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Purpose: Growing evidence reported that patients with comitant exotropia (CE) were
accompanied by static cerebral neural activity changes. However, whether the dynamic
time-varying of neural activity changes in patients with CE remains unknown.

Methods: A total of 36 patients with CE (25 men and 11 women) and 36 well-matched
healthy controls are enrolled in the study. The dynamic amplitude of low-frequency
fluctuation (dALFF) combined with the sliding window method was used to assess the
dynamic neural activity changes in patients with CE.

Results: Compared with HCs, patients with CE had decreased dALFF values in the right
superior parietal lobule (SPL) and right precuneus gyrus (PreCUN). Moreover, we found
that the dALFF maps showed an accuracy of 48.61% and an area under the curve of.54
for distinguishing the patients with CE from HCs.

Conclusion: Our study demonstrated that patients with CE showed altered dynamic
neural activity changes in the right SPL and right PreCUN, which might indicate the
neuropathological mechanism of stereoscopic dysfunction in patients with CE.

Keywords: comitant exotropia, functional magnetic resonance imaging, dynamic amplitude of low-frequency
fluctuation, stereoscopic vision, support vector machine

INTRODUCTION

Comitant exotropia (CE) is a common ophthalmic disease. Patients with CE were associated with
impaired stereoscopic vision. At present, the surgical treatment of strabismus correction is an
important treatment for patients with CE. However, there are some strabismus patients who cannot
reconstruct the stereoscopic vision completely, which had a bad influence on their daily life of these
patients. Recent studies have shown that strabismus patients are more likely to be accompanied by
emotional and psychological abnormalities (Lin et al., 2014; McBain et al., 2014; Lee et al., 2022).
However, the exact mechanism of brain pathology in strabismus patients remains unclear.
Recently, the fMRI technology can be successfully used to detect static cerebral neural activity
changes. Moreover, fMRI has been widely used to detect neural activity changes in strabismus
patients. Shi et al. (2019) reported that constant exotropia patients had lower regional homogeneity
(ReHo) values in the right secondary visual cortex (V2). Xi et al. (2020) also found that patients
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with concomitant exotropia had decreased ALFF in the parieto-
occipital regions. Li et al. (2016) reported that intermittent
exotropia patients showed increased neural activities in the
parietal lobule during fusion stimulus. He et al. (2021) found that
the intermittent exotropia patients showed decreased functional
connectivity (FC) between the primary visual cortex and right
cuneus and right postcentral gyrus. Yu et al. (2022) reported that
strabismus patients had increased FC within the visual network
and sensorimotor network. Peng et al. (2021) demonstrated that
the strabismus group showed significantly decreased homotopic
connectivity values in the cerebellum and frontal superior orbital.
Meanwhile, the visual cortex plays an important role in the
formation of stereovision. The medial temporal (MT+) plays
an important role in stereoscopic depth processing. Meanwhile,
the dorsal visual pathway is involved in stereoscopic depth
processing. Thus, the abovementioned studies evidenced that
strabismus patients were accompanied by cerebral neural activity
changes in several brain regions related to vision and vision-
related eye movements. However, these studies have mainly
focused on static neural activities changes in strabismus patients.
Recent studies reported that human brain showed dynamic
neural activity. Growing neuroimaging studies demonstrated
that human brain showed dynamic spontaneous neural activity,
which is involved in a variety of neurophysiological functions
(Liu and Duyn, 2013; Zalesky et al., 2014). However, the effect
of impaired stereoscopic vision on dynamic spontaneous neural
activity in patients with CE remains unknown.

The human brain shows dynamic neural activity. Dynamic
neural activity is involved in higher cognitive functions, such as
consciousness (Cavanna et al., 2018) and cognition (Gonzalez-
Castillo et al., 2019). The ALFF method is used to assess the local
intrinsic brain activity (Zang et al., 2007). The dALFF method can
be used to calculate the variance of ALFF with sliding-window
approaches. A sliding-window correlation analysis, where the
correlation is estimated for brain activity during multiple, shows
possibly overlapping temporal segments. A dALFF method is
a sensitive approach for investigating dynamic brain activity
(Liao et al., 2019). Previous neuroimaging studies demonstrated
that the dALFF method has been successfully applied to assess
the dynamic neural mechanisms of diabetic retinopathy (Huang
et al, 2021), primary dysmenorrhea pain (Gui et al, 2021),
and blindness (Huang et al., 2020). Thus, we hypothesized
that CE may be accompanied by abnormal dynamic brain
activity changes.

TABLE 1 | Clinical indicates between two groups.

