroke group. For reference purposes,
the slices included in each ROI reported above are demar-
cated by the yellow lines and yellow labels on the x-axis.
In Figure 3A, the tract starts at z 5 214 within the cere-
bral peduncle and terminates in the cortex at z 5 64. Posi-
tive asymmetry scores represent lower FAT in the
impaired hemisphere as compared to the unimpaired
hemisphere. For the control group, asymmetry is between
0 and 20.1 from z 5 214 to z 5 36 and begins to increase
to between 0 and 0.1 in the cortex. For the stroke group,
FAT asymmetry is around 0 between z 5 214 to z 5 20. At
z 5 20, there is a sharp increase in asymmetry values in
the stroke group reflecting a marked reduction in FAT in
the impaired hemisphere compared to the unimpaired
hemisphere. This increase in asymmetry peaks at z 5 30
and a steady reduction in FAT asymmetry then persists
until z 5 40. From z 5 40 to z 5 64, FAT fluctuates between
0 and 0.1 and is relatively stable in the stroke group. At
each slice, an independent t test was performed to exam-
ine between group differences in FAT asymmetry. Signifi-
cant group differences (FDR corrected) are indicated with
a horizontal line above the plot (red: P< 0.05; orange:
P< 0.005). The red lines above Figure 3A show that for the
unmasked analysis, FAT asymmetry was significantly dif-
ferent (P< 0.05, corrected) between groups in two large
portions of the tract (z 5 214 to z 5 14 and z 5 17 to
z 5 30), with the stroke group showing a significant
increase in asymmetry compared to controls. The same
analysis was conducted on the masked FAT data and is
shown in Figure 3B. Comparing Figure 3A,B, it is evident
that the lesion masking abolished the spike in positive
asymmetry values between z 5 20 and z 5 40 and reduced
variability in FAT asymmetry values for the stroke group
across much of the tract. Consistent with the ROI analyses,
asymmetry values for both groups were low and fluctu-
ated between 20.05 and 0.05. We identified three portions
of the tract that were significantly different between
groups (P< 0.05, corrected), with the stroke group exhibit-
ing more positive FAT asymmetry at z 5 214 to z 5 2 and
z 5 18 to z 5 20. In the cortex, the control group exhibited
increased FAT asymmetry from z 5 54 to z 5 64. The
orange lines above Figure 3B represent the two portions of
the tract that were significantly different between the
groups at the P< 0.005 FDR corrected level, which include
z 5 29 to z 5 26 and z 5 57 to z 5 61.

Unmasked and masked M1-CST FW data are shown in
Figure 3C,D, respectively. Across both analyses, the con-
trol group had asymmetry values that range from 0 to
20.2 and show a trend toward more positive asymmetry
in more superior z-slices. In contrast, FW asymmetry in
the stroke group follows a U-shaped pattern with a nega-
tive peak at around z 5 30 with an asymmetry value of
around 20.4. The orange lines above the plots show that
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Figure 3.

Slice-by-slice between-group differences in FAT and FW asymme-

try within the M1-CST and PMd-CST. The mean unmasked (left

column) and masked (right column) FAT and FW asymmetry pro-

files are displayed for M1-CST with a black line, and the gray (con-

trol) and blue (stroke) shading represents 6SEM. Comparisons

were made between groups for each analysis, with P< 0.05, FDR

corrected represented with red horizontal lines in each plot and

P< 0.005, FDR corrected represented with orange horizontal

lines. The locations of the CP, PLIC, and cortex ROIs used in the

ROI analysis are shown on the x-axis. [Color figure can be viewed

at wileyonlinelibrary.com]
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FW in large portions of the profile were significantly dif-
ferent between groups. In addition, when comparing Fig-
ure 3C,D, it is clear that the effect of lesion masking is
minimal, and that the between group differences are nota-
bly absent from the CP and PLIC regions that were exam-
ined in the ROI analyses.

