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Abstract. To compare the difference in white matter volume 
(WMV) and gray matter volume (GMV) between the comitant 
strabismus (CS) patients and health controls by voxel-based 
morphometry (VBM) and the relationship with behavioral 
performance. A total of 20 patients with comitant strabismus 
(10 males and 10 females), and 20 healthy subjects (10 males and 
10 females) with matched age, sex status underwent magnetic 
resonance examination. The authors analyzed the original 3D 
T1 brain images using the VBM module. The comitant stra-
bismus groups were compared with the control groups for the 
GMW and WMV of the entire brain. Correlation analysis was 
performed to investigate the relationship between the GMV 
and WMV altered areas and the behavioral performance in 
comitant strabismus. CS patients were distinguishable from 
the healthy controls (HCs) by receiver operating character-
istic curves. Results of the VBM analysis demonstrated that 
the CS groups had decreased GMV in the brain regions of 
the left middle temporal pole, left cerebellum posterior lobe, 
right posterior cingulate cortex, left cuneus and right premotor 
cortex. Meanwhile, the WMV was significantly decreased 
in the brain regions of the left middle temporal gyrus, right 
middle temporal gyrus, left middle temporal gyrus, right 
precuneus and right premotor cortex in the comitant strabismus 
patients compared with HCs. Furthermore, the duration of CS 
was negatively correlated with the GMV values of the left 

middle temporal pole (r=-0.486, P=0.030). CS caused GMV 
and WMV atrophy in many brain regions, which may indicate 
the neural mechanisms of the ocular motility disorders in CS 
patients.

Introduction

Comitant strabismus (CS) is a common form of strabismus 
characterized ocular motility disorders, which may lead to 
compromised binocular vision and amblyopia (1,2). The birth 
occurrence of infantile esotropia is ~25 per 10,000 in the 
United States (3). Strabismus is characterized by a constant 
angle deviation in many directions of the gaze. Clinically, CS 
is also associated with stereopsis impairment (4).

Previous research revealed the abnormal brain func-
tion in strabismus patients. A study exhibited that there had 
reduced functional connectivity between the V1 and V2 
areas in monkeys with strabismic amblyopia (5). Another 
study reported that there is increased mean diffusivity of 
the occipital tracts in patients with strabismic amblyopia (6). 
Additionally, a previous study demonstrated that patients with 
strabismus were associated with suppression in the primary 
visual cortex (7). Although the abovementioned studies have 
demonstrated functional changes in the neurons of patients 
with strabismus, the changes in brain anatomical morphology 
in CS remain unknown.

Voxel-based morphometry (VBM) is a whole-brain 
measurement method that compares voxel-wise between 
groups morphological differences in the brain (8). The VBM 
method has been successfully used to assess neural mecha-
nisms of nervous and mental diseases such as Alzheimer's 
disease (9), optic neuritis (10) and schizophrenia (11). Using 
the VBM method, a previous study indicated that the lower 
GMV values were located in the brain regions of the occipital 
eye field and parietal eye field in patients with strabismus 
amblyopia (12). In the present study, the authors demonstrated 
that there were many brain regions with a dysfunction in 
neural activity in patients with CS using regional homogeneity 
methods. However, there were far less evidence for neuromor-
phological changes. To the best of the authors' knowledge, the 
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current study is the first to use the VBM approach to detect 
changes in volumes of the GMV and WMV of CS patients.

Materials and methods

Subjects. A total of 20 patients with CS (10 males and 10 females) 
were recruited from the First Affiliated Hospital of Nanchang 
University Hospital (Nanchang, China). The criteria of the 
study on CS were as follows: i) Strabismus at birth; ii) stra-
bismus with impairment to stereopsis and visual fusion; 
iii) equal binocular best corrected vision; iv) the a range of 
squint angle is 50-60 delta.

Patients with following conditions were excluded from the 
study: i) Acquired strabismus, incomitant strabismus; ii) condi-
tions due to eye diseases (infection, inflammation, ischemic 
diseases), iii) patients with eye surgery; iv) psychiatric disor-
ders cardiovascular diseases, cerebral infarction diseases such 
as systemic disorders; v) alcohol or drug addiction.

A total of 20 HCs (10 males and 10 females) with matched 
age, sex, education status were also recruited for the study. All 
HCs met the following criteria: i) No abnormalities in brain 
parenchyma with head magnetic resonance imaging (MRI); 
ii) without any eye diseases and the corrected visual acuity 
(VA) >1.0; iii) no nervous system diseases; iv) no external 
accessories that interfere with the magnetic resonance imaging 
signal (such as cardiac pacemaker or metal device).

