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Altered spontaneous brain activity in patients
with strabismic amblyopia: A resting-state fMRI
study using regional homogeneity analysis
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Abstract. The present study aimed to compare the regional
homogeneity (ReHo) of resting-state brain function between
subjects with strabismic amblyopia and normal controls.
A total of 12 adult patients with strabismic amblyopia and
34 age- and gender-matched normal controls were enrolled in
the present study. All patients were subjected to resting-state
magnetic resonance imaging using a Siemens Trio 3.0T
magnetic resonance scanner. ReHo values of the whole brain
were calculated and standardized. An independent-samples
t-test was used to analyze the differences in ReHo values
between the two groups. Patients with strabismic amblyopia
exhibited reduced ReHo values in certain parts of the occipital
lobe, including the lingual gyrus, cuneus and superior occipital
gyrus. Increased ReHo values were observed in the precuneus
and certain parts of the prefrontal cortex of patients with
strabismic amblyopia, including the superior frontal gyrus and
middle frontal gyrus. The ReHo index of the precuneus was
negatively correlated with age. However, there was no correla-
tion between the ReHo values and the visual acuity of patients
with strabismic amblyopia. ROC curve analysis demonstrated
that the greatest area under curve (AUC) value was in the
medial prefrontal cortex (AUC=0.864). The results of the
present study suggested that visual information processing
may be impaired in visual areas V1 and V2. Furthermore,
adult patients with strabismic amblyopia exhibited brain
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plasticity that compensated for visuomotor coordination and
visuospatial imagery deficits.

Introduction

Amblyopia is a vision development disorder caused by
abnormal visual experience during the sensitive period,
affecting ~3% of the world's population. The neural mechanism
underlying amblyopia remains to be determined; however, a
number of studies have aimed to identify the localization of
the neurological deficit (1-17).

Previous studies reported reduced visual cortex gray matter
volume (1-3), as well as poor white-matter development among
patients with amblyopia (3,4). These morphological alterations
of the visual cortex may be associated with the visual deficits
in amblyopia.

Functional magnetic resonance imaging (fMRI) is a
non-invasive method frequently used to determine the functional
alterations of cerebral areas. The majority of previous studies on
amblyopia used task-based fMRI. Certain studies indicated that
this disease may originate from the striate cortex (5,6); however,
neurological deficits were also identified in the lateral geniculate
nucleus (7,8) and extrastriate cortex (9,10).

Task-based fMRI is a modified fMRI analysis based on
stimulation or task performance. Lack of patient cooperation
and challenges associated with task standardization limit the
clinical applicability of task-based fMRI. Therefore, this type
of fMRI is not extensively used in the diagnosis of human
diseases and associated research. The human brain constitutes
~2% of the human body weight; however, it consumes ~20%
of the total energy expenditure. The greatest amount of energy
is required for information transfer between neurons. Energy
consumption during cognitive task performance increases
by 5% compared with resting-state energy expenditure (11).
Therefore, task-based fMRI investigates part of the brain
activity, whereas a comprehensive brain analysis may be
performed using resting-state fMRI.