Figure 3E,F shows the unmasked and masked FAT pro-
files for the PMd-CST. The pattern is similar to that shown
in the M1-CST (Fig. 3A,B). Increased positive FAT asym-
metry values and increased variability were observed in
the stroke group for the unmasked analysis (Fig. 3E),

which were attenuated when the lesion was masked (Fig.
3F). Figure 3F shows a significantly more negative asym-
metry (P< 0.005, FDR corrected) in FAT for the stroke
group in two regions of the tract between z 5 25 and
z 5 32, and between z 5 50 and z 5 53. FW profiles for
PMd-CST show that asymmetry values in controls were
relatively consistent and varied between 0 and 20.2 across
much of the tract, whereas the stroke group showed a U-
shaped pattern with a negative peak at around z 5 30 with
an amplitude between 20.4 and 20.6. The negative peak
was shallower following lesion masking, but still reached
20.4. The orange lines above the profiles show that signifi-
cant between-group differences remained in large portions
of the tract irrespective of lesion masking.

ROI Analysis: Correlations Between Grip

Strength and FAT and FW in CP, PLIC, and

Cortex

FAT and FW values were extracted from the CP, PLIC,
and cortex ROIs for each stroke participant for the
unmasked and masked analyses. We then examined the
correlation between asymmetry in mean grip force and
FAT and FW measures. Table III shows the r values for all
correlations between grip force strength FAT and FW val-
ues for both tracts and for the unmasked and masked
analyses. FAT asymmetry in CP and PLIC of the M1-CST

TABLE III. Correlation coefficients between dMRI mea-

sures and maximum grip strength

M1-CST PMd-CST

Unmasked Masked Unmasked Masked

CP FAT 0.379* 0.472* 0.450* 0.450*
PLIC FAT 0.409* 0.488* 0.434* 0.434*
Cortex FAT 0.165 20.190 0.407* 20.266
CP FW 20.124 20.139 0.165 0.165
PLIC FW 20.136 20.150 0.072 0.072
Cortex FW 20.538* 20.620* 20.420* 20.578*

*Indicates significance at P< 0.05. Bolded r values represent
correlations that remained significant (P< 0.05) following FDR
correction.

Figure 4.

M1-CST slice-by-slice correlations of FAT and FW asymmetry

with grip strength. The mean unmasked and masked FAT and FW

asymmetry profiles are shown for the stroke subjects, in which

the mean is represented with a black line and the blue shading

representing 6SEM. Simple regression was performed at each

axial slice, and significant correlations are shown with red

(P< 0.05) or yellow (P< 0.05, FDR corrected) dots. The plot to

the right of each profile demonstrates the FAT/FW asymmetry

with grip strength asymmetry (MVC). The correlation coefficient

for each simple regression is shown. The locations of the CP,

PLIC, and cortex ROIs used in the ROI analysis are shown on

the x-axis. [Color figure can be viewed at wileyonlinelibrary.com]
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were positively correlated with grip strength (P< 0.05,
uncorrected), but did not survive P< 0.05 FDR correction.
In contrast, FW asymmetry in the cortical ROI of the M1-
CST correlated negatively with grip force strength for both
the masked and unmasked analyses (P< 0.05, corrected).
Significant correlations were not found for grip force
asymmetry and FW asymmetry in CP or PLIC.

Correlations between grip force asymmetry and FAT

and FW measures in the PMd-CST ROIs followed a similar
pattern as in the M1-CST ROIs. FAT asymmetry in CP and
PLIC of the PMd-CST were positively correlated with grip
strength asymmetry (P< 0.05, uncorrected), although nei-
ther of these correlations survived FDR correction. FW
asymmetry in the cortical ROI of the PMd-CST correlated
negatively with grip force strength for both the masked
and unmasked analyses, with only the masked analysis
surviving FDR correction (P< 0.05, corrected). Notably, all
significant FAT asymmetry correlations were positive and
all significant FW asymmetry correlations were negative.

