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ABSTRACT

Introduction Intermittent exotropia (IXT) is the most
common type of divergent squint. IXT is primarily a cortical
neurologic dysfunction disorder, occurring as a result

of the insufficient maintenance of sensory and motor
fusion. Recent reports have demonstrated the relationship
between IXT and visual cortical impairment. We planned
to assess blood oxygen level-dependent (BOLD)-functional
magnetic resonance imaging (fMRI) in patients with IXT
during the preoperative and postoperative follow-ups to
evaluate the functional changes in the visual cortex.
Methods and analysis A total of 90 Chinese subjects will
be recruited, and their ages will be between 18 and 40
years old. The subjects will include the surgical treatment
(ST) group (45 subjects with IXT who will undergo surgery)
and the HC group (45 age-matched, sex-matched and
education-matched healthy volunteers). The assessments
will include the following aspects: fMRI and general
ophthalmic examinations, optometry measurements and
strabismus-related tests, such as the ocular deviation,
binocular vision test and Newcastle Control Score (NCS).
Each subject will complete the resting-state BOLD-fMRI,
and the sequences will include echo planar imaging (EPI)
pulse and 3-dimensional brain volume (3D-BRAVO) to
acquire high-resolution images. The follow-up schedule
will be 6 and 12 months after the surgery. The primary
outcome will be determined by cortex changes in BOLD-
fMRI in the ST group before and after surgery. We will also
compare the HC group with the preoperative subjects in
the ST group. The secondary outcomes will be changes in
strabismus-related examinations, such as binocular visual
function and NCS.

Ethics and dissemination Ethical approval was obtained
from the Medical Ethics Committee of Beijing Tongren
Hospital. We plan to publish the results of this study in a
peer-reviewed journal article.

Trial registration number ChiCTR2100048852

INTRODUCTION

Intermittent exotropia (IXT) is the primary
type of exotropia, which is a transitional
condition between exophoria and constant
exotropia."™ There are plenty of epidemi-
ology articles that reported the prevalence of
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Strengths and limitations of this study

» The present study is advanced and aims to explore
the functional changes in the visual cortex in pa-
tients with intermittent exotropia (IXT) before and af-
ter surgery through resting-state 3.0 T blood oxygen
level-dependent-functional magnetic resonance im-
aging. We also investigate the relationships between
changes in the cortex and ocular examination.

» The follow-up comparison between the visual cortex
and ophthalmic changes will enrich our understand-
ing of the impairment and plasticity of visual func-
tion in patients with IXT.

» Loss to follow-up of participants was possible after
the surgery in this study.

» The present study focuses on patients with IXT with
indications for surgical intervention. We did not
study the different subtypes or severities of IXT.

strabismus or exotropiaamong differentcoun-
tries and ethnic groups, but few articles specif-
ically address the prevalence or incidence of
IXT. Itis estimated that the prevalence of IXT
is between 0.12% and 3.5% worldwide among
different ages and races, and IXT accounts
for over 60% of exotropia.'™ The prevalence
of IXT is 3.24%-3.9% in China, and IXT
accounts for 50% —-90% of exotropia among
all age groups.”™’

IXT is frequently noted in infancy or early
childhood as an outward deviation of one
eye. IXT occurs during the disruption of
binocular vision, especially when fusional
compensatory mechanisms are compro-
mised."’ IXT is predominantly a cortical
neurologic dysfunction disorder, although
with unclear pathology and etiological
mechanisms.'*"  Binocular vision impair-
ment frequently occurs with disease progres-
sion, such as accommodation and vergence
deficiency, defective fusion and a loss of
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stereopsis. Gradually, IXT breaks down into constant
exotropia.! ® '™ In addition to cosmetic consequences,
IXT can have a dramatic impact on education, socialisa-
tion and vision-related quality of life if not treated in a
timely manner."” ** Current treatment strategies include
the correction of refractive errors, patching therapy,
extraocular muscle surgery, botulinum toxin injection
and perceptual training.""