A number of studies investigated the underlying neuro-
logical mechanisms of amblyopia using resting-state fMRI.
Lin et al (12) investigated alterations in resting-state local
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spontaneous brain activity among patients with anisometropic
amblyopia using regional homogeneity (ReHo) values. The
results of this study indicated decreased spontaneous brain
activity represented by low ReHo values of certain brain
regions, including the precuneus, medial prefrontal cortex
and cerebellum (12). However, compensatory plasticity was
detected in other areas of the brain, including the bilateral
conjunction area of the post-central and pre-central gyri, para-
central lobule and superior temporal gyrus (12). Ding ef al (13)
further investigated the functional connectivity of the primary
visual area of patients with amblyopia using resting-state fMRI.
The results demonstrated altered functional connectivity of
the cerebellum, inferior parietal lobule and primary visual
cortex among individuals with amblyopia (13). Wang er al (14)
used functional-connectivity density mapping and an ultrafast
data-driven method based on resting-state fMRI to investigate
alterations in cortical functional connectivity among patients
with anisometropic amblyopia. This study identified impaired
short-range functional connections in the visual pathways of
the brain and in the frontal cortex, and altered long-range
functional connections among the visual regions, posterior
parietal and frontal cortices of patients with amblyopia (14).
A previous study by our group used resting-state fMRI
combined with amplitude of low-frequency fluctuation
(ALFF) analysis to investigate the intrinsic brain activity
patterns of patients with amblyopia and the results indicated
an impaired function of certain brain regions and increased
ALFF of other brain areas (15). Similar data were reported in
Liang et al (16). Recently, a novel voxel-wise image analysis
method, voxel-mirrored homotopic connectivity (VMHC),
was used to assess the alterations in resting-state functional
connectivity in patients with amblyopia (17). The results
revealed similarities and differences in interhemispheric func-
tional connectivity between patients with anisometropic and
strabismic amblyopia (17).

Based on the hypothesis that brain activity occurs in clus-
ters, as opposed to a single voxel, Zang et al (18) proposed that
the ReHo index may be used for the analysis of brain activity
patterns during the resting state. The ReHo index evaluates the
temporal homogeneity between the time series of each voxel
and its nearest neighbors, to reflect the regional activity of the
whole brain. The ReHo index indirectly reflects the homoge-
neity of blood oxygen level-dependent signals, and alterations
of ReHo values may suggest abnormal activity of neurons.

The ReHo index has been used to evaluate diverse neuro-
logical and psychiatric diseases, including schizophrenia (19),
attention deficit hyperactivity disorder (20), Parkinson's
disease (21) and Alzheimer's disease (22). Furthermore, this
index has been used in the field of ophthalmology to inves-
tigate blindness (23), glaucoma (24), strabismus (25) and
anisometropic amblyopia (12). The above studies used the
ReHo index to obtain novel neuropathological data.

The ReHo values of spontaneous brain activity of patients
with strabismic amblyopia remain elusive. Furthermore,
strabismic and anisometropic amblyopia are characterized
by different early abnormal visual experiences. A previous
study revealed differences between these conditions using
resting-state fMRI combined with VMHC analysis (17).
Therefore, the spontaneous activity pattern of patients with
strabismic amblyopia may differ from that of patients with
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anisometropic amblyopia. In the present study, the ReHo
index was used to analyze the brain activity of patients with
strabismic amblyopia.

Patients and methods

Patients. Patients with strabismic amblyopia were recruited
between June 2015 and November 2017 from the Department of
Ophthalmology of West China Hospital of Sichuan University
(Chengdu, China) and diagnosed using the Expert Consensus
on Amblyopia Diagnosis guidelines (26). The normal control
group included healthy student volunteers recruited from
Sichuan University between January 2016 and December 2017.

All participants were subjected to eye examination,
including a visual acuity test, ocular tonometry, slit-lamp
examination, dilated fundus examination, cover test and
ocular movement examination. Furthermore, the near point of
convergence, stereoacuity and refraction were determined for
each patient. A total of 12 patients with strabismic amblyopia
and 34 normal controls were enrolled in the present study.
A total of 1 patient with strabismic amblyopia and 7 healthy
volunteers were excluded due to excessive head motion. The
patients included in the present study were right-handed and
aged 18-35 years. Patients with strabismic amblyopia exhibited
an ocular deviation of =15A and normal controls exhibited
naked eye or corrected visual acuity of =1.0 in the bilateral
eyes. The exclusion criteria were as follows: i) A history of
other ocular diseases; ii) strabismus identified among control
patients; iii) a history of neurological diseases; iv) claustro-
phobia; and v) inability to cooperate.