Slice-by-Slice Analysis: FAT and FW Correlations

With Grip Strength

The unmasked and masked M1-CST FAT and FW pro-
files for the stroke group are shown in Figure 4. At each
slice, measures of FAT asymmetry (Fig. 4A–D) and

measures of FW (Fig. 4E–H) were used to predict grip
strength asymmetry. Red (P< 0.05, uncorrected) and yel-
low (P< 0.05, FDR corrected) dots overlaid on the mean
asymmetry values indicate slices in which the asymmetry
values correlated with asymmetry in grip force strength.
Figure 4A shows the unmasked M1-CST FAT profile and
its corresponding correlations at each slice. The gray box
in Figure 4B shows the simple regression plot based on
the mean FAT value from a series of slices which demon-
strated significant correlations. The plot in Figure 4B
shows that more positive FAT asymmetry is associated
with more positive grip strength asymmetry (r 5 0.471;
P< 0.05, uncorrected). This pattern is consistent with the
position that decreased grip force strength in the more
impaired limb is associated with decreased FAT values in
the impaired hemisphere. The same analysis was con-
ducted for FAT in the M1-CST following lesion masking,
and this is shown in Figure 4C,D. Positive correlations
were observed in inferior regions of the tract including the
CP, although no slice survived FDR correction.

Figure 4E–H shows the correlations between grip force
asymmetry and FW asymmetry across the M1-CST profile.
In contrast to the FAT correlations, FW correlations were
negative and more prevalent in the cortex, with a series of
slices in the cortex in the masked analysis surviving FDR
correction (yellow dots in Fig. 4G,H: r 5 20.662; P< 0.05,
FDR corrected). This pattern in the data is consistent with

Figure 5.

PMd-CST slice-by-slice correlations of FAT and FW asymmetry

with grip strength. The mean unmasked and masked FAT and FW

asymmetry profiles are shown for the stroke subjects, in which

the mean is represented with a black line and the blue shading

representing 6SEM. Simple regression was performed at each

axial slice, and significant correlations are shown with red

(P< 0.05) or yellow (P< 0.05, FDR corrected) dots. The plot to

the right of each profile demonstrates the FAT/FW asymmetry

with grip strength asymmetry (MVC). The correlation coefficient

for each simple regression is shown. The locations of the CP,

PLIC, and cortex ROIs used in the ROI analysis are shown on

the x-axis. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6.

Effect of lesion side on AUC of FAT and FW profiles. The stroke

group was partitioned into two groups to examine the potential

influence of lesion side on our data. AUC values were calculated

for each tract (M1-CST, PMd-CST), each measure (FAT, FW),

and each analysis (unmasked, masked). Individuals with a lesion

in the left hemisphere are represented by red circles, and indi-

viduals with a lesion to the right hemisphere are represented by

yellow squares. [Color figure can be viewed at wileyonlineli-

brary.com]
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the correlations observed in the analysis for FW in the
Cortical ROI in the M1-CST, and demonstrates that higher
FW in the impaired hemisphere is associated with lower
grip-strength in the impaired limb.

The unmasked and masked PMd-CST FAT and FW asym-
metry profiles for the stroke group are shown in Figure 5.
Figure 5A–D shows that FAT asymmetry was positively cor-
related with grip force asymmetry in the CP and cortex for
the unmasked analysis, and in the CP region for the masked
analysis. However, no FAT correlation at the slice level sur-
vived FDR correction. Negative correlations between FW
and grip strength were more prevalent in the cortex of the
PMd-CST in both the unmasked and the masked lesion anal-
yses, but no correlation survived FDR correction.

To determine whether lesion side played a role in our
data, we partitioned the stroke subjects into two groups.
Figure 6 shows the data for individuals with left hemi-
sphere lesions (N 5 16: red circles) and individuals with
right hemisphere lesions (N 5 7: yellow squares). We cal-
culated the area under the curve (AUC) for the FAT and
FW asymmetry profiles for the M1-CST and the PMd-CST
for the masked and the unmasked analysis. The data show
a similar pattern across each subset of stroke subjects, and
are consistent with the ROI and slice-by-slice analyses in
showing a pronounced effect of lesion masking on FAT

but not FW. Figure 6 suggests that there is no strong effect
of lesion side on the data.

To determine whether FAT and FW AUC and grip force
asymmetry were related to lesion size and lesion load, we
computed tract specific correlations between these varia-
bles. Table IV shows the corresponding correlation coeffi-
cients for each AUC value from the masked analysis and
the unmasked analysis. Lesion size and lesion load of the
M1-CST correlated positively with FAT AUC and nega-
tively with FW AUC. These effects were similar for the
unmasked and masked analyses. Lesion size and PMd-
CST lesion load were negatively correlated with PMd FW
AUC. Neither lesion size nor lesion load predicted grip
strength asymmetry.