The fusion function facilitates the brain to translate
disparities in information between the images of each
eye into a vergence command to enable generate percep-
tion, which is a complex cerebral activity, including motor
fusion and sensory fusion."” However, fusion is important
for orthophoria. Binocular fusion dysfunction possibly
disrupts the coordination and balance of the two visual
axes, thus leading to misalignment, which is one of the
key causes of strabismus.”” Surgery is currently the main
treatment to align a deviated or strabismic eye for both
functional and cosmetic reasons. Weakening the lateral
rectus with or without strengthening the medial rectus is
commonly used to restore normal eye position. Surgical
intervention can restore central fusion and stereoacuity
in some patients with IXT. Distance stereopsis can recover
even if surgery is postponed until adolescence.”'

Recently, functional magnetic resonance imaging
(fMRI), especially blood oxygen level-dependent
(BOLD)-fMRI, has become an important neuroimaging
technique used to locate and quantify microscopic func-
tional neurologic changes, due to the advantages of being
well-developed, high-quality, high-resolution, repeatable
and non-invasive.”* BOLD-fMRI has been used to eval-
uate visual cortex function for decades.”*** Li et al found
increased activation intensity in the bilateral superior
parietal lobule and inferior parietal lobule in subjects
with IXT, which indicated that binocular fusion involves
a complicated brain network including several regions.
These cortical activities compensate for binocular fusion
dysfunction in IXT.® In patients with concomitant
exotropia, Voxel-Based Morphometry (VBM) and voxel-
based analysis of DTI showed structural abnormalities
in occipital and parietal areas, especially in the middle
occipital gyrus and inferior parietal lobule (supramar-
ginal gyrus), which play important roles in the dorsal
visual pathway. This result suggested that the dorsal visual
pathway was abnormal or impaired.”® In patients with
concomitant exotropia, ReHo values were increased in
the right inferior temporal cortex/fusiform gyrus/cere-
bellum anterior lobe, right lingual gyrus and bilateral
cingulate gyrus, which may indicate that patients with
concomitant exotropia had brain function compensa-
tion for fusion function.”” In infantile esotropia, Yang
et al found increased BOLD signals in the left cingulate
gyrus, bilateral precuneus and left angular gyrus. The
bilateral frontal gyrus and left lingual visual cortex regu-
late normal fusion function in human eyes.*” In patients
with congenital concomitant strabismus, amplitude of
low-frequency fluctuation (ALFF) values decreased in
the bilateral middle frontal gyrus and increased in the

bilateral posterior cerebellar lobe and left angular gyrus,
which may reflect the underlying pathologic mechanism
of congenital strabismus.”® However, the exact cerebral
region and activation changes during the progression
of IXT remain unclear, and plasticity in the process of
treatment needs to be clarified. Since IXT is related to
fusion function and stereopsis impairment, using BOLD-
fMRI examination in follow-ups may provide a reasonable
method to further reveal the pathological mechanism of
IXT.

METHODS

The current prospective, non-randomised clinical trial
is designed to evaluate the functional changes in the
visual cortex through resting-state 3.0 T BOLD-fMRI
pre-IXT and post-IXT operation and to compare the
changes at each time point during the 1-year follow-up.
Other changes are also compared over the study period,
including general ophthalmic examinations, optom-
etry examinations, strabismus-specialised examinations,
binocular visual function examinations, and NCS.

Study setting and responsibilities

The clinical trial will be conducted in Beijing Tongren
Hospital, a large tertiary centre with specialist ophthal-
mology clinics and radiology clinics in Beijing, China.
The composition of the steering committee will be as
follows: JF will be the primary investigator (PI); ZL will
be the co-PI; JH will be the sub-PI and YG and XH will
be consultants. The steering committee will provide the
final approval of the protocol and any changes to the
procedure during the clinical trial. JH will be in charge
of supervising the conduction of the study, including staff
training and assessment, protocol decisions and amend-
ments, form development, data management, data anal-
yses and quality control. YG and XH will be responsible
for data collection and recording.

Study design and recruitment

This study is designed as a non-randomised case—control
clinical trial. Recruitment will officially begin from 1
September 2021. A total of 90 subjects will be recruited,
and each of the participants in the ST group will be
followed for 1year.