The protocol of the present study was approved by
the Ethics Committee of West China Hospital of Sichuan
University (Chengdu, China) and complied with the principles
of the Declaration of Helsinki. Written informed consent was
voluntarily provided by all participants after the purpose and
methods of the present study were explained verbally and in
writing.

MRI data acquisition. All MRI data analyses were performed
at the MR Research Center of West China Hospital using the
Magnetom Trio 3.0T MRI system (Siemens Healthineers)
equipped with a standard eight-channel quadrature head coil.
The imaging area covered the entire brain. All participants were
informed of the contraindications of the MRI examination and
other associated matters of importance. The MRI examination
followed the standardized scanning procedures (27).

MRI scout images and three-dimensional structural
T1-weighted images were initially obtained, followed
by resting-state fMRI scanning. Structural T1-weighted
images were obtained using a magnetization-prepared rapid
gradient-echo sequence with the following parameters: Echo
time (TE), 2.62 msec; repetition time (TR), 2,250 msec; field
of view (FOV), 25.6x25.6 cm; flip angle (FA), 9°; matrix,
256x256. Resting-state functional images were obtained using
an echo-planar imaging sequence with the following param-
eters: TE, 35 msec; TR, 2,000 msec; FOV, 20.8x20.8 cm;
FA, 68°; matrix, 64x64.

Data pre-processing. Prior to data pre-processing, data
in DICOM format were converted to the NIFTI format
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using MRIcron software v. 12/2012 (www.cabiatl.
com/mricro/mricron/dcm2nii.html). Pre-processing was
performed using the Data Processing Assistant for Resting
State fMRI software 2.2 (rfmri.org/DPARSF) based on
Statistical Parametric Mapping 8 (www.fil.ion.ucl.ac.uk/spm).

Due to initial transient signal fluctuations and adapta-
tion to the scanning process, the data obtained from the first
10 volumes of each functional time series were discarded and
the remaining 210 volumes were processed with slice timing
and realignment for head motion correction. Participants
with head motion <2.0 mm or <2.0° rotation in any axis were
included. One patient with strabismic amblyopia and seven
healthy volunteers were excluded due to excessive head motion.

All realigned data were spatially normalized according
to the standard Montreal Neurological Institute (MNI) coor-
dinates and resampled to 3x3x3 mm?® voxels. To reduce the
effects of linear tendency due to the long duration of the scan,
linear drift was removed from the data. Furthermore, the
regressed images were smoothed with an 8-mm full width
at half maximum to remove spatial noise. Finally, a temporal
bandpass filter (0.01-0.08 Hz) was used to minimize the effects
of low-frequency drift and high-frequency noise.

ReHo index measurement. The ReHo indices of 12 patients
with strabismic amblyopia and 34 normal controls were calcu-
lated. When calculating the ReHo index, it was assumed that
each voxel has a high temporal correlation with its neighboring
voxels in the same cerebral region. Kendall's coefficient of
concordance (KCC) was used to describe the similarity of time
series in a voxel with its 26 neighboring voxels. KCC values
range from O to 1, and an increase in the KCC value indicates
an increase in regional homogeneity (18). The whole-brain map
of regional brain activity was obtained following calculation
of the ReHo index of each voxel. To minimize the influence
of individual variability, the ReHo value for each voxel was
divided by the mean ReHo of the whole brain for normaliza-
tion. Normalized ReHo values indicated regional brain activity
across the entire brain.

Statistical analysis. Demographic data were compared
between patients with strabismic amblyopia and normal
controls using SPSS software (version 18.0; SPSS, Inc.). An
independent-samples t-test was used for the analysis of numer-
ical variables and a y” test was used for categorical variables.

Independent-samples t-tests were performed using Resting
State fMRI Data Analysis Toolkit software (version 1.8;
restfmri.net/forum/REST_V1.8) to determine the differences
in the normalized whole-brain ReHo values between patients
with strabismic amblyopia and healthy controls. Initially,
P<0.01 was considered to indicate a statistically significant
difference. Subsequently, AlphaSim multiple-comparison
correction was used and the P-value cut-off was adjusted to
0.05 with a cluster size of at least 77 voxels. Subsequently, the
size, cerebral region and MNI coordinates of the clusters with
significantly different ReHo values were obtained.