Condition CE group HC group T-values P-values
Gender (male/female) (25/11) (25/11) N/A N/A
Comitant category Congenital exotropia N/A N/A N/A
Age (years) 15.80 + 2.46 16.00 +£2.68 —0.240 0.812
Handedness 36 R 36 R N/A N/A

Independent t-test for clinical data (means + SD). CE, comitant exotropia; HC,
health control.

Based on this assumption, the purpose of the study is to
investigate the dynamic neural activity changes in patients with
CE. Moreover, the support vector machine (SVM) method was
applied to investigate the classification efficiency using dALFF as
a feature.

MATERIALS AND METHODS

Participants

A total of 36 patients with CE and 36 healthy controls were
recruited. The diagnostic criteria of patients with CE were as
follows: (1) congenital CE, exodeviation angles between 15 and
80A. The exclusion criteria of CE individuals in the study were as
follows: (1) with other ocular-related complications; (2) sensory
exotropia, fixed exotropia.

Ethical Statement

All research methods followed the Declaration of Helsinki and
were approved by the Ethical Committee for Medicine of Jiangxi
Provincial People’s Hospital.

MRI Acquisition

The MRI scanning was performed on a 3-tesla magnetic
resonance scanner (Discovery MR 750 W system; GE Healthcare,
Milwaukee, WI, USA) with the eight-channel head coil.

FMRI Data Analysis

All preprocessing was performed using the toolbox for Data
Processing & Analysis of Brain Imaging (DPABI, http://www.
rfmri.org/dpabi), the more detailed steps refer to a previous study
(Yan et al., 2016).

DALFF Analysis

The dALFF method was performed using Temporal Dynamic
Analysis (TDA) toolkits based on DPABI. Specifically, the
R-fMRI indices mentioned above were computed with the
hamming windows (window length = 30 TR, window step =
1 TR and window length = 70 TR, window step = 1). The
CV (CV = SD/mean) of ALFF maps were prepared for further
statistical analysis.

SVM Analysis

The support vector machine algorithm was applied to investigate
the classification. The following steps were followed: (1)
the dALFF maps were selected as a classification feature.
(2) Then, the SVM method was applied to classifier
validation based on dALFF values in two groups. The
receiver operating characteristic (ROC) curves and area
under the curve (AUC) were also computed to evaluate the
classification efficiency.

Statistical Analysis

The independent sample t-test was used to assess the clinical
scales between the two groups. The one-sample t-test was used
to assess the spatial distribution of dALFF maps between two
groups. Meanwhile, the two-sample ¢-test was applied to compare
different dALFF values between the two groups (two-tailed,
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FIGURE 1 | Spatial distribution of dALFF maps within CE group (A) and HC group (B). CE, comitant exotropia; HC, health control; dALFF, dynamic amplitude of
low-frequency fluctuation.

TABLE 2 | Different dALFF (window length = 30 TR, window step = 1 TR) values between two groups.

Condition Brain regions BA Peak T-scores MNI coordinates (x,y,z) Cluster size (voxels)
CE<HC R_SPL - —3.6382 39 —51 60 93
CE<HC R_PreCUN - —3.4934 12 —54 66 46

CE, comitant exotropia; HC, health control; MINI: montreal neurological Institute; dALFF, dynamic amplitude of low-frequency fluctuation.
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FIGURE 2 | dALFF differences between two groups (window length = 30 TR, window step = 1 TR) (A). The mean of altered dALFF values between two groups (B).
CE, comitant exotropia; HC, health control; dALFF, dynamic amplitude of low-frequency fluctuation; SPL, superior parietal lobule; PreCUN, precuneus; R, right.
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TABLE 3 | Different dALFF (window length = 70 TR, window step = 1 TR) values between two groups.

Condition Brain regions BA Peak T-scores MNI coordinates (x, y, 2) Cluster size (voxels)
CE<HC R-MOG - —4.1992 36 -789 76
CE<HC R-SPL - —3.9941 27 =57 60 82

CE, comitant exotropia; HC, health control; MINI: montreal neurological Institute; dALFF, dynamic amplitude of low-frequency fluctuation.

right.

FIGURE 3 | dALFF differences between two groups (window length = 70 TR, window step = 1 TR) (A). The mean of altered dALFF values between two groups (B).
CE, comitant exotropia; HC, health control; dALFF, the dynamic amplitude of low-frequency fluctuation; MOG, middle occipital gyrus; SPL, superior parietal lobule; R,
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voxel-level P < 0.01, Gaussian random field correction, cluster-
level P < 0.05).

RESULTS

Demographics and Disease

Characteristics
The results of these clinical data were summarized in Table 1.

