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Abstract
Our previous study used regional homogeneity analysis and found that activity in some brain areas of patients with ischemic stroke changed 
significantly. In the current study, we examined structural changes in these brain regions by taking structural magnetic resonance imaging 
scans of 11 ischemic stroke patients and 15 healthy participants, and analyzing the data using voxel-based morphometry. Compared with 
healthy participants, patients exhibited higher gray matter density in the left inferior occipital gyrus and right anterior white matter tract. 
In contrast, gray matter density in the right cerebellum, left precentral gyrus, right middle frontal gyrus, and left middle temporal gyrus 
was less in ischemic stroke patients. The changes of gray matter density in the middle frontal gyrus were negatively associated with the clin-
ical rating scales of the Fugl-Meyer Motor Assessment (r = –0.609, P = 0.047) and the left middle temporal gyrus was negatively correlated 
with the clinical rating scales of the nervous functional deficiency scale (r = –0.737, P = 0.010). Our findings can objectively identify the 
functional abnormality in some brain regions of ischemic stroke patients. 

Key Words: nerve regeneration; ischemic stroke; brain structure abnormality; functional magnetic resonance imaging; gray matter density; 
voxel-based morphometry; Fugl-Meyer Motor Assessment; nervous functional deficiency scale; functional deficiency; neuroplasticity; neural 
reorganization; neural regeneration
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Introduction
Ischemic stroke characterized by the occlusion of an arte-
rial blood vessel in the brain accounts for more than 80% 
of all stroke cases (Jauch et al., 2013; Aprile et al., 2014). 
Ischemic stroke might be accompanied by aphasia, sensory 
disturbance, or cognitive disorders (Lloyd-Jones et al., 2009; 
Wolf et al., 2016; Zhong et al., 2016). According to the World 
Stroke Campaign of the World Stroke Organization, one 
in six individuals will have a stroke in their lifetime (Kaste, 
2013; Mozaffarian et al., 2016), and 33% of all deaths in 
America are due to stroke (Willey et al., 2010).  

As neuroimaging techniques becoming widely available, 
an increasing number of studies have attempted to explore 
the cerebral abnormalities in stroke patients. Park et al. 
(2011) used resting-state functional magnetic resonance 
imaging (fMRI) to study stroke, and found that functional 
connectivity of the ipsilesional primary motor cortex (M1) 
of stroke patients was different from that of healthy partici-
pants. Another study combined fMRI with diffusion tensor 
imaging (DTI), demonstrating that the functional organi-
zation of the residual distributed motor system is related to 
the degree of disruption in the corticospinal tract (Wei et 
al., 2013). Tuladhar et al. (2013) reported that, compared 
with healthy participants, stroke patients have impaired 
connectivity within the default mode network, which might 
lead to post-stroke cognitive dysfunction. All of these-
studies suggested that cerebral function and connectivity in 
stroke patients are certainly different from what is seen in 
healthy participants. 

Recently, functional magnetic resonance imaging (fMRI) 
has played an integral role in defining the neural substrates 
and system-level neural mechanisms underlying recovery 
after stroke (Fazekas et al., 2015; Lefebvre et al., 2015; van 
de Ven et al., 2015). Cortical reorganization has been char-
acterized by observing changes in cerebral activation during 
motor recovery following stroke (Ward et al., 2003; Tombari 
et al., 2004; Nair et al., 2005; Kim et al., 2006; Ward et al., 
2006; Loubinoux et al., 2007; Chechlacz et al., 2013). For 
example, using voxel-based morphometry (VBM) analysis, 
Beal et al. (2013) found that the middle temporal gyrus and 
superior temporal sulcus were linked to visual and tactile ex-
tinction of stroke patients. Additionally, by comparing fluent 
children with those who stutter, they found that the patho-
genesis of stuttering was closely related to lower gray matter 
density (GMD) in the bilateral inferior frontal gyrus and left 
putamen, and higher GMD in the right rolandic operculum 
and superior temporal gyrus. 

VBM has been applied widely to various brain diseases. 
Our previous study showed that the activity in the cerebral 
regions of patients with ischemic stroke was significantly 
different from that in healthy individuals (Wu et al., 2015). 
However, how GMD changes after ischemic strokes is still 
unknown. The aim of this study was to use structural MRI to 
investigate whether cerebral GMD changes in patients with 
ischemic strokes. A secondary goal was to determine how 
changes in regional GMD are related to clinical variables. 

