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ABSTRACT

Objective: The purpose of this study was to investigate the intrinsic spontaneous alterations in brain activity of
children with SA, using the voxel-wise degree centrality (DC) technique. A total of 23 children with SA (15 boys and
eight girls), as well as 23 healthy controls (HCs), including 15 boys and eight girls were closely matched in sex and
age. All children were examined using resting-state functional magnetic resonance imaging (fMRI). The DC method
was applied to evaluate spontaneous variations in cerebral activity between the children with SA and the HCs. The
data were evaluated using receiver operating characteristic (ROC) curves. Furthermore, the correlations between
the DC values of distinct brain regions and clinical manifestations in patients with SA were evaluated using
Pearson’s correlation. Remarkably reduced DC values were observed in the left cerebellum and left precuneus of
children with SA, compared with HCs. In contrast, mean DC values in children with SA were higher in the left
middle temporal gyrus, left superior parietal gyrus, right superior parietal gyrus, right orbital superior frontal
gyrus, right superior frontal gyrus, and right medial superior frontal gyrus. These findings may indicate changes in
neural activity in related brain regions. However, no linear correlation was observed between the mean DC values
in brain regions and clinical features. Our study suggests that various brain regions, including vision-related and
motion-related areas, exhibit aberrant intrinsic brain activity patterns, which indicate the neuropathologic
mechanisms of oculomotor disorders and vision deficits in pediatric patients with SA.
Keywords: strabismus; amblyopia; functional MRI; voxel-wise degree centrality; spontaneous brain activity
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INTRODUCTION

Strabismus and amblyopia are two common eye
diseases, especially in children. Strabismus refers to a
condition in which one eye cannot achieve binocular vision
with the other eye owing to an imbalance in the extraocular
muscles (Figure 1). Strabismus includes two broad
categories, one is concomitant strabismus, and the other is
paralytic strabismus. The former is regarded as the more
common category, in which the eye position has a temporal
bias, without any eye movement disorders or reversion.
Paralytic strabismus is characterized by limited eye
movement[1], diplopia[2], and may be accompanied by
ocular vertigo and gait instability.

Amblyopia suggests that there are no obvious organic
lesions in the eye, or there may be organic changes and
ametropia; however, vision loss is not compatible with the
lesion and continuous correction or corrected vision of less
than 0.9 can occur in one or both eyes. The most important
manifestation of amblyopia is strabismus with amblyopia
(SA). More than half of all cases of amblyopia are related
to refractive errors[3].

From a symptomatic point of view, strabismus is
regarded as abnormal eye position, and amblyopia is
regarded as abnormal vision. Thus, SA often exhibits a
wide range of visual defects, including abnormal spatial
summation[4], impaired vision, contrast sensitivity[5], and
balance control[6]. However, the specific cause of SA is
still unclear. Related studies have shown that the severity
of white matter damage of immaturity (WMDI) is
significantly positively related to the incidence of
strabismus, and the prevalence of strabismus in children
with WMDI is higher than that in healthy people[7].

The treatment measures adopted for children with SA
include surgical treatment of strabismus; drug treatments,
such as atropine drops, patch treatment, optical
treatment[8]; and unilateral glasses combined treatment
and repair. After surgery, the central adaptive mechanism
is also important for reconstructing and maintaining the
eye’s ability to converge on the target. The earlier the
treatment time, the better the treatment effect achieved in
the patient. In recent years, there has been strong evidence
that the use of iPad-based dichoptic training provides
interesting and promising data to support vision
improvement in amblyopic patients[9-12].

Functional magnetic resonance imaging (fMRI)
neurofeedback is a form of biofeedback that uses real-time

online fMRI signals to regulate brain function. Since its
introduction in 2003, the technology has made considerable
progress. As a non-invasive neuroimaging technique, fMRI
is based on cerebral blood flow and metabolic analysis, and
has been widely used in studies of the neurological status
of specific brain areas[13]. Researchers can detect
activation of specific brain regions, and thereby explore the
spatial organization of the brain, including visual pathways
from the retina to the corresponding cerebral cortex, and
discover the mechanisms of specific pathological changes
in eye diseases.