All the research contents and methods followed the 
Declaration of Helsinki. All volunteers were informed of 
the purposes, methods and potential risks before signing 
an informed consent form. The study was approved by the 
medical ethics committee of the First Affiliated Hospital of 
Nanchang University Hospital (Nanchang, China).

MRI parameters. All subjects were performed with a 
3-Tesla MR scanner (Siemens AG, Munich, Germany) with 
an 8-channel. High-resolution T1-weighted images were 
obtained with a magnetization-prepared rapid gradient echo 
(MP-RAGE) sequence. The details of scanning param-
eters are as follows: Slices=176; section thickness=1. 0 mm; 
echo time=2.26 msec; repetition time=1,900 msec; field of 
view=215x230 mm.

VBM analysis. Structural images were classified by MRIcro 
software (version, 1.40; build, 1; www.MRIcro.com) to elimi-
nate incomplete data, and then processed with the voxel-based 
morphometry toolbox (VBM8) (dbm.neuro.uni-jena.de/vbm8) 
implemented in Statistical Parametric Mapping software 
(version, 8.0; Wellcome Trust Centre for Neuroimaging, London, 
UK). All procedures were performed with MATLAB (version, 
7.9.0; The Mathworks, Inc. Natick, MA, USA). Individual brain 
images was segregated into gray matter, white matter and cere-
brospinal fluid based on the VBM8 toolbox. More details are 
presented in a previous study of the authors (10).

Statistical analysis. General linear model analysis was 
performed with the SPM8 toolkit to investigate the group 
differences in GMV and WMV between CS groups and HCs. 
P<0.05 was considered to indicate a statistically significant 
difference. Voxel threshold was set to 20 neighboring voxels to 
analysis the area of gray matter changes in CS.

Brain-behavior correlation analysis. With the VBM findings, 
different brain regions were classified as regions of interests 
(ROIs) using REST software (version, 1.8; www.resting-fmri 
.Sourceforge.net). For each ROI, the mean GMV or WMV 
value was extracted by averaging the GMV or WMV values 
over all voxels. Finally, the relationship between the mean 
GMV value in different brain regions in the CS group and 
the clinical manifestations were investigated using correla-
tion analysis. P<0.05 was considered to indicate a statistically 
significant difference.

Clinical data analysis. All clinical data of the CS patients 
were collected, including the onset of CS disease, and best-
corrected VA.

Results

General data analysis. Compared with HCs and strabismus 
groups, the authors did not find marked differences in weight 
(P=0.918), age (P=0.344), best-corrected VA-Right (P=0.814) 
and best-corrected VA-Left (P=0.903; Table I).

Gray and white matter differences. Compared with HCs, CS 
groups had significantly lower GMV in the brain regions of 
the left middle temporal pole, left cerebellum posterior lobe, 
right posterior cingulate cortex, left cuneus and right premotor 
cortex (Fig. 1 and Table II). Additionally, CS patients had 
significantly lower WMV in the brain regions of the left middle 
temporal gyrus, right middle temporal gyrus, right precuneus 
and right premotor cortex (Fig. 2 and Table III). Moreover, the 
authors demonstrated the mean of altered GMV and WMV 
between the two groups (Fig. 3).

Correlation analysis. In the CS groups, it was observed that 
the duration of comitant strabismus negatively correlated with 
the GMV values of the left middle temporal pole (r=-0.486, 
P=0.030; Fig. 4).

Receiver operating characteristic (ROC) curve. The authors 
assumed that the differences of the WMV and GMV values 
in two groups may be useful diagnostic markers. The mean 
values of the WMV and GMV in different brain regions were 
extracted and used to analyze ROC curves. The areas under 
the ROC for GMV values were: The left middle temporal pole 
(0.795), the left cerebellum posterior lobe (0.835), the right 
posterior cingulate cortex (0.790), the left cuneus (0.870) and 
the right premotor cortex (0.830; Fig. 5A). The AUCs for WMV 
values were: The left middle temporal gyrus 1 (0.810), the right 
middle temporal gyrus (0.818), the left middle temporal gyrus 
2 (0.823), the right precuneus (0.800) and the right premotor 
cortex (0.835; Fig. 5B).

Discussion

To the best of the authors' knowledge, the current study is the 
first to evaluate changes in WMV and GMV in patients with CS 
using a VBM approach. They identified a remarkable decrease 
in GMV values in the brain regions of the left middle temporal 
pole, left cerebellum posterior lobe, right posterior cingulate 
cortex, left cuneus and right premotor cortex in patients with 
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CS. Meanwhile, WMV values in the brain regions of the left 
middle temporal gyrus, right middle temporal gyrus, right 
precuneus and right premotor cortex were also significantly 
reduced in CS patients. Furthermore, the authors observed that 
the duration of comitant strabismus demonstrated a negative 

correlation with the GMV values of the left middle temporal 
pole.