Participants and Methods
Participants
This study was approved by the Ethics Committee of Cheng-
du University of Traditional Chinese Medicine in China (No. 
2011KL-002). The ischemic stroke patients were recruited 
at the outpatient and inpatient department of the Teaching 
Hospital, Chengdu University of Traditional Chinese Med-
icine in China from January 2011 to May 2013. All partic-
ipants gave their written informed consent. The inclusion 
criteria for patients and healthy participants were described 
in detail previously (Wu et al., 2015). Briefly, the inclusion 
criteria for patients were as follows: (1) A first-time diagno-
sis of left lesions based on computed tomography or MRI. 
(2) Stroke had occurred within approximately 2 weeks to 3 
months. (3) Dyskinesia in the right limb (upper or lower), 
as assessed by the Fugl-Meyer Motor Assessment (FMA)
test (muscle strength > level II) (Duncan et al., 1983; Ber-
glund and Fugl-Meyer, 1986; Sanford et al., 1993; Gladstone 
et al., 2002). (4) Being right handed, aged 35–85 years. (5) 
Absence of dementia, aphasia, neurological, or psychiatric 
disorders as determined by the Mini-Mental State Examina-
tion (MMSE) (Becker et al., 2016). No patients accepted any 
rehabilitation therapy. Patients who had contraindications 
for the MRI scan or who suffered from serious complica-
tions were excluded. The healthy participants were recruited 
by advertisement. Healthy people were gender- and age-
matched with ischemic stroke patients, and were included 
only if they had no history of neurological or psychiatric dis-
eases. People who did not satisfy the above conditions were 
excluded from the experiment. 

Eleven ischemic stroke patients (7 males and 4 females) and 
15 age-matched healthy participants (9 males and 6 females) 
entered the final analysis. No significant differences in age or 
gender were found between the two groups (P > 0.05; Table 1).

Clinical assessments
The FMA, neurological deficiency scale (NDS) and the mod-
ified Barthel index (MBI) were applied to assess patient mo-
tor skills, severity of neurological function deficits, and the 
ability of self-care independence, respectively. 

The FMA has been widely employed in clinical trials that 
focus on motor outcomes after stroke. It has been found to 
be valid (Berglund and Fugl-Meyer, 1986; Gladstone et al., 
2002) and reliable (Duncan et al., 1983; Sanford et al., 1993; 
Gladstone et al., 2002). FMA scores range from 0 to 100, 
with 0 indicating absence of motor deficits and higher scores 
indicating worsening of motor deficits. The NDS, revised 
based on the Scandinavian Stroke Scale, was used to observe 
and estimate the severity of neurological functional defi-
cit after stroke (Chen et al., 2009a). Scores on this eight-
item scale range from 0 to 45, with higher scores indicating 
worse neurological function. The ability of self-care inde-
pendence was evaluated by the MBI, which consists of 10 
domains, including help needed with feeding, transferring, 
grooming, using the toilet, bathing, walking, climbing 
stairs, or dressing, and the presence or absence of fecal or 
urinary incontinence. The maximum MBI score is 100, with 
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higher scores indicating better independence in activities of 
daily living (Wei et al., 2016).

fMRI scan
All brain images were acquired on a 3T Siemens MRI scan-
ner (MAGNETOM Trio Tim, Siemens, Amberg, Germany) at 
the Huaxi Magnetic Resonance Research Center, West China 
Hospital of Sichuan University, China. The VBM protocol 
used a spin-echo planar image sequence with the following 
parameters: repetition time/echo time = 1,900 ms/2.26 ms, 
flip angle = 9°; in-plane matrix resolution =256 × 256; slices 
= 176; field of view = 16 × 16 mm2; voxel size = 1 × 1 × 1 
mm3). During the scan, each participant wore a foam cush-
ion to prevent head translation and rotation. Additionally, 
their eyes were blindfolded and their ears were plugged. In 
order to avoid the probable influence on cerebral activity 
and size of menstrual cycles, all female participants were 
scanned during the week following their menstrual periods 
(Hagemann et al., 2011; Veldhuijzen et al., 2013).

Data analysis
Clinical variables
Data were analyzed using SPSS 19.0 (IBM Inc., Armonk, 
New York, USA) by two evaluators who were blinded to the 
experiment. A chi-square test and an independent samples 
t-test were applied to categorical variables and numerical 
variables, respectively. A value of P < 0.05 was considered a 
statistically significant difference.  