Different DALFF Values Between Two

Groups

The spatial distribution of dALFF maps in two groups is shown in
Figures 1A,B. Compared with the HCs, patients with CE showed
decreased dALFF values in the R_SPL and R_PreCUN (Table 2
and Figure 2A). The mean values of different dALFF values were
shown with a histogram (Figure 2B). Compared with the HCs,
patients with CE showed decreased dALFF values in the R_MOG
and R_SPL (Table 3 and Figure 3A). The mean values of different
dALFF values were shown with a histogram (Figure 3B).

SVM Results

We found that the dALFF maps showed an accuracy of 48.61%
and an area under a curve of 0.54 for distinguishing the patients
with CE from HCs. Figure 3 shows the classification results
using SVM based on dALFF values. The function values of two
groups (class 1: CE group; class 2: HC group; Figure 4A) had
three-dimensional confusion matrices from machine learning
analysis (Figure 4B) which have a 10-fold in class 1 and class 2
(Figure 4C). The ROC curve of the SVM classifier with an AUC
value of 0.54 (Figure 4D).

DISCUSSION

In our study, the dALFF method was applied to investigate the
dynamic neural activity changes in patients with CE. Compared
with the HCs, patients with CE showed decreased dynamic neural
activity changes in the right SPL and right PreCUN, which
might mirror the neuropathological mechanism of stereoscopic
dysfunction in patients with CE. Our study demonstrated the
decreased temporal variability of dALFF in the right SPL and
right PreCUN, indicating lower flexibility of these cerebral neural
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FIGURE 4 | Classification results using SVM based on dALFF values. Function values of two groups (class 1: CE group; class 2: HC group) (A). three-dimensional
confusion matrices (B). a 10-fold in the class1 and class2 (C). The ROC curve of the SVM classifier with an AUC value of.54 (D). CE, comitant exotropia; HC, health
control; dALFF, the dynamic amplitude of low-frequency fluctuation; ROC, receiver operating characteristic; SVM, support vector machine; AUC: area under the curve.
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activities, which might reflect impaired stereoscopic vision in
patients with CE.

Binocular vision can fuse visual images from the retinas
of both eyes. The image is processed by the brain and
formation of the stereoscopic image. The binocular disparity
enables us to achieve depth perception. Thus, stereoscopic
vision depends upon good vision in both eyes and good
cortical mechanisms for sensory fusion. Previous neuroimaging
studies demonstrated that several brain regions are involved in
stereoscopic information processing related to the visual cortex
(Likova and Tyler, 2007), parieto-occipital regions (Shikata et al.,
1996), and the middle temporal (Uka and DeAngelis, 2004).

In our study, we found that patients with CE showed
decreased dynamic neural activity changes in the right superior
parietal lobule, which is involved in the discrimination of pure
stereo-optic disparity information (Gulyas and Roland, 1994).
Svetlana S et al. demonstrated that there were several brain
regions (inferior temporal gyrus, lateral occipital sulcus) related
to stereoscopic vision (Georgieva et al., 2008). Thus, our studies
demonstrated that patients with CE had decreased temporal
variability of dALFF in the right superior parietal lobule, which
might reflect the stereoscopic dysfunction in patients with CE.

Another important finding is that patients with CE showed
decreased dynamic neural activity changes in the right precuneus.
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The precuneus is the core component of the default mode
network (DMN). The DMN is involved in emotion and
cognition. Previous studies found that strabismus patients
showed emotion and depression. Thus, the decreased temporal
variability of dALFF in the right precuneus might reflect mood
disorders in patients with CE.

There are some limitations to this study. First, we only
selected 30 and 70 TR as the window length in the study.
Second, our study used relatively small sample sizes. Third,
the patients with CE were associated with different exotropia
angles, which might be a bad influence on the result of
our study.

CONCLUSION

Our results showed that patients with CE had increased altered
dynamic neural activity changes in the right SPL and right
PreCUN, indicating lower flexibility of these cerebral neural
activities, which might reflect impaired stereoscopic vision in
patients with CE.