The present study aimed to determine whether the ReHo
values varied with disease progression among patients with
strabismic amblyopia. Pearson's correlation analysis was
used to determine the association between the ReHo indices
of the identified regions and the best-corrected visual acuity.
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Table I. Basic characteristics of strabismic amblyopia group
and normal control group.

Characteristic SA (n=12) NC (n=34)
Gender (M/F) 4/8 12/22
Age (years) 23.92+5.31 24.09+2.78
AE or NDE (L/R) 5/7 24/10
BCVA (logMAR) of

AE or NDE 1.19+0.44 0.00+0.00

SA, strabismic amblyopia; NC, normal control; M, male; F, female;
AE, amblyopic eye; NDE, nondominant eye; L, left; R, right;
BCVA, best corrected visual acuity.

Furthermore, to evaluate the association between ReHo values
and age, the same correlation analysis was performed. P<0.05
was used to indicate a statistically significant difference.
Finally, receiver operating characteristic (ROC) curve analysis
was performed to evaluate the sensitivity and specificity of
ReHo values from altered brain regions to distinguish subjects
with strabismic amblyopia from normal subjects.

Results

Comparison of demographic parameters between normal
controls and patients with amblyopia. As presented in
Table I, the patients with amblyopia included four males and
eight females aged 23.92+5.31 years. A total of 5 patients
were affected in the left eye and 7 patients were affected
in the right eye. A total of 7 patients exhibited esotropic
amblyopia and 5 patients exhibited exotropic amblyopia. The
normal control group included 12 males and 22 females aged
24.09+2.78 years. The gender distribution (%*=0.015; P=1.00)
and age (t=0.107; P=0.917) were not significantly different
between the two groups.

Differences in the ReHo values between the two groups.
Significant differences in the ReHo values of the visual
cortices were identified between patients and controls
(Table II). Compared with those in the control group, patients
with strabismic amblyopia exhibited significantly decreased
ReHo values of certain parts of the occipital lobe, including
the cuneus, lingual gyrus and superior occipital gyrus (Fig. 1).
However, certain brain areas exhibited significantly increased
ReHo values, including the precuneus and medial prefrontal
cortex (Fig. 1).

Association between the ReHo values and clinical manifes-
tations of patients with strabismic amblyopia. There was
no correlation between the ReHo index and visual acuity of
patients with strabismic amblyopia (Fig. 2). The ReHo index
of the precuneus was negatively correlated with age (r=-0.664,
P=0.019) in the amblyopic group, but no such correlation
was present in the occipital lobe and medial prefrontal
cortex (Fig. 3). Furthermore, there was no correlation between
the ReHo index and age in any of the above-mentioned regions
in the healthy controls (Fig. 3).
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Table II. Differences of ReHo in brain functional activities between the strabismic amblyopia group and normal control group.

Brodmann Cluster size Coordinates in MNI
Brain region region T-value (voxels) x,y,2)

Decreased ReHo in strabismic amblyopia
Certain parts of the occipital lobe 17/18 -3.6055 128 (21,-99,-9)
(cuneus, lingual gyrus and
superior occipital gyrus)
Increased ReHo in strabismic amblyopia
Precuneus 7 4.3857 104 (0,-57,54)
Medial prefrontal cortex 10 4.8984 136 (3,27.48)
(superior frontal gyrus and middle frontal gyrus)

MNI, Montreal Neurological Institute; ReHo, regional homogeneity.