VBM analysis
T1-weighted images were analyzed using the VBM toolbox 
(http://dbm.neuro.uni-jena.de/vbm.html) for Statistical 
Parametric Mapping 8 (SPM8) (Welcome Department of 
Cognitive Neurology, London, UK). A customized VBM ap-
proach was implemented by combining the VBM8 toolbox 
with Diffeomorphic Anatomical Registration using Expo-
nentiated Lie Algebra (DARTEL) (Ashburner, 2007). DART-
EL has been shown to produce a more accurate registration 
than the standard VBM procedure (Klein et al., 2009) and 
enables increased sensitivity to findings such as the correla-
tion between gray matter volume and measures such as age 
and gender. First, the “New Segmentation” algorithm from 
SPM8 was applied to every T1-weighted MR image in order 
to extract tissue maps corresponding to gray matter, white 
matter, and cerebrospinal fluid. This algorithm, which is an 
improvement over the unified segmentation algorithm (Ash-
burner and Friston, 2005), uses a Bayesian framework to 
iteratively perform the probabilistic tissue classification and 
spatial non-linear deformation in terms of Montreal Neuro-
logical Institute (MNI) space. Next, these segmented tissue 
maps were input into DARTEL to create a customized, more 
population-specific template (Ashburner, 2007). DARTEL 
estimates the best set of smooth deformations working from 
each participant’s tissue to their common average, applies 
the deformations to create a new average, and then reiterates 
the process until convergence is achieved. We used a set of 
standard MNI tissues maps and a multivariate tissue-affin-

ity-registration algorithm provided by SPM and DARTEL 
for that process. At the end of the process, each participant’s 
gray matter map was warped and each participant’s gray 
matter segments were modulated for non-linear effects so 
that further analyses did not have to account for differences 
in head size. Finally, the warped and modulated gray matter 
images were smoothed by convolving an 8 × 8 × 8 mm3 full-
width at half-maximum isotropic Gaussian kernel. After 
completing these image analyses, we obtained smoothed and 
modulated gray matter images to be used for statistical anal-
ysis. The significance of group differences was set at P < 0.05 
using family-wise error correction.

Correlation analysis between FMA scores and GMD
We used a partial correlation analysis to assess the relation-
ship between clinical variables (FMA, NDS, and MBI) scores 
and GMD. For each patient, we selected the peak voxel and 
the neighboring 100 voxels within each cluster showing dif-
ferent volumes as the region of interest for correlation anal-
ysis. The voxels not belonging to the same anatomic region 
within the cluster were discarded, and the volumes of the 
surviving voxels were extracted and averaged. Pearson cor-
relation coefficients were calculated between the mean vol-
umes of the clinical variables (FMA, NDS, and MBI scores) 
and the GMD.

Results
Participant characteristics
The lesion locations for the ischemic stroke patients were 
primarily in the left basal ganglia. FMA scale and MBI scale 
differed significantly between patients and healthy partici-
pants (P = 0.01; Table 1).

VBM results in ischemic stroke patients
Compared with healthy participants, we observed signifi-
cantly lower GMD in the left precentral gyrus, right cerebel-
lum, right middle frontal gyrus, and left middle temporal 
gyrus in ischemic stroke patients. Additionally, greater GMD 
was observed in the left inferior occipital gyrus and right 
anterior cingulum of the patients compared with the healthy 
participants (Table 2, Figure 1A).

Correlations between GMD index and clinical scale scores  
We detected a significant negative correlation between GMD 
index and NDS scores in the left middle temporal gyrus (r 
= –0.737, P = 0.010), and between GMD and FMA scores in 
the right middle frontal gyrus (r = –0.609, P = 0.047) (Figure 
1B, C). GMD in other regions did not seem to correlate with 
the NDS, FMA or MBI scores.

Discussion
In this study, we found that GMD in the left precentral gy-
rus, right cerebellum, right middle frontal gyrus, and left 
middle temporal gyrus was lower in ischemic stroke patients. 
Simultaneously, the GMD in the left inferior occipital gyrus 
and right anterior cingulum were higher than in control 
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Table 2 Significant differences of gray matter density between 
ischemic stroke patients and healthy participants

Region Voxels 

Talairach coordinates

t SignX Y Z

Occipital_Inf_L 736 –6 –100 –15 4.15 Increase*

Cingulum_An_R 179 9 17 27 3.52 Increase*

Precentral_L 72 –32 –12 54 3.52 Decrease*

Cerebelum_R 152 –50 –51 –32 3.30 Decrease*

Temporal_Mid_L 109 –52 –9 –18 3.59 Decrease*

Frontal_Mid_R 34 32 12 42 2.60 Decrease*

L: Left; R: right; *P < 0.01; family-wise error corrected with a minimal 
cluster size of 20 voxels. 