Potential participants will be recruited for clinical trials
in Tongren Hospital through two primary processes: (1)
an ophthalmologist referral during daily routine outpa-
tient clinical work and (2) an optometrist referral from
optometry clinics during myopia treatment. All of the
potentially eligible participants will be contacted by study
staff who will explain the process of the study in detail to
ensure that patients understand the entire clinical trial.
Prior to signing informed consent, detailed information
about the study procedure will be provided to partici-
pants, including the purpose of the research, examina-
tions, follow-up duration and possible risks. If they are
interested, the subjects will be seen in the clinic to sign
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Figure 1 Schematic of the trial design.

the informed consent form. All the identifiable informa-
tion will be confidential.

Intended subjects will be invited for eligibility and base-
line assessments by the research staff. Staff will screen
patients who meet the inclusion criteria in the strabismus
ophthalmology clinic. As soon as they finish the examina-
tions and meet the inclusion criteria, eligible subjects will
be enrolled. The flowchart of the clinical trial is shown in
figure 1.

Once the subjects are enrolled, retention efforts will be
addressed to participants. The staff of the study will (1)
provide periodic contacts about the IXT situation of the
subjects, (2) provide feedback regarding the eye condi-
tions and (3) make an appointment for the next review
and follow-up visits.

Participants and sample size
Potential participants will contact study staff and will
be provided with an information checklist. Interested
participants will complete the clinic screening and, if
appropriate, will be invited for an eligibility and baseline
assessment by the study staff. The patient will provide
written informed consent for participation in the study
prior to any trial-specific procedures.

The estimation of sample size will be based on the two
following methods: statistical analysis and sample size
from previous articles.

Statistical analysis
The two groups of independent sample rate comparisons
will be used for the sample size calculation. According

to a previously published article, the improvement rate
in distance stereopsis of patients with IXT after surgery
was 28%.% The rate of HCs was supposed to be 0. Other
parameters that were used included 0=0.05, 1-$=0.8, two-
sided and 1:1 allocation to the two study groups. For the
above parameters, a 28% improvement in the ST group
versus 0% in the HC group was detected at a significance
level of p<0.05, and the estimated sample size for each
group was 21 subjects. Based on our previous experience
with clinical trials for treating IXT, we will estimate the
rate of subject loss to follow-up over 1year to be approxi-
mately 50%. Considering these factors together, the esti-
mated sample size for each group will be 42.

Sample size from previous articles
Key information about the sample size calculation was
missing in published articles related to strabismus, IXT,
and fMRI, and a reasonable number of subjects per group
ranged from 5 to 32 without follow—up.20 28 30-35

Based on previous articles and the statistical calcula-
tion, a sample of 45 eligible subjects will be required in
the ST group of the trial. To compare the changes in the
cerebral area, HCs will also be recruited. A total of 45
healthy age-matched HCs who meet the entry criteria will
be enrolled.

Eligibility criteria

Inclusion criteria:

1. Age between 18 and 40 years® #1355,

2. Evidence of IXT on the basis of history and clinical ex-
amination;
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3. Having surgical intention and meeting the surgical
indications, including loss of distant stereopsis using
synoptophore and/or deflection time accounting for
more than half of the waking time; angle of exodevi-
ation >15";

4. No ongoing or planned amblyopia treatment;

5. Best-corrected visual acuity (BCVA) better than or
equal to 20/20 in both eyes, no anisometropia (<1.50
D and <1.00 D in the difference in spherical and cylin-
drical error, respectively)36;

6. Right handedness;

7. Be able to understand and cooperate with examina-
tions and sign informed consent voluntarily.

HCs were recruited based on items of 1,4, 5, 6 and 7 in

the inclusion criteria.

Exclusion criteria (Subjects will be excluded if they
meet any of the following criteria):

1. Structural ocular pathology;

2. Previous eye surgery history;

3. Accompanied by vertical strabismus;

4. History of diseases of the central nervous system and
the whole body;

5. History of psychiatric diseases, including depressive
disorder and delusional disorder;

6. Contraindication for MRI examination (treatable or
accidental magnetisable metal in cardiac pacemaker

or prosthesis or previous head or spinal trauma requir-
ing neurosurgery, etc.);
7. Claustrophobia.