ReHo
Values

Strabismic amblyopia Healthy controls

Occipital lobe
T value

Medial prefrontal cortex

Precuneus

Figure 1. (A) Representative ReHo images of a patient and a control subject. (B) Cerebral regions with abnormal ReHo values in patients with strabismic
amblyopia compared with the normal control group. The regions that are shown in red colour here are those that have elevated ReHo values compared with
those in the control group and blue colour stands for reduced ReHo values. ReHo, regional homogeneity.

ROC curve analysis revealing ReHo in the medial prefrontal ~ normal controls. As presented in Fig. 4, ROC curve analysis
cortex is able to distinguish strabismic amblyopia from  demonstrated that the greatest area under curve (AUC) value
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Figure 4. ROC curves for differentiating patients with strabismic amblyopia from normal controls based on the ReHo value in the precuneus, occipital lobe and

medial prefrontal cortex. ROC, receiver operating characteristic.

was in the medial prefrontal cortex (AUC=0.864), and the
ReHo value was able to discriminate patients with strabismic
amblyopia from normal controls with a sensitivity of 75% and
specificity of 91.2%. The AUC of precuneus and occipital lobe
was 0.846 and 0.828, respectively.

Discussion
To the best of our knowledge, the ReHo index was not previ-

ously used to investigate resting-state spontaneous brain
activity in patients with strabismic amblyopia. Decreased

spontaneous brain activity represented by reduced ReHo
values was detected in certain parts of the occipital lobe,
including the cuneus, lingual gyrus and superior occipital
gyrus. However, increased ReHo values were determined
in the precuneus and certain parts of the prefrontal cortex,
including the superior frontal gyrus and middle frontal gyrus
of patients with strabismic amblyopia compared with normal
controls.

Mendola et al (2) proposed that amblyopia may be asso-
ciated with structural brain abnormalities. This study used
voxel-based analysis of MRI and detected decreased visual
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cortex gray-matter volume among children and adult patients
with amblyopia (2). A previous study by our group used
magnetic resonance diffusion tensor imaging and diffusion
tensor tractography to identify decreased compactability,
integrity and directivity of optic radiations among patients
with anisometropic amblyopia (28). Furthermore, previous
studies identified decreased white-matter volume among
patients with amblyopia (3,4). These structural abnormalities
may contribute to alterations of spontaneous brain activity
detected in the present study using resting-state fMRI.

In the present study, patients with strabismic amblyopia
exhibited significantly decreased ReHo values in certain parts
of the occipital lobe, including the cuneus, lingual gyrus and
superior occipital gyrus, which belong to the Brodmann area
(BA) 17 and 18. BA 17, also known as the striate cortex, V1
area or primary visual cortex, is used for visual information
processing. BA 18, also known as the V2 area, is a part of the
extrastriate cortex used for further processing of visual infor-
mation transformed from the striate cortex. The present results
are consistent with those of numerous previous studies. Wiesel
and Hubel (29) proposed that form deprivation including
occlusion, congenital cataract and ptosis may affect the visual
cortex and identified amblyopia-associated alterations in the
V1 area. Subsequently, numerous studies demonstrated that
abnormal visual experiences may lead to morphological and
functional alterations of the V1 area (30-35). A previous study
by our group used task-based fMRI to further demonstrate
that the activation of the V1 and V2 areas was reduced among
patients with amblyopia (10). These results suggested that the
visual information processing of the brain is deteriorated in
strabismic amblyopia.

However, using the same ReHo analysis method based
on resting-state fMRI as that described in the present study,
Lin et al (12) did not identify any alterations in the ReHo index
of the V1 area among patients with anisometropic amblyopia.
Furthermore, increased ReHo values were identified in the V2
and V3 areas (12). The above results may reflect the differ-
ences in the neural deficit between patients with anisometropic
and strabismic amblyopia.