REFERENCES

Cavanna, F., Vilas, M. G., Palmucci, M., and Tagliazucchi, E. (2018).
Dynamic functional connectivity metastability ~ during
altered states of consciousness. 180(Pt B), 383-395.
doi: 10.1016/j.neuroimage.2017.09.065

Georgieva, S. S., Todd, J. T., Peeters, R., and Orban, G. A. (2008). The extraction
of 3D shape from texture and shading in the human brain. Cereb. Cortex 18,
2416-2438. doi: 10.1093/cercor/bhn002

Gonzalez-Castillo, J., Caballero-Gaudes, C., Topolski, N., Handwerker,
D. A, Pereira, F, and Bandettini, P. A. (2019). Imaging the
spontaneous flow of thought: distinct periods of cognition contribute
to dynamic functional connectivity during rest. Neuroimage 202:116129.
doi: 10.1016/j.neuroimage.2019.116129

Gui, S. G., Chen, R. B, Zhong, Y. L., and Huang, X. (2021). Machine learning
analysis reveals abnormal static and dynamic low-frequency oscillations
indicative of long-term menstrual pain in primary dysmenorrhea patients. J.
Pain Res. 14, 3377-3386. doi: 10.2147/JPR.S332224

Gulyas, B., and Roland, P. E. (1994). Binocular disparity discrimination in human
cerebral cortex: functional anatomy by positron emission tomography. Proc.
Natl. Acad. Sci. U.S.A. 91, 1239-1243. doi: 10.1073/pnas.91.4.1239

He, X., Hong, J., Liu, Z., Wang, Q., Li, T, Qu, X,, et al. (2021). Decreased functional
connectivity of the primary visual cortex and the correlation with clinical
features in patients with intermittent exotropia. Front. Neurol. 12:638402.
doi: 10.3389/fneur.2021.638402

Huang, X., Wen, Z., Qi, C. X,, Tong, Y., Dan, H. D., Xie, B. ., et al. (2020). Altered
temporal dynamic intrinsic brain activity in late blindness. Biomed. Res. Int.
2020:1913805. doi: 10.1155/2020/1913805

Huang, X.,, Wen, Z, Qi, C. X, Tong, Y., and Shen, Y. (2021). Dynamic
changes of amplitude of low-frequency fluctuations in patients with
diabetic retinopathy. Front. Neurol. 12:611702. doi: 10.3389/fneur.2021.
611702

Lee, Y. H.,, Repka, M. X,, Borlik, M. F,, Velez, F. G, Perez, C, Yu, F,
et al. (2022). Association of strabismus with mood disorders, schizophrenia,
and anxiety disorders among children. JAMA Ophthalmol. 140, 373-381.
doi: 10.1001/jamaophthalmol.2022.0137

Li, Q., Bai, J., Zhang, J., Gong, Q., and Liu, L. (2016). Assessment of cortical
dysfunction in patients with intermittent exotropia: an fMRI study. PLoS ONE
11:¢0160806. doi: 10.1371/journal.pone.0160806

and  brain
Neuroimage

DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following
licenses/restrictions: The raw data supporting the conclusions of
this article will be made available by the authors, without undue
reservation. Requests to access these datasets should be directed
to Y-LZ, 804722489@qq.com.

ETHICS STATEMENT

This study conformed with the Declaration of Helsinki and
was approved by the Medical Ethics Committee of the Jiangxi
Provincial People’s Hospital. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

R-BC, S-YY, C-GP, and Y-LZ contributed to data collection,
statistical analyses, and wrote the manuscript. All authors
contributed to the article and approved the submitted version.

Liao, W., Li, J., Ji, G. J., Wu, G. R, Long, Z., Xu, Q., et al. (2019). Endless
fluctuations: temporal dynamics of the amplitude of low frequency fluctuations.
IEEE Trans. Med. Imaging 38, 2523-2532. doi: 10.1109/TMI.2019.2904555

Likova, L. T. and Tyler, C. W. (2007). Stereomotion processing
in the Thuman occipital cortex.  Neuroimage 38,  293-305.
doi: 10.1016/j.neuroimage.2007.06.039

Lin, S., Congdon, N., Yam, J. C,, Huang, Y., Qiu, K., Ma, D,, et al. (2014).
Alcohol use and positive screening results for depression and anxiety are highly
prevalent among Chinese children with strabismus. Am. J. Ophthalmol. 157,
894-900.e1. doi: 10.1016/j.2j0.2014.01.012

Liu, X., and Duyn, J. H. (2013). Time-varying functional network information
extracted from brief instances of spontaneous brain activity. Proc. Natl. Acad.
Sci. U.S.A. 110, 4392-4397. doi: 10.1073/pnas.1216856110

McBain, H. B., MacKenzie, K. A., Au, C., Hancox, J., Ezra, D. G,
Adams, G. G., et al. (2014). Factors associated with quality of life
and mood in adults with strabismus. Br. J. Ophthalmol. 98, 550-555.
doi: 10.1136/bjophthalmol-2013-304220