The latest research on strabismus and amblyopia has
also extensively adopted fMRI technology. Some
researchers have compared the similarities and differences
of functional connections between the cerebral
hemispheres of anisometropic amblyopia and SA[14, 15].
Other researchers conducted a comparative study of the
long-range intraocular suppression in adults with SA and
the control group, and concluded that no significant
differences were found[16]. Furthermore, some researchers
have used regional homogeneity (ReHo) to analyze fMRI
data and suggest that visual information processing in
patients with SA may be impaired in the visual areas V1
and V2, while adults with SA show specific patterns of
brain plasticity to compensate for some defects in visual
movement[17].

Nevertheless, research on the effects of SA has been
limited mainly to the reduction or even loss of vision, and
studies on the changes in brain functional status of patients
with SA are still just a few. Generally, previous studies
have been focused on either strabismus or amblyopia. In
this study, we used fMRI technology to conduct a
controlled study on changes in brain function in children
with SA. The data were analyzed by voxel-wise degree
centrality (DC), and the results were displayed as receiver
operating characteristic curve (ROC) analysis output.

The DC is a resting-state fMRI analysis method,
which is applied to reveal the connectivity of the brain
network at the voxel level. The DC method is a measure of
the importance of a single node. It can reflect the
characteristics of a functional brain network “hub” and has
a high reliability of retesting[18]. The higher the voxel
expression score of a specific brain region, the higher the
importance of nodes in the functional network of that brain
region.

On the other hand, compared with the ReHo and
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amplitude of low frequency fluctuation methods, the DC
method can study the entire brain at the functional level,
and has advantages over other methods without defining
specific regions[19]. At the same time, the DC method is
also widely used in the research of various
ophthalmological diseases (Table 1) [19-25]. Here, we
proved that the DC method plays an important role in
revealing changes in brain regions of children with SA. To
our knowledge, this study is the first to use the DC method
to analyze the fMRI data of children with SA.

PATIENTS AND METHODS

Patients

Children with SA, including 15 boys and eight girls,
were recruited as study participants from the
Ophthalmology Department of Cardiff University. The
inclusion criteria were as follows: (i) children under 12
years of age; (ii) diagnosed with SA; (iii) with a
best-corrected visual acuity (VA) ≥ 0.20 logMAR units,
and central fixation of both eyes with greater than one line

difference; and (iv) no other eye diseases (such as optic
neuritis, glaucoma, or cataracts, etc.). Patients meeting the
following criteria were excluded: (i) history of ocular
surgery, including intraocular or extraocular surgery; (ii)
other disorders besides eye disease, such as ischemic
disease, inflammation, or infection; (iii) mental disease or
cerebral infarction; (iv) either addicted to illicit drugs or an
alcoholic.

Twenty-three HCs matched for sex and age also
participated in the study, including 15 boys and eight girls.
All HCs conformed to the following standards: (i) an
absence of abnormal MRI in the brain parenchyma; (ii) no
history of ophthalmic surgery and best-corrected VA not
greater than 0 logMAR units; (iii) a state of sanity; (iv) no
contraindications for MRI examination, such as implanted
metal devices or a cardiac pacemaker.

The Medical Ethics Committee of the Cardiff
University approved the study, and the protocol was in
accordance with the principles of the Declaration of
Helsinki. All participants, including the children and their
parents, gave informed consent and details of the
objectives of the research, as well as the latent danger to
patients, were explained in detail.

Table 1 DC method applied in ophthalmology-related diseases.

Authors Year Diseases

Wang et al [19] 2017 Acute unilateral open globe injury

Hu et al [20] 2018 High myopia

Tan et al [21] 2018 Adult comitant exotropia strabismus

Zhang et al [22] 2019 Ophthalmectomy

Cai et al [23] 2015 Primary angle-closure glaucoma before and

after surgery

Zhang et al [24] 2019 Primary open-angle glaucoma

Wang et al [25] 2019 Diabetic nephropathy and retinopathy

Abbreviation: DC, degree centrality.

Figure 1. Compare the eyes of strabismic and amblyopic children with normal children
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Notes: Figure 1A shows the binocular conditions of children with strabismic and amblyopic, Figure 1B shows the binocular

conditions of normal children.

Correlation analysis

All participants were subjected to measurements of
deviation associated with esotropia and the Hospital
Anxiety and Depression Scale. We then used the GraphPad
Prism 8 software to analyze the linear correlation between
the DC values of the left cerebellum and esotropic
deviation. Moreover, we used the same software for linear
analysis of DC values of the right medial superior frontal
gyrus and anxiety scores (AS). Furthermore, the depression
scores (DS) and DC values of the right orbital superior
frontal gyrus were also subjected to linear regression
analysis.