DISCUSSION

Measures from diffusion magnetic resonance imaging
have been used to characterize the corticospinal tract in

the chronic phase after stroke. However, diffusion meas-
urements can be influenced by partial volume effects from
free water, the spatial location in which the measurement
is taken, and lesion masking. This study addressed each of
these issues and produced three novel findings. First, fol-
lowing lesion masking and correction for multiple compar-
isons, relative increases in FW were found for the stroke
group in large portions of the M1-CST and PMd-CST in
the lesioned hemisphere. Second, FW in cortical regions
was the best predictor of grip strength asymmetry in the
stroke group. Third, our findings also demonstrated that
FAT is sensitive to the direct effect of the lesion itself, and
that once the lesion is controlled for, differences in FAT in
nonlesioned tissue were small and generally similar
between hemispheres and groups. Taken together, our
observations suggest that FW is a robust biological mea-
surement that can be used to assess residual, nonlesioned
CST white matter after stroke.

Identifying biomarkers for recovery after stroke contin-
ues to gain traction in the literature [Burke Quinlan et al.,
2015; Hirai et al., 2016; Kim and Winstein, 2016; Stinear
et al., 2012]. Biomarkers based on structural neuroimaging
are an attractive option because data collection does not
rely on one’s ability to complete a functional task. Conven-
tional stroke-related diffusion MRI studies have used sin-
gle tensor models to show that FA is reduced in the CP
and PLIC in the chronic phase after stroke [Archer et al.,
2016; Lindenberg et al., 2010, 2012; Stinear et al., 2007,
2012]. Lower FA values in regions of the CST beyond the
lesion have been interpreted as reflecting Wallerian degen-
eration [Thomalla et al., 2005]. However, uncorrected FA
measurements reflect a combination of tissue microstruc-
ture and free water; the presence of free water will typi-
cally attenuate the FA measurement [Metzler-Baddeley
et al., 2012; Reetz et al., 2013]. In this study, we addressed
this issue by using a bi-tensor model to calculate FW and
FAT. Observations from our ROI analyses add to previous
findings by demonstrating that, relative to controls, FAT

asymmetry in the stroke group was increased in PLIC in
the M1-CST and PMd-CST before lesion masking. Lesion
masking abolished the between group differences, how-
ever, which suggests that they were driven by the direct
effects of the lesion itself. FAT in the CP of M1-CST also
showed increased asymmetry in the stroke group irrespec-
tive of lesion masking. Our findings in CP and PLIC are

TABLE IV. Correlations of unmasked and masked FAT and FW asymmetry area under the curve (AUC) measures

with lesion size, lesion load, and grip strength asymmetry

Unmasked area under the curve Masked area under the curve
Grip strength

asymmetryM1 FAT PMd FAT M1 FW PMd FW M1 FAT PMd FAT M1 FW PMd FW

Lesion size 0.669 0.085 20.780 20.714 0.769 0.399 20.657 20.345 0.247
M1-CST lesion load 0.749 - 20.746 - 0.869 - 20.771 - 0.147
PMd-CST lesion load - 0.023 - 20.748 - 0.431 - 20.419 0.144

