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This study aimed to investigate the effects of lesion side and degree of motor recovery on gray matter volume
(GMV) difference relative to healthy controls in right-handed subcortical stroke. Structural MRI data were col-
lected in 97 patients with chronic subcortical ischemic stroke and 79 healthy controls. Voxel-wise GMV analysis
was used to investigate the effects of lesion side and degree ofmotor recovery onGMVdifference in right-handed
chronic subcortical stroke patients. Comparedwith healthy controls, right-lesion patients demonstratedGMV in-
crease (P b 0.05, voxel-wise false discovery rate correction) in the bilateral paracentral lobule (PCL) and supple-
mentarymotor area (SMA) and the right middle occipital gyrus (MOG); while left-lesion patients did not exhibit
GMVdifference under the same threshold. Patientswith complete and partialmotor recovery showed similar de-
gree of GMV increase in right-lesion patients. However, the motor recovery was correlated with the GMV in-
crease in the bilateral SMA in right-lesion patients. These findings suggest that there exists a lesion-side effect
on GMV difference relative to healthy controls in right-handed patients with chronic subcortical stroke. The
GMV increase in the SMA may facilitate motor recovery in subcortical stroke patients.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Stroke is the major reason for disability, especially for motor deficit
(Crichton et al., 2016). The motor function in most stroke patients can
recover spontaneously, at least to some extent (Kwakkel et al., 2006).
The neural mechanisms underlying spontaneous motor recovery after
stroke have been linked to brain structural and functional reorganiza-
tion. In terms of functional reorganization, the recovered or enhanced
activation or functional connectivity of the motor-related regions has
been associated with motor recovery in subcortical stroke (Golestani
et al., 2013; Liu et al., 2015; Wang et al., 2010; Zhang et al., 2014). Sim-
ilarly, structural reorganization has also been observed in subcortical
stroke. For example, the increased gray matter volume (GMV) in
motor- and cognitive-related cortical regions have been associated
with motor recovery in subcortical stroke (Dang et al., 2013; Fan et al.,
2013; Gauthier et al., 2008).

The cerebral hemispheric asymmetry (Chiu and Damasio, 1980;
Corballis, 2014; Good et al., 2001; LeMay, 1986; Wada et al., 1975)
may result in different structural and functional reorganization follow-
ing stroke in the homologous region of the left and right hemispheres.
However, most prior neuroimaging studies on stroke recovery have
not taken the issue into consideration. They either only focus on one
side of lesions (Fan et al., 2013; Xing et al., 2016) or flipped the imaging
data from one side to another along the midline (Abela et al., 2015;
Wang et al., 2014; Zhang et al., 2014). In other words, it is remains un-
clear whether brain structural and functional alterations are different in
subcortical stroke patients with lesions in the left and right hemi-
spheres, which may help to identify the common and specific changes
following the left and right hemispheric subcortical damage.

There are great variations in the degree of motor recovery after
stroke. It has been shown that subcortical stroke patient with partial re-
covery (PR) exhibits stronger and more extensive activation in the
motor cortex than patients with complete recovery (CR) (Zhang et al.,
2014). The latter shows a return to normal pattern of motor activation.
This finding suggests that PR and CR patients may adopt different func-
tional reorganization in response to stroke attacks. However, it remains
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unclear whether structural characteristics are also different between PR
and CR patients with subcortical stroke.

In the present study,we recruited 97 subcortical strokepatientswith
varying degreemotor recovery and 79 healthy controls. Based on the le-
sion location, patients were divided into subgroups with lesions in the
left and right hemispheres. According to the degree of motor recovery,
patients were divided into CR and PR subgroups. The left- and right-
sided stroke patients were analyzed respectively. GMV differences
among the three groups (CR, PR and healthy control groups)were com-
pared using a general linear model (GLM), controlling for age, sex and
scanners. Then, post hoc comparison and correlation analysis were per-
formed to identify whether CR and PR patients exhibit similar GMV
changes and whether these significant GMV changes were correlated
with motor recovery in PR patients.

2. Materials and methods

2.1. Subjects

The subjects were recruited from three medical centers: Tianjin
Medical University General Hospital, Tianjin Huanhu Hospital and the
First Affiliated Hospital of Zhengzhou University. The study protocol
was approved by the Medical Research Ethics Committees of the three
hospitals, and all subjects providedwritten informed consent before ex-
amination. The inclusion criteria for patients were as follows: (1) first-
onset ischemic stroke; (2) a single lesion located in the internal capsule
and neighboring regions; (3) right-handed before the stroke; and (4)
time after stroke onset N 6 months. The exclusion criteria for patients
were the following: (1) recurrent stroke after first onset; (2) any
other brain abnormalities; (3) severewhitematter hyperintensityman-
ifesting as a Fazekas et al. (1987) scale score of N1 based on T2-FLAIR;
and (4) a history of drug dependency or psychiatric disorders. A total
of 97 patients (72 men and 25 women; mean age, 56.1 ± 7.5 years)
were included in this study according to above criteria. The degree of
motor recovery was evaluated by the Fugl-Meyer Assessment (FMA)
(Fugl-Meyer et al., 1975; Gladstone et al., 2002). According to the FMA
of the whole extremities, stroke patients were further divided into CR
(FMA = 100) and PR (FMA b 100) subgroups. Seventy-nine healthy
subjects (50 men and 29 women; mean age, 55.3 ± 7.3 years) were
also recruited as controls. These participantswere respectively recruited
from Tianjin Medical University General Hospital (33 patients and 25
controls), Tianjin Huanhu Hospital (29 patients and 25 controls) and
the First Affiliated Hospital of Zhengzhou University (35 patients and
29 controls).