The study centre is a tertiary A hospital. The ocular
examinations of strabismus and the surgerywas performed
by a chief physician (JF), and a deputy chief radiologist
(ZL) performed fMRI examination. Six months after the
surgery, patients with the eye deviation less than 10 prism
diopters are included.””*®

Examinations and study outcomes

IXT presents as a divergent misalignment of the visual
axes. The deviation often becomes manifest with fatigue,
visual inattention or illness when fusional compensa-
tory mechanisms are compromised.'' Previous studies
reported significant changes in the visual cortex in
patients with IXT. In addition, the deviation degree, NCS
and several influencing factors are also related to the eval-
uation of IXT. Taken together, in the present project, the
primary, secondary and exploratory outcomes are evalu-
ated during the 12-month follow-up period according to
the schedule as follows (table 1 and figure 1).

Primary outcome

Resting-state BOLD-fMRI detection will be performed
immediately after recruitment as baseline data and will be
evaluated at the 1-year follow-up. For the primary outcome

Table 1 Schedule of assessments and outcomes items

Enrolment* 6 months 12 months

Procedures/measurements (-2 to Oweek) Baseline (+14 days) (+21 days)
Consent form signed X X x
Basic information Demography

History X X
Optometry examination ~ Non-cycloplegic autorefraction X X

Cycloplegic subjective refraction X X

Cycloplegic autorefraction X X
Visual acuity Best-corrected visual acuity X X
Strabismus-related tests  Ocular dominance

Cover test (distance, near)

Prism cover test (distance, near)

Ocular movements

Distance stereopsis (synoptophore)

AC/A ratio

Near stereopsis (random-dot stereogram)

Visual perception examination

NCS evaluation
Eye examinations Slit-lamp exam X X

Retinal photography X
fMRI Resting-state X X

*Enrolment time-point could be the same day as the baseline measurement.
AC/A, accommodative convergence/accommodation; NCS, Newcastle Control Score.
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analyses, the changes between preoperation and postop-
eration will be determined by the values between base-
line and the last follow-up visit (1year after the surgery).
Other measurements obtained at each follow-up visit will
be considered secondary outcome measures.

Procedures for fMRI detection

After recruitment, an appointment for fMRI examination
will be registered by research staff. A resting-state 3.0 T
magnetic resonance scanner (General Electric Medical
Systems, Milwaukee, Wisconsin, USA) will be used to scan
the visual cortex. Matched eight-channel phased array
coil with earplugs and foam padding will be used to lessen
scanner noise and head motion. Resting-state fMRI will
run for 40 min. Subjects will be asked to close their eyes
and stay awake.

Resting-state fMRI

An EPI pulse sequence will be used, and the imaging
protocols will be as follows: a repetition time (TR)/
echo time (TE)=2000/35 ms, flip angle=90°, field of
view (FOV)=240 mm x 240 mm, matrix=64 x 64. Twenty-
eight axial slices will be obtained with 4mm thickness
and a 1 mm gap. In each fMRI session, the pulse dura-
tion will be 400s, and 3D-BRAVO sequences will be used
to acquire high-resolution structural images (TR=8.8
ms, TE=3.5 ms, TI=450 ms, matrix=256 x 256, FOV=240
mm x 240mm, slice thickness=1.0mm without gap, flip
angle=13°). During the scan, participants will be required
to stay motionless, stay awake, and stay focused until the
scan is over.

Secondary outcome

The following strabismus-related tests are undertaken at
each visit (table 1) to assess the basic ocular conditions,
the severity of strabismus and the extent of stereopsis
defects.

Ocular dominance

Subjects are asked to hold a card with a central hole
and fixate on a distant object while holding their head
stationary. The examiner covers the subjects’ eyes one
after the other and repeats three times to determine the
ocular dominance eye. If the results are inconsistent, the
dominant eye is recorded as indefinite.

Cover test

The cover test is used to assess the presence and magni-
tude of heterophoria and strabismus by asking the subject
to fixate on targets at 33cm and 6m, with and without
spectacles, if worn, and is conducted by an experienced
ophthalmologist. The Hirschberg test is performed to
screen for the presence or absence of strabismus. If stra-
bismus is detected, the cover—uncover test is used to differ-
entiate phorias and tropias, to determine if the tropia is
intermittent or constant and to differentiate unilateral
(right or left) and alternating tropia. If no strabismus is
detected, the alternating cover test is performed to detect
heterophoria.

Prism cover test

Subjects with strabismus are further measured in prism
diopters in the alternating cover test using loose prisms
(GZS-01TYPE, Tianyuehengtong Medical Co, Tianjin,
China). The prism is placed with the base along the
reversed direction of deviation and adjusted until no
movement can be detected.