MRI parameters

The MRI scanning was performed using a 3-T magnetic

resonance scanner (Trio, Siemens, Munich, Germany).

During the entire scanning process, all participants were

required to remain awake, while breathing smoothly with

their eyes closed. The data were collected by using a

three-dimensional spoiled gradient recalled echo sequence.

Relevant details about the apparatus are as follows: 176

structural images (gap: 0.5 mm; repetition time (TR): 1900

ms; thickness: 1.0 mm; echo time (TE): 2.26 ms; flip angle:

9°; field of view: 250 × 250 mm; acquisition matrix: 256 ×

256). In addition, 240 functional images (TE: 30 ms; TR:

2,000 ms; field of view: 220 × 220 mm; thickness: 4.0 mm;

flip angle: 90°; acquisition matrix: 64 × 64; gap: 1.2 mm;

and 29 axial) were likewise acquired. The entire scanning

process lasted 15 min.

fMRI data processing

Firstly, we used the MRIcro software
(http://www.MRIcro.com) to analyze the acquired
information. The Data Processing Assistant for rs-fMRI
software (http://rfMRI.org/, DPARSF) and the Statistical
Parametric Mapping 8 (SPM8) was used to preprocess the

acquired data. We rejected the data of the first 10 time
points to eliminate any interference of an unsteady
magnetic field. Subjects with more than 1.5° of angular
displacement, and an offset > 1.5 mm in three dimensions
during the whole scanning process were excluded from
further consideration. Furthermore, the collected data were
subjected to time correction, to eliminate the effects of
different acquisition times.

Owing to the differences in brain volume and
structure between subjects, spatial standardization was
used to process the functional images. During this process,
the functional images were unified according to the
Montreal Neuroscience Institute standard, and the voxels
were immediately re-sampled with a resolution of 3 mm ×
3 mm × 3 mm. To dislodge the linear chemotactic effect
produced while the subject adapts to the scanning
environment, the linear drift was eliminated. Eventually, to
reduce physiological high-frequency noise, such as the
heartbeat or respiration, only data between 0.01 and 0.08
Hz were collected.

STATISTICALANALYSIS

The SPSS 22.0 software (IBM Corporation, Armonk,
NY, USA) was used to compare the mean DC value of the
SA and HC groups. For voxel-wise DC, the one sample
t-test was applied in each group, to identify the spatial
centrality distribution hubs of the whole brain functional
network. Distinctions between the two groups were
analyzed using the two-sample t-test and the
representational state transfer (REST) software. When
P-values were < 0.05, the differences between two groups
were deemed statistically significant. The data were
compared and analyzed using the gaussian random field
theory, the AlphaSim corrected thresholds were set at P <
0.01, and the cluster size at > 40 voxels. In addition, we
used Pearson’s correlation to make a distinction between
the mean DC values and clinical features in children with
SA.

http://www.mricro.com
http://rfmri.org/
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Demographics and visual measurements

No significant differences in age were noted between
the SA and HC groups (P = 0.914). However, significant
differences were noted in the best-corrected VA of both left
and right eyes (P = 0.016, P = 0.019, respectively) (more
details are presented in Table 2).

DC differences

Compared with HCs, the mean DC values of the left
cerebellum and left precuneus of the SA group were
significantly lower. The mean DC values in the SA group
were significantly increased in other areas of the brain,
including the left middle temporal gyrus, left superior
parietal gyrus, right superior parietal gyrus, right orbital
superior frontal gyrus, right superior frontal gyrus, and
right medial superior frontal gyrus (Table 3). A comparison
of the DC mean values between the two groups is shown in
Figure 2.

Figure 2. Voxel-wise comparison of DC in the SA and healthy control group.

Notes:(A and B) Significant differences in DC were observed. The yellow regions indicate higher DC values. AphaSim

corrected at a cluster size>40 voxels and a level of P<0.05 for multiple comparisons using Gaussian random field theory. (C)

The mean DC values between the SA and HC groups.Abbreviations: DC, degree centrality; SA, strabismus with amblyopia;

HC, healthy control; Cerebellum_L, left cerebellum; Precuneus_L, left precuneus; Temporal_Mid_L, left middle temporal

gyrus; Frontal_Sup_Orb_R, right orbital superior frontal gyrus; Frontal_Sup_R, right superior frontal gyrus;Parietal_Sup_L,

left superior parietal gyrus; Frontal_Sup_Medial_R, right medial superior frontal gyrus; Parietal_Sup_R, right superior

parietal gyrus.