The middle temporal gyrus is located between the supe-
rior temporal gyrus and inferior temporal gyrus, a region 
responsible for three-dimensional surface orientation and 

Table I. Demographic information and clinical measurements for CS and HCs.

 CS HCs t-value P-values

Male/Female 10/10 10/10 N/A >0.99
Age (years) 30.40±10.44 27.45±8.99 0.957 0.344
Weight (kg) 60.25±6.46 60.05±5.77 0.103 0.918
Handedness (n, hand) 20, right 20, right N/A >0.99
Exotropic and esotropic (n) 5/15 N/A N/A N/A
Duration of strabismus (years) 26.95±9.05 N/A N/A N/A
Best-corrected VA-right 1.07±0.18 1.09±0.22 -0.237 0.814
Best-corrected VA-left 1.02±0.09 1.03±0.16 -0.123 0.903

P-values, independent t-test. P-value between CS and HCs. CS, comitant strabismus; HCs, healthy controls; N/A, not applicable; VA, visual 
acuity.

Table II. Brain regions with significant differences in GMV between CS group and HCs.

 CS group and healthy controls MNI coordinates
 -------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------
  GMV Brain areas BA Peak T values x y z 

CS< HC        
     1. Left middle temporal pole 21,38 -4.179 1,077 -33 12 -37.5
     2. Left cerebellum posterior lobe - -4.204 1,461 -4.5 -76.5 -18
     3. Right posterior cingulate cortex 18,30 -3.692    342 16.5 -72 15
     4. Left cuneus 17,18,19 -3.871 1,034 -13.5 -78 6
     5. Right premotor cortex 6 -3.752    348 3 -42 48

The statistical threshold was set at the voxel with P<0.05 for multiple comparisons using Gaussian Random Field theory (voxels-wise P<0.01 
and cluster-wise P<0.05 corrected). GMV, grey matter volume; CS, comitant strabismus; HCs, health controls, BA, Brodmann area; MNI, 
Montreal Neurological Institute; 1 voxel=1.5x1.5x1.5 mm.

Table III. Brain regions with significant differences in WMV between CS group and HCs.

  CS group and healthy controls    MNI coordinates   
 ---------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------
WMV Brain areas BA  Peak T values  x y z

CS<HC       
  1. Left middle temporal gyrus 1 21,38 -3.569   657 -43.5 4.5 -25.5
  2. Right middle temporal gyrus 39 -4.345   424 42 -52.5 7.5
  3. Left middle temporal gyrus 2 18 -3.420   222 -7.5 -90 12
  4. Right precuneus 7 -3.871 1,034 -13.5 -78 6
  5. Right premotor cortex 6 -3.752   348 3 -42 48

The statistical threshold was set at the voxel with P<0.05 for multiple comparisons using Gaussian Random Field theory (voxels-wise P<0.01 
and cluster-wise P<0.05 corrected). WMV, white matter volume; CS, comitant strabismus; HCs, healthy controls, BA, Brodmann area; MNI, 
Montreal Neurological Institute; 1 voxel=1.5x1.5x1.5 mm.
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retinal image velocities (13). A previous study reported 
that the middle temporal gyrus contains a rudimentary 
representation of three-dimensional surface orientation (14). 
Additionally, the middle temporal gyrus has been suggested to 
encode three-dimensional motion (15). It has been well known 
that patients with CS often are accompanied with dysfunction 
of fusion and stereopsis (16). Yan et al (17) observed that 
patients with there had decreased WMV in the right inferior 
temporal gyrus in comitant exotropia. Duan et al (18) found 

that strabismic amblyopia indeed affected mean diffusion, 
not only in the occipital tracts but also the association tracts 
connecting the visual cortex to the frontal and temporal 
lobes. In agreement with these findings, the authors identified 
significantly decreased GMV values in the brain regions of 
the left middle temporal pole. Furthermore, the mean area of 
the GMV of the left middle temporal pole was 0.795. There 
were significantly reduced WMV values in the bilateral 
middle temporal gyrus in the patients with CS, whereas that 

Figure 2. Regional WMV decrease in patients with CS compared with HCs. The significantly decreased regions were located in the left middle temporal gyrus, 
right middle temporal gyrus, right precuneus and right premotor cortex. The blue areas denote lower WMV brain regions (P<0.05 for multiple comparisons 
using Gaussian Random Field theory; voxels-wise P<0.01 and cluster-wise P<0.05 corrected). WMV, white matter volume; SC, strabismus; HCs, healthy 
controls.