Ocular movements

To record ocular motility, nine gaze directions, including
primary (straight ahead), secondary (right, up, left and
down) and tertiary (upper right, lower right, upper left
and lower left), are examined and recorded by asking
subjects to fix on a moving penlight without moving their
heads.

Synoptophore (2001, Clement Clarke, UK) is used
to observe the distance stereopsis and accommoda-
tive convergence/accommodation (AC/A) ratio. A
random-dot stereogram designed by Yan Shaoming and
visual perception examination to check the function of
near stereopsis is performed. Visual perception exam-
ination includes static stereopsis, perceptual eye position
and dynamic stereopsis. It is performed on a Windows
XP computer mainframe and LG2342p polarised three-
dimensional displayer. The resolution of the displayer
is 1920 x 1080, and the refresh frequency is 120 Hz. The
visual perception inspection and evaluation system was
developed by the National Research Center of Medical
and Health Appliance Engineering Technology. During
the examination, subjects take the sitting position, with
their eyes 0.8 m away from the centre point of the monitor
and at the same height as the monitor. They wear polar-
ised glasses for binocular separation and respond to the
examination by mouse or keyboard.

NCS is used to assess how well the squint is controlled
by subjects with IXT.” The NCS combines an estimate of
the observed frequency of the IXT (home control) with
an assessment of the subject’s ability to realign the eye
following a cover test to induce misalignment (table 2).

Exploratory outcomes

1. General ophthalmic examinations: slit lamp biomi-
croscopy (SL-3G, Topcon, Tokyo, Japan) and retinal
photography (TRC-50DX/TRC-50DX, Topcon, Tokyo,
Japan) are performed to identify any abnormalities of
the eye, including anterior segment, refractive media
and fundus examination.

2. BCVA: corrected vision at a distance of 6 m is examined
using a LogMAR visual acuity chart.

3. Optometry examination: two drops of 1% tropicamide
were given bmin apart to dilate the pupils. Cycloplegic
refraction outcome measures will be obtained 30-
45min after the first drop is instilled, which ensured
the maximal cycloplegic effect. Objective refraction is
measured before and after cycloplegia using an autore-
fractor (KR-800, Topcon, Tokyo, Japan), followed by

subjective refraction by trained optometrists.
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Table 2 Newcastle Control Score for IXT (revised)

Control Score

Home

IXT/monocular eye closure seen
Circle appropriate score

Never

<50% of time fixing in distance

>50% of time fixing in distance

W NN =4 O

>50% of time fixing in distance + seen at near
Clinic control

Circle appropriate score near and distance
Near

Immediate realignment after dissociation 0
Realignment with aid of blink or refixation

Remains manifest after dissociation/prolonged 2
fixation

Manifest spontaneously 3
Distance

Immediate realignment after dissociation 0
Realignment with aid of blink or refixation

Remains manifest after dissociation/prolonged 2
fixation

Manifest spontaneously 3
Total NCS: (Home + Near + Distance) =

IXT, intermittent exotropia.

Follow-up examinations and measurement schedule

The examination measures will be assessed at enrolment/
baseline, 6 months and 12months. The differences in all
of the mean values at each follow-up visit from baseline
will be analysed (figure 1).

Interventions and allocation

ST group

Patients with IXT who have a definite diagnosis and
conform to surgical indications and agree to ST were
included. All of the patients are re-examined according
to the schedule (table 1 and figure 1). Before each
follow-up visit, the coordinator will make an appointment
in advance.

Healthy control (HC) group

We recruited age-matched, sex-matched and education-
matched volunteers to serve as the HC group. The HC
group is set up to determine brain differences between
healthy people and patients with IXT.

Ophthalmologists provide advice on the operation
strategies according to the subjects’ condition and treat-
ment guidelines. The patients freely chose the treatment
methods, including whether to have the operation or not.
Patients who have both surgical indications and surgical
intentions are enrolled in the present study. Therefore,

randomisation is not applicable for this trial. Whether the
patient chooses to participate in this study will not influ-
ence his or her next step in treatment.

Patient and public involvement

Patients and/or the public were not involved in the
design, conduct, reporting, or dissemination plans of our
research.