RESULTS

ROC curve analysis

We assumed that the difference in DC values between

the two groups was a potential diagnostic marker to
distinguish the SA group from the HC group. Therefore, in
order to verify our hypothesis, we performed data analysis
on the mean DC values of specific brain regions of all
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patients with SA, and presented the final results on a ROC
curve. If the area under the curve (AUC) was 0.5–0.7, the
accuracy was lower; if the AUC was 0.7–0.9, the accuracy
was higher. The results of the final ROC curve showed that
the left cerebellum (0.864, P < 0.001); left precuneus
(0.777, P < 0.001) (Figure 3A, HCs > SAs); left middle
temporal gyrus (0.822, P < 0.001); right orbital superior
frontal gyrus (0.787, P < 0.001); right superior frontal
gyrus (0.806, P < 0.001); left superior parietal gyrus (0.808,
P < 0.001); right medial superior frontal gyrus (0.830, P <
0.001); right superior parietal gyrus (0.798, P < 0.001)
(Figure 3B, SAs > HCs).

Figure 3. ROC curve analysis of the mean DC

difference for altered brain regions. (A) The area under

the ROC curve were 0.864, (p ＜ 0.0001; 95% CI:

0.758-0.969) for LC, LP 0.777, (p ＜ 0.001; 95% CI:

0.625-0.929). (B) The area under the ROC curve were

0.822, (p＜0.0001; 95% CI: 0.703-0.941) for LTM, RFSO

0.787, (p＜0.001; 95% CI: 0.651-0.922), RFS 0.806, (p＜

0.0001; 95% CI: 0.679-0.934), LPS 0.808, (p＜ 0.0001;

95% CI: 0.680-0.937), RFSM 0.830, (p＜0.0001; 95% CI:

0.709-0.952), RPS 0.798, (p ＜ 0.001; 95% CI:

0.669-0.928).Abbreviations: AUC, area under the curve;

ROC, receiver operating characteristic. LC, left cerebellum;

LP, left precuneus; LTM, left temporal mid; RFSO, right

frontal sup orb; RFS, right frontal sup; LPS, left parietal

sup; RFSM, right frontal sup medial; RPS, right parietal

sup.

Correlation analysis

The results of linear analysis showed that DC values of

the left cerebellum were positively correlated with the

values of esotropic deviation (r = 0.9158, P < 0.0001)

[Figure 4A]. The DC values of the right medial superior

frontal gyrus were positively correlated with the AS (r =

0.7889, P < 0.0001) [Figure 4B], and DC values of the

right orbital superior frontal gyrus were positively

correlated with the DS (r = 0.8001, P < 0.0001) [Figure

4C].

Figure 4. Correlations between the DC values of

different regions and the clinical behaviors in SA

group.The DC values of left cerebellum were positively

correlated with the values of esotropia deviation (r= 0.9158,

p<0.0001); the DC values of right medial superior frontal

gyrus were positively correlated with the AS (r=0.7889,

p<0.0001); and the DC values of right orbital superior

frontal gyrus were positively correlated with the DS

(r=0.8001, p<0.0001).Abbreviations: DC, degree centrality;

SA, strabismus with amblyopia; AS, anxiety scores; DS,

depression scores.
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Table 2 The Conditions of participants included in the study

Notes: * P<0.05, independent t-tests comparing the two groups; the data are shown as the mean ± standard deviation.
Abbreviations: SA, strabismus with amblyopia; HC, healthy controls; N/A, not applicable; VA, visual acuity.

Table 3 Brain regions with significant difference in DC between SA patients and HCs.
Conditions L/R Brain regions BA MNI coordinates Peak voxels t-value

X Y Z
SAs<HCs
1 L Cerebellum -6 -51 -27 2869 5.33
2 L Precuneus 7 -3 -69 42 124 3.45
SAs>HCs
1 L Middle temporal gyrus 21 -54 -21 -9 344 -4.48
2 R Orbital superior frontal gyrus 11 18 57 -3 197 -3.79
3 R Superior frontal gyrus 10 27 45 42 199 -4.07
4 L Superior parietal gyrus 7 -18 -51 60 239 -3.94
5 R Medial superior frontal gyrus 6 6 39 54 209 -4.24
6 R Superior parietal gyrus 7 24 -57 69 364 -4.04

Notes: The statistical threshold was set at voxel with P<0.01 for multiple comparisons using false discovery rate.