In the present study, patients with strabismic amblyopia
exhibited increased ReHo values in the precuneus and
medial prefrontal cortex, including the superior frontal gyrus
and middle frontal gyrus, compared with those in normal
controls. The precuneus is located in the medial wall of
BA 7, a component of the dorsal visual pathway receiving
visual information from the middle temporal area, also
known as area V5. The major functions of the dorsal stream,
also known as the ‘where pathway’ or the ‘how pathway’,
include motion detection, object localization and arm-eye
coordination (13). The precuneus participates in a number
of highly integrated tasks, including visuomotor coordina-
tion (36,37), visuospatial imagery, episodic memory retrieval
and self-processing operations, including taking of the
first-person perspective and the experience of agency (38).
Niechwiej-Szwedo et al (39,40) identified abnormal visuo-
motor processes in patients with strabismic amblyopia
using behavioral experiments. Contrary to the results of
those behavioral experiments, the increased ReHo values
detected in the present study in the precuneus of patients
with strabismic amblyopia may reflect the plasticity of the
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human brain compensating for visuomotor coordination and
visuospatial imagery deficits.

The medial prefrontal cortex is located in BA 10, an essen-
tial component of the default-mode network associated with
consciousness (41). Of note, strabismic amblyopes frequently
suffer from high anxiety (42). First, their appearance is
changed due to deviation. Furthermore, strabismic amblyopes
have an increased risk of blindness when the fellow eye is
injured or diseased, due to the low visual acuity of the
amblyopic eye, leading to patients becoming more anxious.
This may be associated with the increased ReHo values in the
medial prefrontal cortex, and may also reflect compensatory
plasticity.

The potential compensatory mechanism has also been
reported in patients with visual impairments, including blind-
ness (43,44), optic neuritis (45) and amblyopia, as indicated by
the results of task-based fMRI (46).

In the present study, no correlation between the stan-
dardized ReHo values and the visual acuity of patients with
amblyopia was determined. Furthermore, a number of previous
task-based fMRI studies revealed no association between
visual acuity and the activation of cerebral regions under visual
stimulation among patients with amblyopia (47,48). In addi-
tion, a resting-state fMRI study by Liang er al (16) revealed
no correlation between the ALFF values and the visual acuity
of patients with amblyopia. These results suggested that the
visual impairment of patients with amblyopia may not be
associated with functional deficits in the cortex. Among adult
patients with amblyopia, visual acuity alone did not accurately
reflect cortical defects. In the present study, the ReHo index
of the precuneus was negatively correlated with age, which
suggested that the plasticity of the precuneus decreases with
age.

ROC curve analysis revealed that the ReHo value of
the medial prefrontal cortex is the best value to distinguish
patients with strabismic amblyopia from normal subjects.

Of note, the present study had several limitations. The
number of patients included in the analysis was small due
to difficulties in the recruitment of individuals with adult
strabismic amblyopia. Thus, no multi-parameter analysis was
performed and the results should be considered preliminary.
In addition, the present study did not differentiate between
right- and left-eye defects due to the small sample size, and
the results should be interpreted with caution. Furthermore,
patient age may influence brain plasticity and the ReHo
characteristics of pediatric patients with amblyopia remain
elusive; however, the present study included age-matched
patient and control groups. Finally, the enrolled subjects
were all relatively young and the correlation between ReHo
values and age was only assessed in a relatively narrow age
range. Future studies on amblyopia should include sponta-
neous brain activity data from a large cohort of pediatric
and adult patients, and add further parameters, including the
duration of strabismic amblyopia in patients, into the correla-
tion analysis.

In conclusion, in the present study, resting-state fMRI
and ReHo analysis were used to detect visual information
processing impairment in the V1 and V2 areas in adult
anisometropic amblyopia. The ReHo index of the precuneus
was negatively correlated with age. However, no correlation
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was observed between ReHo values and patient visual acuity.
ROC curve analysis demonstrated that the ReHo in the medial
prefrontal cortex was able to distinguish strabismic amblyopia
from normal controls. The results suggested that among adult
patients with strabismic amblyopia, brain plasticity compen-
sated for visuomotor coordination and visuospatial imagery
deficits.
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