Peng, J., Yao, F., Li, Q, Ge, Q. Shi, W,, Su, T, et al. (2021). Alternations
of interhemispheric functional connectivity in children with strabismus
and amblyopia: a resting-state fMRI study. Sci. Rep. 11:15059.
doi: 10.1038/541598-021-92281-1

Shi, H., Wang, Y., Liu, X,, Xia, L., Chen, Y., Lu, Q,, et al. (2019). Cortical
alterations by the abnormal visual experience beyond the critical period: a
resting-state fMRI study on constant exotropia. Curr. Eye Res. 44, 1386-1392.
doi: 10.1080/02713683.2019.1639767

Shikata, E., Tanaka, Y., Nakamura, H., Taira, M., and Sakata, H. (1996). Selectivity
of the parietal visual neurones in 3D orientation of surface of stereoscopic
stimuli. Neuroreport 7, 2389-2394. doi: 10.1097/00001756-199610020-00022

Uka, T., and DeAngelis, G. C. (2004). Contribution of area MT to stereoscopic
depth perception: choice-related response modulations reflect task strategy.
Neuron 42, 297-310. doi: 10.1016/S0896-6273(04)00186-2

Xi,S., Yao, J., Zhang, S., Liu, R., Wu, L., Ye, X, et al. (2020). Disrupted neural signals
in patients with concomitant exotropia. Ophthal. Physiol. Opt. 40, 650-659.
doi: 10.1111/0p0.12715

Yan, C. G., Wang, X. D., Zuo, X. N, and Zang, Y. F. (2016). DPABI: data processing
and analysis for (resting-state) brain imaging. Neuroinformatics 14, 339-351.
doi: 10.1007/s12021-016-9299-4

Yu, K, Lin, Q., Ge, Q. M., Yu, C. Y,, Li, Q. Y, Pan, Y. C, et al. (2022). Measuring
functional connectivity in patients with strabismus using stationary functional

Frontiers in Human Neuroscience | www.frontiersin.org

July 2022 | Volume 16 | Article 944100


https://doi.org/10.1016/j.neuroimage.2017.09.065
https://doi.org/10.1093/cercor/bhn002
https://doi.org/10.1016/j.neuroimage.2019.116129
https://doi.org/10.2147/JPR.S332224
https://doi.org/10.1073/pnas.91.4.1239
https://doi.org/10.3389/fneur.2021.638402
https://doi.org/10.1155/2020/1913805
https://doi.org/10.3389/fneur.2021.611702
https://doi.org/10.1001/jamaophthalmol.2022.0137
https://doi.org/10.1371/journal.pone.0160806
https://doi.org/10.1109/TMI.2019.2904555
https://doi.org/10.1016/j.neuroimage.2007.06.039
https://doi.org/10.1016/j.ajo.2014.01.012
https://doi.org/10.1073/pnas.1216856110
https://doi.org/10.1136/bjophthalmol-2013-304220
https://doi.org/10.1038/s41598-021-92281-1
https://doi.org/10.1080/02713683.2019.1639767
https://doi.org/10.1097/00001756-199610020-00022
https://doi.org/10.1016/S0896-6273(04)00186-2
https://doi.org/10.1111/opo.12715
https://doi.org/10.1007/s12021-016-9299-4
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Chen et al.

dALFF in Patients With CE

magnetic resonance imaging: a resting-state network study. Acta Radiol. 63,
110-121. doi: 10.1177/0284185120983978

Zalesky, A., Fornito, A., Cocchi, L, Gollo, L. L, and Breakspear,
M. (2014). Time-resolved resting-state brain networks. Proc. Natl.
Acad.  Sci.  US.A. 111, 10341-10346. doi:  10.1073/pnas.14001
81111

Zang, Y. F., He, Y., Zhu, C. Z., Cao, Q. J., Sui, M. Q,, Liang, M., et al. (2007).
Altered baseline brain activity in children with ADHD revealed by resting-state
functional MRI. Brain Dev. 29, 83-91. doi: 10.1016/j.braindev.2006.07.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Ye, Pei and Zhong. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

July 2022 | Volume 16 | Article 944100


https://doi.org/10.1177/0284185120983978
https://doi.org/10.1073/pnas.1400181111
https://doi.org/10.1016/j.braindev.2006.07.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Altered Temporal Dynamics of the Amplitude of Low-Frequency Fluctuations in Comitant Exotropia Patients
	Introduction
	Materials and Methods
	Participants
	Ethical Statement
	MRI Acquisition
	FMRI Data Analysis
	DALFF Analysis
	SVM Analysis
	Statistical Analysis

	Results
	Demographics and Disease Characteristics
	Different DALFF Values Between Two Groups
	SVM Results

	DISCUSSION
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