Abbreviations: DC, degree centrality; BA, Brodmann area; SA, strabismus with amblyopia; HC, healthy control; MNI,

Montreal Neurological Institute; R, right; L, left.

Condition SA HC t P-value*

Male/female 15/8 15/8 N/A >0.99

Age (years) 9.32±3.57 9.96±2.98 0.289 0.914

Weight (kg) 24.87±5.15 23.35±4.67 0.237 0.926

Handedness 23R 23R N/A >0.99

VA-R 0.06±0.02 1.05±0.25 -5.769 0.001

VA-L 0.12±0.04 1.00±0.15 -6.754 0.003

Best-corrected VA-R 0.45±0.16 1.05±0.25 -3.146 0.019

Best-corrected VA-L 0.39±0.18 1.00±0.15 -3.327 0.016

IOL-L 14.38±3.43 15.74±3.31 0.675 0.774

IOL-R 13.27±3.52 15.85±3.24 0.709 0.813

Family history 5 N/A N/A N/A
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DISCUSSION

As far as we know, this study is the first to use the DC
method to explore brain functional connectivity of
pediatric patients with SA. We found that the functional
connectivity of different brain regions in the SA group
changed significantly, compared with the HC group. The
mean DC values​ of the left cerebellum and left precuneus
of patients with SA were significantly reduced, while the
mean DC values of the left middle temporal gyrus, right
orbital superior frontal gyrus, right superior frontal gyrus,

left superior parietal gyrus, right medial superior frontal
gyrus, and right superior parietal gyrus were significantly
increased (Figure 5). The children with SA also had
impaired visual function. However, the mean DC values of
various brain regions in patients with SA showed no
significant correlation with the corresponding clinical
manifestations.

Figure 5. The mean DC values of altered brain regions. Compared with the HCs, the DC values of the following
regions were decreased to various extents: 1- Left cerebellum; (BA 11, t = 5.33), 2- Left precuneus (BA 7, t = 3.45).
Compared with the HCs, the DC values of the following regions were increased to various extents: 1- Left middle temporal
gyrus (BA 21, t = -4.48), 2- Right medial superior frontal gyrus (BA 6, t = -4.24), 3- Right superior frontal gyrus (BA 10, t =
-4.27), 4- Right superior parietal gyrus (BA 7, t = -4.04), 5-Left superior parietal gyrus (BA 7, t = -3.94), 6- Right orbital
superior frontal gyrus (BA 11, t = -3.79).Abbreviations: DC, degree centrality; HCs, healthy controls; BA, Brodmann's area.

Analysis of lower DC values in the SA group
The cerebellum is located in the posterior and inferior part
of the brain, in the posterior cranial fossa, behind the
medulla oblongata and pons. The cerebellum can be
divided into the middle vermis and the enlarged cerebellar
hemispheres on both sides. The main function of the
cerebellum is to coordinate movement of the limbs. A
previous study has confirmed that the cerebellum
coordinates eye and hand tracking movements[26]. Related
studies have shown that injury to the cerebellar
hemisphere will lead to corresponding ataxia of the limb
on the same side, nystagmus, poor discrimination, and
rotation disorders[27].

The functional state of the cerebellum is closely related to
eye movements[28-30]. During the process of eye
movement and formation of specific vision, the cerebellum
and brain stem are usually well-coordinated and
controlled[31]. An fMRI study showed that the functional
status of the left cerebellum differs significantly between
patients with epilepsy and a control group, and may further
affect a patient’s cognitive function[32].

Further experimental studies have showed that the
cerebellum not only plays an important role in athletic
ability, but is also closely linked with other brain regions in
non-exercise-related ability to coordinate cognitive and
social abilities[33-35]. For example, Gordon et al.[36]
found that the cerebellum plays a central role in the process
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of passively listening to music.
In the present study, we found that the average DC

value of the left cerebellum of patients with SA was
significantly lower than that of the HC group. Therefore,
we inferred that the function of the left cerebellum of the
SA group was impaired. We further deduced that patients
with SA have impaired motor control as it relates to eye
movement. According to the latest research, the
corresponding cognitive function and social ability of

patients with SA will also be greatly affected. After
reviewing the literature, we found that the centrality of the
brain network in the left cerebellum of adults with common
strabismus is also altered significantly[21], which further
verifies the accuracy and effectiveness of the present study.