Statistical methods

Data management and data analyses

For the quantitative data, tests for normality and homo-
geneity of variance are performed first. Quantitative
data conforming to a normal distribution are described
as the mean+SD. The difference between the ST group
and the HC group is compared by a two-sample t test.
The difference between the baseline and 12 months after
the surgery in the ST group is compared by paired t test.
The quantitative data of the skewness distribution are
described by the median (Q25, Q75). The Mann-Whitney
U test is used to compare the difference between the ST
group and the HC group, and the Wilcoxon signed-rank
test is used to compare the difference between the base-
line and 12 months after surgery in the ST group. Qualita-
tive data are described as proportions, and the differences
between groups are compared by the y* test or Fisher’s
exact test. P<0.05 is considered statistically significant.

General information

Age from the two groups will be presented as the
mean+SD. Sex and subject number in each group will be
presented as proportions.

Results of fMRI

The preprocessing was performed using the Data
Processing Assistant for Resting-State fMRI (DPARSF
2.1; State Key Laboratory of Cognitive Neuroscience and
Learning, Beijing Normal University, Beijing, China; avail-
able in the public domain at http://restfmri.net/forum/
DPARSF). It is based on Statistical Parametric Mapping
(SPM12) (http://www.filion.ucl.ac.uk/spm/) running
by MATLAB R2013b (The MathWorks, Natick, USA). The
first 10 volumes will be removed so that participants can
adapt to the scanning noise and the signal equilibrium
after converting Digital Imaging and Communications
in Medicine (DICOM) files to Neuroimaging Infor-
matics Technology Initiative (NIFTIimages. Nex t, we
will perform slice timing, head motion correction, spatial
normalisation to the Montreal Neurological Institute
template (resampling voxel size=3 mm x 3 mm x 3mm),
linear trend removal, temporally bandpass filtering (0.01—
0.08 Hz) and spatial smoothing with a Gaussian kernel of
4mm full-width at half-maximum. If the subject’s head
shifted by more than 1.5 mm or rotated by more than 1.5°
during the treatment, the subject’s data are discarded.
The ALFF and fractional amplitude of low-frequency fluc-
tuation (fALFF) values are calculated using DPARSF. The
fALFF is calculated for slow 4(0.027-0.073 Hz) and slow
5(0.01-0.027 Hz) bands.
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Results of ocular examination

Deviation degree, AC/A ratio, near stereopsis, NCS, static
stereopsis and perceptual eye position in visual perception
examination are described as the mean+SD. Far stereopsis
and dynamic stereopsis in visual perception examina-
tion are described as proportions. Tests for normality
and homogeneity of variance are performed first. If the
data conform to a normal distribution, we use Pearson
correlation analysis to explore the relationships between
the mean ALFF/fALFF values of discrepant brain regions
and ocular examination in the patient group. Otherwise,
we perform Spearman correlation analysis.

Oversight and monitoring
During the study, data will be entered into a secure data-
base with range checks for each data field. Anonymised
paper copies of forms will be stored in secure locked file
cabinets. The final dataset will be used after approval by
the Steering Committee. Medical records will be kept
intact in the hospital. The staff will record the results of
the examination on the subject’s medical records. The
investigator and the ethics committee will be allowed to
review the subject’s medical records.

Participants can withdraw from the trial without giving
a reason. In addition, investigators may also withdraw
them from the study to protect participants’ safety. Any
public report of the results of this study will not disclose
the subject’s personal identity. We will make efforts to
protect the privacy of personal medical data to the extent
permitted by law. In accordance with medical research
ethics, in addition to personal privacy information, trial
data will be available for public inquiry and sharing,
which will be limited to web-based electronic databases to
ensure that no personal privacy information is disclosed.

We will establish an internal data monitoring
committee (DMC) that will consist of ophthalmologists
who do not participate in the running trial, statistical
experts and ethics committee members. Dr Yan Liu
will be the chair of DMC. The DMC will perform data
monitoring quarterly, including monitoring safety infor-
mation, data completeness and adverse events, and so
on. The integrity of the trial for each participant will be
checked to ensure the appropriate allocation, complete-
ness of outcomes, accuracy, timeliness of data collec-
tion, and so on. We will select an independent monitor
to check all signed consent forms to ensure validity. All
examinations will be general items in daily work and will
be non-invasive. The trial will have low risk, and no Data
Safety Monitoring Committee will be established for the
present trial.