Bolded correlation coefficients indicate FDR corrected significance (P< 0.05).
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important for two reasons. First, when the lesion is not
masked, we show that stroke-related changes in PLIC and
CP are associated with relative decreases in FAT rather
than an increase in FW in the lesioned hemisphere, which
clarifies previous findings that FA is reduced in these sub-
cortical regions in the chronic phase after stroke [Archer
et al., 2016; Lindenberg et al., 2010, 2012; Stinear et al.,
2007, 2012]. One interpretation of this finding is that
unmasked FAT values reflect Wallerian degeneration such
as fibrosis and tract atrophy in the stroke group [DeVetten
et al., 2010; Iizuka et al., 1989; Johnson et al., 1950; Lamp-
ert and Cressman, 1966; Mazumdar et al., 2003]. A second
interpretation is that these effects reflect the direct effect of
the lesion itself. For instance, lesion masking of our ROI
analyses abolished 2 of the 3 significant between group
asymmetry differences in CP and PLIC, which suggests
that masking the lesion plays a significant role in identify-
ing between group differences. Caution should therefore
be exercised when interpreting increased FA asymmetry
as reflecting decreases in tissue microstructure in the
impaired hemisphere if the lesion has not been masked.
Indeed, our observations show that lesion masking gener-
ally reduced positive FAT asymmetry values in the stroke
group, moving them closer to the asymmetry scores in
controls and in some instances moving the asymmetry
score negative. Our observations suggest that in subcorti-
cal structures, the tissue that did remain after lesion mask-
ing was not consistently different from the nonlesioned
tissue in the same voxels in the unimpaired hemisphere.

A strength of using asymmetry scores is that they con-
trol for individual differences in FA values between sub-
jects. Differences in FAT between hemispheres in CP and
PLIC were on the order of 0.03, which is a relatively small
change given the absolute range of 0.68–0.75 within these
regions. Other studies have reported asymmetry values in
the range of 20.1 to 0.8, but these scores were derived
from uncorrected FA values, and it is not clear whether
lesions were masked [Lindenberg et al., 2010; Stinear et al.,
2007, 2012]. Together, the current findings demonstrate
that the direct effects of the lesion on white matter micro-
structure are better characterized by changes in tissue as
compared to free water within subcortical areas where
fiber convergence is high. However, differences in asymme-
try scores within these ROIs were low, and were driven by
relatively small changes in the absolute FAT values between
hemispheres and between groups. FAT asymmetry scores
were also sensitive to the direct effect of the lesion itself,
and once the lesion was masked, the intact tissue generally
resembled tissue in the nonlesioned hemisphere.

FW asymmetry scores were negative in all groups in all
ROIs and were more sensitive to between group differ-
ences in the cortex. After lesion masking, greater negative
asymmetry was found for the stroke group relative to the
control group, which is consistent with the position that
FW was higher in the impaired as compared to the unim-
paired hemisphere. Consistent with previous literature

[Ofori et al., 2015; Pasternak et al., 2012b], raw free-water
values ranged from 0.08 to 0.20, and differences between
hemispheres were on the order of 0.01 to 0.03. These
between hemisphere differences represent a much larger
relative change in the FW measurements as compared to
the FAT measurements, which are reflected in the larger
asymmetry values in the ROI analyses. Our FW asymme-
try scores as compared to our FAT scores were more simi-
lar in magnitude to previous studies which assessed
uncorrected FA asymmetry [Lindenberg et al., 2010; Sti-
near et al., 2007, 2012]. One interpretation of this finding is
that previous uncorrected FA asymmetry data may have
been disproportionally driven by increased FW rather than
by decreased tissue microstructure.

Slice-by-slice analyses extended the ROI findings by
revealing robust negative FW asymmetry values in large
portions of the lesioned hemisphere in both tracts. The
pattern in FW profiles was consistent across tracts and
across unmasked and masked analyses, and was robust to
correction for multiple comparisons. Our data therefore
suggest that FW is a stable measurement that is sensitive
to lesion-related changes in white matter in large portions
of the CST, and should generalize well across studies.
Indeed, although stroke-related changes in brain function
in cortical motor areas are well established [Cramer et al.,
1997; Grefkes et al., 2008; Nouri and Cramer, 2011; Plow
et al., 2015; Rehme et al., 2012], much less is known about
the effects of stroke on white matter in the motor cortices,
as previous studies often focus on subcortical regions such
as PLIC and CP. Increases in FW in cortical regions in this
study may reflect an increase in neuroinflammation and/
or a reduction in cellular density [Pasternak et al., 2012a;
Wang et al., 2011] that appears to be specific to regions
superior of the PLIC where crossing fibers are most preva-
lent. Future studies in both human and animal models
will be necessary to determine the physiological mecha-
nisms underlying region specific lesion-related changes in
FW. Nevertheless, the current data suggest that FW in
regions beyond the CP and PLIC may be a useful mea-
surement that is sensitive to lesion-related changes in
white matter and is robust when controlling for direct
effects of the lesion itself [Hirai et al., 2016; Kim and Win-
stein, 2016; Stinear et al., 2012]. There is a growing litera-
ture on using FW measurements to examine brain
microstructure in disease states such as Parkinsonism and
schizophrenia [Ofori et al., 2015; Pasternak et al., 2012b].
The current observations are the first to extend this litera-
ture to include chronic stroke.