2.2. MR data acquisition

Three-dimensional sagittal T1-weighted images were acquired
using three 3.0-Tesla MR scanners from the three hospitals, including
two Discovery MR750 scanners (General Electric, Milwaukee, WI,
USA) and aMagnetomTrio TimMR scanner (Siemens, Erlangen,Germa-
ny). The repetition time (ms)/echo time (ms)/flip angle/matrix/slices
were 8.2/3.2/11°/256 × 256/188 for MR750 scanner, and 2000/2.3/9°/
256 × 232/192 for Trio Tim scanner, respectively. All scans used the
same field of view (256 mm × 256 mm), slice thickness (1 mm and
no gap) and spatial resolution (1 × 1 × 1 mm3).

2.3. GMV calculation

TheGMVmapswere calculatedusing Statistical ParametricMapping
software (SPM8, http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).
The structural MR images were segmented into gray matter (GM),
white matter and cerebrospinal fluid using the standard unified seg-
mentation model. After an initial affine registration, the GM concentra-
tion maps were nonlinearly warped using diffeomorphic anatomical
registration through the exponentiated Lie algebra (DARTEL) technique

(Ashburner, 2007). After that, we resliced the normalized GMV to a 1.5-
mm cubic voxel. The GMV was obtained by multiplying GM concentra-
tion map by the non-linear determinants derived from the spatial nor-
malization step (Liu et al., 2012). Finally, the GMV images were
smoothed with a kernel of 8 × 8 × 8 mm3 full width at half maximum.
Then, the spatial pre-processing, normalized,modulated, and smoothed
GMV maps were used for further analysis.

2.4. GMV analyses

Stroke patients with lesions in the left and right hemispheres were
analyzed respectively. For each patient subgroup, the general linear
model (GLM) was used to compare voxel-wise GMV differences in the
cortical gray matter mask among the CR, PR and healthy groups with
age, sex and scanners as covariates of no interest. Multiple com-
parisons were corrected using a voxel-level false discovery rate (FDR)
method (P b 0.05). Finally, brain regions with significant GMV differ-
ences were extracted and entered into region of interest (ROI)-based
analyses to observe whether structural changes were similar in CR and
PR patients.

2.5. Correlation analyses

The ROI-based correlation analyses between mean GMV of these
ROIs and FMA were performed in PR patients group using a partial cor-
relation analysis with age, sex and scanners as covariates of no interest,
and P b 0.05 was considered to be statistically significant. The reason for
only including PR patients for correlation analysis is to avoid ceiling ef-
fect because the CR patients had the same FMA score.

3. Results

3.1. Demographic and clinical data

The demographic and clinical data of subjects are shown in Table 1.
Forty-nine patients had stroke lesions in the left hemisphere and forty-
eight in the right hemisphere. There were no significant differences in
age (P = 0.79) and gender (P = 0.15) among the left-sided stroke pa-
tients, right-sided stroke patients and healthy controls. There were no
significant differences in age (P = 0.82 for the left-lesion analysis; P =
0.67 for the right-lesion analysis) and gender (P = 0.07 for the left-le-
sion analysis; P = 0.56 for the right-lesion analysis) among the CR, PR
and healthy groups. In addition, there were no significant differences
in lesion volume (P = 0.33) and FMA of the upper (P = 0.22) and
whole extremities (P = 0.16) between the left- and right-sided stroke
patients. The lesion incidencemap of stroke patients is depicted in Fig. 1.

3.2. GMV differences

When using a voxel-level FDR correction for multiple comparisons
(P b 0.05), we did not find any significant GMV differences between
stroke patients (CR and PR)with left-sided lesions and healthy controls.
In patients with right-sided lesions, however, we found significant GMV
differences among the CR, PR and healthy groups in the bilateral
paracentral lobule (PCL) and supplementary motor area (SMA), the
right middle occipital gyrus (MOG) and precentral gyrus (PreCG)
(Table 2; Fig. 2). Post hoc analyses showed that both CR and PR patients
had significantly increased GMV than healthy controls in the bilateral
PCL (CR: P b 0.001; PR: P b 0.001) and SMA (CR: P = 0.005; PR: P =
0.001) and the right MOG (CR: P = 0.004; PR: P = 0.002). There were
no significant GMV differences (P N 0.05) in these regions between CR
and PR patients. PR patients had significant GMV decrease than CR pa-
tients (P = 0.004) and healthy controls (P b 0.001) in the right PreCG.
However, there was no significant GMV difference between CR patients
and healthy controls (P N 0.05) in the right PreCG.
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