Table 1 Baseline characteristics of ischemic stroke patients and healthy participants

Ischemic stroke patients Healthy participants P 

Number of patients (n) 11 15

Number of female patients [n(%)] 4(36) 6(40) 0.851

Age (years) 64.455(55.855, 3.055) 62.067(56.469, 67.665) 0.600

Course of disease (day) 38.818(11.179, 66.457) –

MMSE score 20.818(19.785, 21.851) –

NDS score 24.909(22.796, 27.022) –

FMA score 82.273(80.084, 84.462) 92.867(91.345, 94.389) 0.000

MBI score 29.864(23.766, 35.962) 84.333(83.700, 84.967) 0.000

Continuous variables are expressed as mean (95%CI). CI: Confidence interval; MMSE: Mini-Mental State Examination; NDS: Neurological Deficit 
Score; FMA: the Fugl-Meyer Motor Assessment; MBI: Modified Barthel Index.

participants. Our pervious diffusion tensor imaging study 
indicated that the ischemic stroke patients exhibited signifi-
cantly decreased fractional anisotropy and increased axial 
and radial diffusivity compared with healthy participants 
(Li et al., 2015). Other studies (Carter et al., 2010; Zhu et al., 
2014; Li et al., 2016) have reported that local lesions in isch-
emic stroke patients may lead to functional and structural 
recombination of perilesional and remote brain regions. 

Moreover, the majority of regions, showing differences 
between groups in this study, such as the frontal gyrus, tem-
poral gyrus, cerebellum, and cingulate, are the same cerebral 
regions in which we used regional homogeneity analysis 
to show that activity was significantly different between 
patients and stroke victims (Wu et al., 2015). We therefore 
predicted that the structural and functional changes in these 
regions might present motor, emotional, and cognitive ab-
normalities in ischemic stroke patients.

Motor regions
Motor function disorder is recognized as the most common 
symptom of ischemic stroke patients. Consistent with other 
VBM studies of ischemic stroke (Kim et al., 2006; Gauthier 
et al., 2012), the present study found lower GMD in the pre-
central gyrus, cerebellum, and middle frontal cortex, which 
are regions strongly associated with motor function. The 
precentral gyrus, located in the frontal lobe, is connected to 
primary motor cortex (M1) and non-motor cortex (Xu et 
al., 2014; Landsmann et al., 2016). Park et al. (2011) indi-

cated that decreases in connectivity between M1 and other 
motor-related areas in the frontal lobe, as well as non-motor 
regions in the parietal and occipital cortices, might reflect 
plastic changes that compensate for impaired connectivity 
with the opposite foci of hemisphere. The cerebellum is 
widely thought to be involved in motor control, maintaining 
body balance, controlling posture and gait, modulating-
muscle tone, and coordinating the accuracy of voluntary 
movements (Stoodley et al., 2012). Additionally, cerebellar 
lobules IV–V and VIII are related to overt movement (Ha-
bas et al., 2009; Krienen and Buckner, 2009; O’Reilly et al., 
2010; Stoodley and Schmahmann, 2010). Tang et al. (2016) 
found that the functional connection between the right cer-
ebellum and the left precentral gyrus was significantly lower 
in left subcortical stroke patients, suggesting that abnormal 
functional connection in the right cerebellum may result in 
an impaired functional network and motor disorder. In our 
study, we observed the same cerebral changes; GMD in the 
right cerebellum and left precentral gyrus decreased. The 
motor deficiency of ischemic stroke patients in our study 
may therefore be closely connected to the changes in the 
right cerebellum and left precentral gyrus. Moreover, the 
frontal lobe is the site for motor planning and motor output 
and the middle frontal gyrus is connected to premotor cor-
tex (Hortensius et al., 2016). Recent task-based fMRI studies 
have indicated that changes in the cerebellum and middle 
frontal cortex after stroke are related to motor recovery 
(Tombari et al., 2004; Puh et al., 2007). 