Ethical approval

The present study was approved by the Medical Ethics
Committee of Beijing Tongren Hospital, Capital Medical
University (TRECKY2019-147; version number: v1.0; date:
11 December 2019) and conformed to all the principles
required by the Declaration of Helsinki.

Potential risks and adverse events

This is an observational low-risk trial, and risks could come
from two aspects. First, the duration of fMRI examination
is long, and the average head scan takes approximately
40 min. There is obvious noise in the scanning chamber.
Second, MRI is sensitive to the movement of subjects
and easily produces artefacts, so the subject cannot move
during the scan.

If any discomfort or any unexpected circumstances
occur during the study period, whether related to the study
or not, we terminate the examination as soon as possible.
The participants can withdraw from the study without
giving a reason. Doctors do their best to prevent and treat
possible injuries from this study. If a subject is injured due
to participation in this study, the necessary medical treat-
ment will be provided by the project. According to rele-
vant laws and regulations in China, the research group
bears the corresponding medical expenses and provides
the corresponding financial compensation.

DISCUSSION

Binocular vision and IXT occurrence and development
Binocular fusion includes simultaneous perception,
flat fusion and stereopsis according to Worth’s classifi-
cation.” Approximately 70% of the cells in the striated
cortex are binocular cells, and any impairment of fusion
and higher spatial perception is closely related to the
course of IXT. Fusion function, including sensory fusion
and motor fusion, involves the V1, V2, V3, MT regions,
and higher-level ventral and dorsal visual pathway coor-
dination.* ** Sensory fusion is a cortical process that is
defined as the unification of visual excitations from corre-
sponding retinal images into a single binocular stereo-
scopic visual percept. Motor fusion refers to the ability to
fine-tune the eye position to align the eyes and maintain
eye alignment, in such a manner that sensory fusion can
be maintained.* ** Any abnormal visual experience, such
as anisometropia, ametropia or form deprivation, can
destroy binocular fusion by affecting binocular neurons."
The abnormal function of binocular fusion destroys the
coordination and balance of the two visual axes. Once
the ocular axes separate, visual feedback has no impact
on the subsequent outward movement of the deviating
eye to its final position, thus leading to eye malposition.
After fusion loss, the deviating eye moves outward in a
stereotypic, reflexive fashion.*”” Xue and his colleagues
reported that preoperative distance stereopsis and fusion
of most patients with IXT were damaged. Six weeks post-
operatively, all patients exhibited peripheral fusion, and
98% demonstrated central fusion compared with 94%
and 40% preoperatively. The percentage of distance
stereoscopic improvement was 77% compared with 13%
preoperatively.”’ Strabismus surgery in adults is often
regarded as merely cosmetic. However, the ideal goal of
surgery is to restore binocular function and stereopsis, as
well as motor alignment,” which can improve the health-
related quality of life in adults. Recently, several studies
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have shown improved sensory status and quality of life in
adult patients after successful strabismus surgery. Some
adults may also regain fusion and stereopsis and increase
the field of binocular vision, suggesting that there may be
residual neural plasticity in adulthood.***

Previous studies have demonstrated the exact visual
cortex area of the control centre of fusion and showed
changes in the cerebral cortex in patients with exotropia.
Yang et alreported that the bilateral frontal gyrus and left
lingual visual cortex regulate normal fusion function in
human eyes.*” Zhu reported that patients with concom-
itant exotropia exhibited significantly less functional
connectivity (FC) between the left Brodmann area (BA)
and left lingual gyrus/cerebellum posterior lobe, right
middle occipital gyrus (MOG), left precentral gyrus/
postcentral gyrus and right inferior parietal lobule/
postcentral gyrus and significantly less FC between the
right BA17 and right MOG, which may underlie the
pathologic mechanism of impaired fusion and stere-
opsis in patients with concomitant exotropia.”* Shi et al
reported that, in patients with constant exotropia, the
right V2 showed increased regional homogeneity (ReHo)
values, whereas the left BA47 demonstrated decreased
spontaneous ReHo values compared with HCs.” Li et al
demonstrated that the fractional anisotropy values in the
right inferior frontal-occipital fasciculus (FOF) and right
inferior longitudinal fasciculus were significantly higher
and that the radial diffusivity values in the bilateral FOF,
forceps minor, left anterior corona radiata and left ante-
rior thalamic radiation were significantly lower in the
concomitant exotropia group than in the HG group.”
With voxel-based morphometry, smaller volumes of gray
matter were found in the occipital eye field and parietal
eye field, and greater volumes were found in the frontal
eye field, supplementary eye field and prefrontal cortex
in concomitant exotropia. 0 Many areas in the cortex
and/or subcortical levels of patients with IXT also had
abnormal functions. Li et al reported that increased acti-
vation intensity was observed in the bilateral MOG, right
inferior temporal lobule, right precuneus and fusiform
gyrus, and lingual gyrus in the right occipital lobe in
subjects with IXT compared with normal subjects.*