The precuneus is located on the inner wall of
Brodmann’s area (BA) 7. This area is the somatosensory
associative cortex, which plays an important role in

Table 4 Changes in specific brain regions and their potential functional effects.
Abbreviation: SA, strabismus with amblyopia; HC, healthy control.

visualization and visual motor coordination. Related
research shows that the precuneus and thalamus have a
broad and close relationship in the default mode network
(DMN)[37, 38]. In addition, a study on social anxiety
disorder confirmed that depression and anxiety are mainly
related to functional defects of the precuneus related
network[39]. Other related clinical experiments have
confirmed that the ReHo of cingulate-precuneus regions is
considered to be a biomarker of depression and anxiety[40].
Furthermore, Schott et al.[41] demonstrated that the
functional state of the dorsal precuneus affects the
representation of visual spatial associative memory.
A recent magnetic resonance study showed that the ReHo
values of the precuneus in patients with SA are
significantly lower than those in a control group, and such
ReHo values of the precuneus are negatively correlated
with age[17]. These data are consistent with the findings of
the present study. We found that the DC values of the left
precuneus of the SA group were significantly lower than

those of the HC group. The reduction observed in the
signal imply that the functional state of the precuneus was
altered. We contacted the above to discuss the specific
functions of the precuneus. We believe that the DMN of the
SA group will be significantly affected, as it is responsive
to adverse emotional reactions such as anxiety and
depression. These effects may directly affect the patient’s
social function status and indirectly affect the patient’s
memory function.

Analysis of higher DC values in the SA group

The temporal lobe is located below the lateral fissure of the
brain, above the middle cranial fossa and the cerebellum.
The temporal lobe is mainly responsible for auditory
function in humans. Lesions of the middle temporal gyrus
mainly manifest as contralateral trunkataxia[42]. If the
temporal lobe is extensively damaged, this may also
manifest as changes in personality, behavior, mood, and
consciousness[43]. In severe cases, memory impairment
and compound hallucinations may occur[44, 45].

Brain regions Experimental result Brain function
Left cerebellum SAs<HCs Motor control, eye movements, cognitive function

and social ability.
Left precuneus SAs<HCs Visual dysfunction, emotion and intelligence,

memory function.
Left middle temporal gyrus SAs>HCs Auditory function, memory impairment and

compound hallucinations.
Right orbital superior frontal gyrus SAs>HCs Social behavior, emotion control, and depression.
Right superior frontal gyrus SAs>HCs Anxiety and depression, memory and cognitive

functions.
Right medial superior frontal gyrus SAs>HCs Social behavior, anxiety, fear circuit.
Bilateral superior parietal gyrus SAs>HCs Operation, reading memory and writing ability.
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One study on structural features of the main whitematter
bundles in patients with SA showed that strabismus has an
adverse effect on the visually connected cortex of the
frontal and temporal lobes[46]. These findings further
confirm that the temporal lobe also plays a role in the
visual pathway. In addition, studies have shown that early
visual experience disorders may cause structural changes in
the cerebral cortex. These changes include audiovisual
integration, visual processing, and hand-eye
coordination[47]. These findings suggest that when visual
motor processing ability is reduced in patients with SA,
neural activity of the cerebral cortex may increase
plasticity to compensate, and alter the structure of the
cerebral cortex. Another magnetic resonance study on SA
confirmed these findings, as the ReHo values of the left
temporal lobe were increased[48].

On the other hand, a previous magnetic resonance
study on adult exotropia showed that DC values of the
superior temporal gyrus are significantly increased,
implying that exotropia could lead to abnormal functional
status of that gyrus[21]. However, the specific effects were
not explained in detail. The present results show that the
DC values of the left middle temporal gyrus in the SA
group were significantly higher than those of the HC group.
We inferred that middle temporal lobe function in patients
with SA shows a compensatory increase in childhood.
Auditory function compensates for the effects of SA on
visual pathways. In addition, we believe that audiovisual
integrative ability of patients with SA may have also been
significantly affected.