Emotional and cognitive regions
Studies indicate that ischemic stroke patients are at increased 
risk of developing cognitive and emotional impairment (del 
Ser et al., 2005). A recent review reported that approximately 
one third of stroke survivors might suffer from depression 
during their follow-up (Hackett et al., 2005; Mittal et al., 
2016). In the current study, we found significant differences 
in some brain regions associated with cognition and emo-
tion, including the left middle frontal gyrus, middle tempo-
ral gyrus and inferior occipital gyrus, as well as right inferior 
cingulate gyrus and cerebellum. 

The cerebellum and middle frontal gyrus are involved 
in cognitive processing other than motor control. Studies 
have shown that the cerebellum is involved in executive 
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functions, such as abstract reasoning, working memory, 
and information updating (Collette et al., 2007; Monti et 
al., 2007; Habas et al., 2009). Additionally, the lower GMD 
in the right middle frontal cortex that we found was in line 
with another study of ischemic stroke patients (Chen et al., 
2009b). The middle frontal gyrus located is connected to 
brain regions devoted to cognitive and emotional process-
ing, and it is related to the management of cognitive load 
required for motor performance (Puh et al., 2007). In this 
study, lower GMD in the right middle frontal gyrus was 
significantly negatively correlated with the NDS scores, in-
dicating that the deficiencies increase as the density of gray 
matter in this region is reduced. The NDS scales can assess 
patients’ neurological function in terms of consciousness, 
muscle strength of upper and lower limb, and ambulation. 
These results partly support findings related to middle 
frontal gyrus abnormalities. The middle temporal gyrus 
is linked to the default mode network, which involved in 
episodic memory processing (Tuladhar et al., 2013). Some 
studies have shown that compared with healthy participants, 
connectivity of middle temporal gyrus and default mode 
network was impaired in stroke patients (Tuladhar et al., 
2013), and that GMD decrease in the middle temporal gyrus 
was related to visual and tactile extinction in stroke patients 
(Chechlacz et al., 2013). 

To date, a large number of studies addressing human and 
animal models have shown that after stroke, some conditions 
such as injury, stimulation, and learning, can induce neu-
rons and brain networks to reorganize themselves through 
neuroplastic changes (Clarkson et al., 2013; Karabanov et 
al., 2013). The activated and suppressed brain regions in the 
present study might be related to neuroplastic reorganiza-
tion. Because the functional connections between the affect-
ed brain areas and other regions are damaged, the balance of 
interhemispheric inhibition is destroyed after stroke. Thus, 
some brain regions become hyperactivated, while others are 
suppressed (Manganotti et al., 2008; Clarkson et al., 2010). 
We hypothesize that the lower GMD that we observed in this 
study might result from a disorder of neuroplasticity and re-
organization. Additionally, we found two cerebral regions in 
which GMD was higher in stroke victims. This was probably 
related to hyperactivation of brain neuroplasticity.  

Conclusions
GMD of ischemic stroke patients significantly differed from 
that of healthy participants. The brain regions that differed 
included the left inferior occipital gyrus, right anterior cin-
gulum, left precentral gyrus, right cerebellum, right middle 
frontal gyrus, and left middle temporal gyrus. These results 
were related to functional abnormalities (motor, sensory, 

Figure 1 Significant differences in GMD between ischemic stroke patients and healthy participants. 
(A) Compared with healthy participants, the ischemic stroke patients showed lower GMD in the left precentral gyrus, right cerebellum, left middle 
temporal gyrus, and right middle frontal gyrus. Higher GMD was seen in the left inferior occipital gyrus and right anterior cingulum. (B) A signifi-
cant negative correlation was found between the GMD index in the left middle temporal gyrus and NDS score (r = –0.737, P = 0.010). (C) A signif-
icant negative correlation was also found between the GMD index in the right middle frontal gyrus and FMA scores (r = –0.609, P = 0.047). GMD: 
Gray matter density; NDS: nervous functional deficiency scale; FMA: Fugl-Meyer Motor Assessment. 

 A   

 B    C  
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and emotion). We propose that these regions might be po-
tential targets for neuroplasticity and neural reorganization 
after stroke.

Limitations
The small sample size is the main limitation to this pilot 
study. Moreover, a more thorough understanding of the cor-
relations between GMD in the middle temporal gyrus and 
FMA score, and between GMD in the middle frontal gyrus 
and NDS score could be achieved by increasing the sample 
size. Although it is a pilot study, the demonstration of GMD 
alterations in ischemic stroke patients could provide a new 
approach for future studies.
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