Overall, assessing the visual cortex of patients with IXT
is a way to evaluate changes related to stereopsis and
other functions. However, few studies have focused on
the plasticity of patients with IXT between cerebral fusion
dysfunction and ophthalmic outcomes in follow-ups. In
our study, we will perform ophthalmic examinations, such
as binocular visual function, NCS and BOLD-fMRI, during
the follow-up preoperation and postoperation, which
can help us to analyse the changes in fusion function in
the eyes and visual cortex comprehensively and provide
evidence for the correlation between IXT and cerebral
unbalanced activation. Whether the fMRI changes are
related to binocular visual function changes or whether
there are changes in other cortex will remain unknown
until the trial is finished. Perhaps cortical changes will fail
to improve binocular visual function, indicating that the

changes in the cortex are not synchronised with the alter-
ations of binocular visual function, that the slight changes
in the cortex are not enough to induce the changes in
binocular visual function or that the existing binocular
visual test is not sensitive enough. Even if some regions
do not belong to visual cortex, we will also record and
analyse them in the present study, because they might
also be related to exotropia. The results might provide
essential clues to determine potential explanations for
the role the central nervous system plays in the pathogen-
esis and ecology of IXT.

Rationale of the study design
In recent years, fMRI has become a useful tool for
exploring the central mechanism of fusion function as a
non-invasive assessment method, which can probably be
combined with clinical examination to improve the diag-
nosis and treatment of IXT. The main advantages of fMRI
are high spatial resolution and the ability to reveal detailed
microscopic structural changes.” BOLD-fMRI uses the
principle of blood oxygenation level dependence, that is,
inconsistencies in the local haemodynamics of neurons
following excitation, to reveal spontaneous neuronal
activity by quantifying alterations in blood oxygen level
signals.” In addition, 3.0 T fMRI has better signal noise
and contrast noise than clinically used conventional 1.5
T fMRI. Thus, the present study will employ 3.0 T BOLD-
fMRI to localise and quantify brain perceptual activities.
Furthermore, resting-state fMRI is an instrumental
research method in vision-induced fusion function eval-
uation. Previously, resting-state fMRI was widely used to
evaluate changes in the visual cortex. In our preliminary
pre-experimental study, we measured the ALFF values
and the fALFF values using resting-state fMRI. Compared
with HGs, ALFF/fALFF values significantly increased in
the bilateral inferior parietal lobe, MOG and inferior
frontal gyrus and decreased in the bilateral postcentral
gyrus, precuneus gyrus and right precentral gyrus of
patients with IXT. Functional examinations of the visual
cortex combined with IXT perioperative evaluation have
provided benefits, such as further research about the
correlation between visual cortex impairment, plasticity,
pathogenesis, treatment and prognosis in patients with
IXT .

Potential findings and significance

In non-human primates, the two eyes are prevented
from drifting apart through the regulation of the cortical
binocular mechanisms, which maintain fusion. When
one eye is occluded, the cortical drive is interrupted, and
the covered eye drifts outward.” As shown in our overall
study schedule, we will evaluate the changes in the visual
cortex before and after the IXT operation and will aim
to find the connection between binocular visual func-
tion and visual cortex function in patients with IXT. In
addition, the findings can provide a non-invasive method
for the assessment of visual function via resting-state
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BOLD-fMRI, which may be used as an evaluation method
in patients with strabismus and amblyopia.

Trial status

Participant recruitment will start on 1 September 2021,
and the approximate date when recruitment will be
completed by is 31 August 2023.
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