Decreases in CST FA have been associated with
decreases in poststroke motor function [Park et al., 2013;
Schaechter et al., 2008], with FA in the PLIC correlating
positively with measures of motor skill, grip strength, and
clinical tests of motor function [Lindenberg et al., 2010,
2012; Schaechter et al., 2008]. Our ROI analyses add to
these findings by showing that FAT correlated positively
with grip strength in PLIC and CP. Our findings are
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consistent with those of Schulz and colleagues [Schulz
et al., 2012] who also found significant positive correla-
tions between grip force and FA in PLIC regions of the
M1-CST and PMd-CST. Although correlations between
grip force strength and FAT were consistent across both
tracts and were robust to the effects of lesion masking, it
is important to note that none of the correlations including
CP and PLIC survived correction for multiple comparisons.
This pattern was consistent across the ROI analysis and the
slice-by-slice analysis. In contrast, FW correlated negatively
with grip strength in cortical ROIs in both tracts, with
observations in 3 of the 4 cortical ROIs robust to lesion
masking and correction for multiple comparisons. Slice-by-
slice correlation analyses showed that FW in a cortical
region of the M1-CST following lesion masking was the
only area to survive corrections for multiple comparisons.

Our data clearly demonstrate that lesion masking
reduces variability in the FW and FAT measures across the
CST profiles. This reduction in variability was more prom-
inent for measures of FAT, where lesion masking generally
resulted in the remaining tissue looking more similar to
the nonlesioned tissue in the nonimpaired hemisphere.
Whereas some dMRI studies report the presence of lesion
masking [Lunven et al., 2015], the absence of such a state-
ment suggests that lesion masking is not commonly used
[Lindenberg et al., 2012; Schaechter et al., 2009]. Thus, our
observations suggest that lesion masking is important and
will have a significant impact on measures of tissue micro-
structure as compared to measures of FW. Another strength
of our observations is that the lesion masked analyses of
the FW and FAT profiles sampled the same voxels in both
hemispheres. Hence, if a voxel was directly impacted by
the lesion in the lesioned hemisphere, the same voxel in the
nonlesioned hemisphere was also removed from the analy-
sis. One caveat to the current approach, however, is that
differences between the masked and the unmasked analysis
cannot be exclusively attributed to changes in the lesioned
hemisphere, as the removal of voxels in the nonlesioned
side may have also contributed to the change in asymme-
try. We did not implement this same voxel matching
approach in our ROI analyses.

Great progress has been made in correlating FA to motor
function in the chronic phase after stroke, but emerging evi-
dence suggests that FA alone may not be the optimal mea-
sure to predict stroke-related changes in motor function
across time. For instance, recent evidence shows that FA
values measured 1–2 days after stroke are not a strong pre-
dictor of motor outcomes 3 months later [Doughty et al.,
2016]. One explanation for this finding is that Wallerian
degeneration may not begin this early after stroke, and
changes in FA are more pronounced as Wallerian degenera-
tion increases over time. Other evidence shows that in the
acute phase, FA in PLIC predicts upper limb recovery at
3 months poststroke, but only in individuals in whom a
motor evoked potential cannot be recorded [Stinear et al.,
2012]. Another study found that while FA is not predictive

of motor skill in the acute phase of stroke, it is a strong pre-
dictor in the subacute phase [Groisser et al., 2014]. Future
studies are necessary to determine whether FW and/or FAT

are more sensitive to changes in brain microstructure in the
acute phase after stroke. A consistent structural measure
that is not conflated by tissue and free water that can be
used longitudinally after stroke to predict motor outcomes
and recovery trajectory would represent a significant
advance in the literature [Kim and Winstein, 2016].
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