The frontal lobe of the cerebral hemisphere is located
in front of the central sulcus and above the lateral sulcus.
The frontal lobe can be divided into the dorsal lateral
surface, medial lateral surface, and ventral surface. The
main function of the frontal lobe is to control voluntary
movement, language, emotion, and intelligence[49]. In
humans, some studies have subdivided the frontal lobe into
the orbital and medial anterior frontal lobe. Thus, we
divided our study of the frontal lobe into the orbital gyrus,
dorsolateral gyrus, and medial gyrus rectus[50].

It is interesting that some studies have confirmed that
the functional status of the orbital gyrus is related to
behavioral inhibition associated with internet gaming
disorders[51, 52]. Related research has shown that the
functional status of an abnormal dorsolateral frontal gyrus
can be used as a diagnostic marker for schizophrenia[53].
These findings also confirm that emotional function is

associated with the frontal gyrus. In addition, many studies
have confirmed that transcranial electrical stimulation of
the frontal lobe has a significant effect on cognitive
function[54]. Therefore, we infer that the frontal lobe may
also participate in cognitive and memory functions.

Furthermore, some researchers have identified the role
of the medial frontal lobe in controlling social behavior[55].
Other researchers have shown that the functional
connectivity of the medial frontal lobe is related to
emotions such as anxiety and depression[56]. Similarly, the
amygdala and medial prefrontal cortex are important brain
regions that control the fear circuit[57-59].

In our experimental data, DC values of the right orbital
superior frontal gyrus, right superior frontal gyrus, and
right medial superior frontal gyrus of the SA group were
significantly higher than those of the HC group. Therefore,
we infer that patients with SA are more prone to negative
emotions such as anxiety and depression, and their social
behavior may also be affected to a certain extent. The most
recent research reports indicate that the superior frontal
gyrus is associated with memory and cognitive function in
humans. Thus, we also infer that memory and cognitive
function in patients with SA will be affected compared with
the HC group [Figure 6].

Figure 6. Strabismus with amblyopia in relation to

changes in brain function and clinical manifestations.

The parietal lobe is located between the frontal lobe
and the occipital lobe, and is divided into the central
posterior gyrus, marginal gyrus, angular gyrus, and apical
lobule. A magnetic resonance study of patients with
amblyopia showed that the activation level of the superior
parietal lobule is increased with as the attention load is
increased. This reflects, to a certain extent, the low-level
passive motion system and advanced active motion system
in the multitarget tracking defect of amblyopia[60].

Other studies have used positron emission tomography
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to determine that the rate of glucose metabolism is
significantly reduced in the superior parietal lobule of
patients with strabismus. This finding suggests that
neurotrophic factors are involved in the pathogenesis of
strabismus[61]. Related brain function research shows that
the superior parietal lobule plays an important role in
operating memory[62]. Another study on brain function in
children with visual attention span disorder also suggested
impaired function of the superior parietal lobule[63].
Therefore, we preliminarily concluded that the superior
parietal lobule is related to reading and memory functions
in humans.

In addition, studies have shown that the superior
parietal lobule has a wide range of connections and
coordination with language and motor areas of the brain
during writing tasks[64]. We found that the DC values of
the right superior parietal lobule in the SA group were
significantly increased. These results indicate that the SA
has an effect on the functional state of the patient’s parietal
lobule. We preliminarily speculate that these effects include
impaired functional ability, reading, memory, and writing
ability of patients with SA. Based on our findings above,
we constructed a table of the functions corresponding with
various brain regions, and the effects of alterations
associated with SA on functional activities (Table 4).

CONCLUSIONS

In summary, our results indicate that patients with SA
have abnormal spontaneous neural activity in specific brain
regions. These abnormal neural activities may represent the
potential neurological pathogenesis of SA.

Nevertheless, there are some limitations in our
research. For example, the sample size was relatively small.
Future research can provide higher accuracy if the sample
size is increased. In addition, during the study, we did not
classify pediatric strabismus in detail. In the future, we
could study different types of strabismus, such as exotropia
and medial strabismus, to more accurately evaluate the
changes in brain functional activity. Despite the limitations
of our study, our findings show that the neuropathology of
specific brain regions is involved in the underlying
pathogenesis of SA. This provides the basis for
neuroimaging, to facilitate the early diagnosis and timely
treatment of patients with strabismus.
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