Figure 1. Regional GMV decrease in patients with SC compared with HCs. The significantly decreased regions were located in the left middle temporal 
pole, left cerebellum posterior lobe, right posterior cingulate cortex, left cuneus and right premotor cortex. The blue areas denote lower GMV brain regions 
(P<0.05 for multiple comparisons using Gaussian Random Field theory; voxels-wise P<0.01 and cluster-wise P<0.05 corrected). GMV, grey matter volume; 
SC, comitant strabismus; HCs, healthy controls.
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of the WMV of the left middle temporal gyrus 1 was 0.810, 
the right middle temporal gyrus was 0.818 and the left middle 
temporal gyrus 2 was 0.823. It was demonstrated that there 
was both white matter and gray matter atrophy in CS patients. 
Therefore, the authors speculated that the CS possibly led 
to the atrophy of the temporal gyrus, which may reflect the 
impairment of the visual fusion in CS patients. Furthermore, 
the duration of CS presented a negative correlation with the 
GMV values of the left middle temporal pole (r=-0.486, 
P=0.030). This suggests that a significant atrophy of the left 
middle temporal pole occur in the lingual gyrus during the 
early phase in CS.

The cerebellum is involved in the execution of accurate eye 
movements (19). A previous study reported that the cerebellum 
is responsible for the execution of eye movements (20). Other 
research reported that cerebellar vermis activation is related 
to visually guided saccades (21). Joshi et al (22) reported that 
the posterior interposed nucleus in the cerebellum is involved 
in eye movements in strabismic monkeys (22). Consistent with 
these findings, CS patients were observed to have significantly 
decreased GMV in the left cerebellum posterior lobe. The area 

Figure 3. The mean of altered (A) GMV values and (B) WMV values between the CS group and the HCs group. Data are presented as the mean ± standard 
deviation. GMV, grey matter volume; WMV, white matter volume; CS, comitant strabismus; HCs, healthy controls.

Figure 4. The correlations between the mean GMV values of different 
brain regions and the behavioral performances. The duration of strabismus 
negatively correlated with the GMV values of the left middle temporal pole 
(r=-0.486, P=0.030). GMV, grey matter volume.

Figure 5. ROC curve analysis of the mean GMV and WMV values for altered 
brain regions. Note: (A) The areas under the ROC curve (AUCs) for GMV 
values: Left MTP, 0.795; left CP, 0.835; right PCC, 0.790; left CN, 0.870; 
right PC, 0.830. (B) The areas under the ROC curve (AUCs) for WMV values 
were: Left MT1, 0.810; right MT, 0.818; left MT2, 0.823; right P, 0.800; right 
PC, 0.835. ROC, receiver operating characteristic; GMV, grey matter volume; 
WMV, white matter volume; MTP, middle temporal pole; CP, cerebellum 
posterior lobe; PCC, posterior cingulate cortex; CN, cuneus; PC, premotor 
cortex; MT, middle temporal gyrus; P, precuneus.
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under ROC curves of GMV of the left cerebellum posterior 
lobe was 0.835. The authors therefore concluded that the CS 
may associate with deficits in the left cerebellum posterior 
lobe, reflecting eye movement damages.

Primary motor cortex, located in the primate frontal 
cortex (23), has been strongly implicated in motor 
processing (24). Previous studies have demonstrated the 
relationship between premotor cortex and the ocular move-
ment (25,26). As reported, the FEF is located in the posterior 
part of the middle frontal gyrus (27). A previous study demon-
strated that the FEF is involved in the saccade selection and 
execution (28). Additionally, the FEF was also involved in 
sustained attention (29). Yan et al (17) found that WMV values 
were reduced in the right frontal lobe/sub-gyral in patients with 
comitant exotropia. In support of these findings, the authors 
also reported a significantly decreased WMV in the brain 
regions of the premotor cortex in CS patients. Furthermore, the 
CS patients presented a significantly decreased GMV in the 
regions of the premotor cortex. They came to the conclusion 
that the CS may lead to the atrophy of the premotor cortex, 
which may reflect the impaired oculomotor in the CS patients.

The precuneus is located in the rear region between the 
somatosensory cortex and forward of the cuneus between the 
two cerebral hemispheres. The precuneus is not only involved 
in the interwoven network of the self-consciousness (30), but 
also involved in different aspects of visuospatial mental opera-
tions (31). A previous study suggested that the bold signal was 
increased in the left cingulate gyrus, bilateral precuneus and 
left angular gyrus in the patients with infantile esotropia (32). 
In the present study, significantly decreased GMV values were 
observed in the brain regions of the left cuneus in CS patients. 
Meanwhile, CS patients had decreased WMV values in the 
brain regions of the right precuneus. The authors speculated 
that the CS may lead to the dysfunction of the right precuneus 
and the left cuneus.

The present study indicated that CS patients had decreased 
GMV and WMV in the different regions of the brain, 
which may give much important information to explain the 
underlying neural mechanisms of the fusion defects and ocular 
motility disorders in CS patients.
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