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ARTICLE INFO ABSTRACT
Keywords: Intermittent exotropia (IXT) is characterized by intermittently outward deviation of the eye and
Convergence involved with vergence dysfunction. This study aimed to investigate the brain areas related to

Cortical function voluntary convergence and cortical activation changes between IXT patients and normal subjects.

fMRI . . A total of 21 subjects, including 11 IXT patients and 10 age- and sex-matched normal subjects,
Intermittent exotropia . . . . .
MEG were recruited for this study. A voluntary convergence task was employed, with changes in brain

function measured by functional magnetic resonance imaging (fMRI). Correlations between
cortical activation and clinical measurements were conducted by Pearson’s correlation analysis.
fMRI results showed that during voluntary convergence, the medial frontal gyrus (MFG) and
bilateral occipital cortex were activated in the normal group, whereas only activation of the
occipital cortex in IXT patients. Compared with the normal, IXT patients showed hypo-activation
of both the MFG and cuneus during the task. The activation of MFG was negatively correlated to
the duration of IXT. This study demonstrates that both MFG and occipital cortex may participate
in voluntary convergence in normal subjects, while IXT patients have an aberrant cortical func-
tion of the MFG and cuneus, and the duration of IXT likely influences the severity of MFG. These
findings may provide valuable insights for understanding the relationship between convergence
and IXT.

1. Introduction

Intermittent exotropia (IXT), a subtype of exotropia, is characterized by divergent misalignment of the visual axis in ophthal-
mology. Its prevalence is estimated to be approximately 3% worldwide, with a higher prevalence in Asia [1-3]. Patients with IXT may
have an exodeviation of one eye when tired or exposed to bright light, which could be controlled with attention. As a result, IXT can not
only deteriorate visual function and stereopsis but also impact the appearance and overall quality of life. The etiology of IXT involves
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changes in ocular muscles and visual processing and remains uncovered [4,5].

The visual system’s ability to maintain alignment of the eyes and coordinate their movements, with the cooperation of “vergence
eye movements” and “binocular fusion”, plays a crucial role in facilitating single and clear vision. Convergence, maintaining binocular
fixation on the same object, is essential for eye position control, and its dysfunction may cause diplopia and further correlate with
exodeviations [6]. Studies have suggested a potential link between IXT and deficits in convergence ability. Children with IXT had
reduced convergence amplitudes detected at both distance and near [7]. Patients with IXT exhibited deficits in convergence and
showed a strong correlation between fusion reserve ratio and control score [8]. Meanwhile, restoration of convergence is essential to
recovery after strabismus surgery [9]. Given that convergence involves complex interactions among sensory input, ocular motor
control, and cognitive processing, disturbances in these mechanisms could contribute to developing or exacerbating IXT. However, the
exact nature of this relationship and its underlying mechanisms require further exploration.

Functional magnetic resonance imaging (fMRI) is a non-invasive technique to evaluate brain function changes. Some cortical areas
with abnormal activation in IXT have been reported using fMRI. Previous studies showed higher functional connectivity between brain
regions related to vision and eye movement [10], as well as altered brain activation in patients with IXT during fusion stimulus [11].
Our previous studies also found cortical alterations in patients with constant exotropia [12]. However, the cortical activation changes
related to convergence function in IXT remain unclear. It is a worthwhile endeavor to study which brain area is involved in
convergence and how it changes in IXT.

The present study aimed to investigate the brain areas related to convergence and their functional alterations in IXT. Hence, we
designed a voluntary convergence task and obtained related cortical activation changes with task-fMRI. The correlations between
exodeviation angle or strabismic duration and cortical activations were also analyzed. These findings provide new evidence of
impaired convergence function in patients with IXT and shed light on the underlying neural mechanisms of IXT.

2. Methods
2.1. Subjects

A total of 11 patients diagnosed with IXT and 10 healthy volunteers were recruited in this study from September 2020 to March
2022 at the First Affiliated Hospital of Anhui Medical University. All participants underwent a complete series of binocular exami-
nations by an experienced ophthalmologist, including slit-lamp and fundus examination, eye motility, angle of deviation and
convergence function. Participants’ binocular best-corrected visual acuity was at least 0.2 logMAR or better. The angle of deviation
was measured both at near (33 cm) and distance (5 m) by the prism and alternate cover test. The convergence function is examined by
the near point of convergence (NPC). Subjects were asked to look at a fixation target 50 cm away. Then the examiner pushed the target
along the two eyes’ midline slowly until the subject reported diplopia. The distance between the target and the patient was recorded for
analysis [13]. All participants had no history of amblyopia, anisometropia, psychiatric disorders, or other central nervous system
dysfunction. The IXT and normal groups were matched for age, sex, BCVA of each eye, and NPC (all, p > 0.1). The detailed de-
mographics are shown in Table 1. The study was approved by the ethics committee of the First Affiliated Hospital of Anhui Medical
University (PJ2023-01-53). All participants wrote informed consent after understanding the purpose and risks of this study.

2.2. fMRI experiment design

We designed an eye-movement task with a block design paradigm in this study. As shown in Fig. 1a, the image stimuli were
projected on a translucent projector screen superior to (anatomical position) the subject’s head. Subjects could see the entire screen
through an angle-adjustable mirror fixed on the head coil anterior to their eyes. The total distance between the screen and the subjects’
eyes was 81 cm. The audio stimuli were played through an MRI-compatible headset. The visual and audio stimuli were presented with
E-prime 2.0 (Psychology Software Tools, Pennsylvania, USA) and an audiovisual stimulation system for fMRI (Sinorad Medical
Electronics Inc., Shenzhen, China). A trigger pulse from the MRI scanner synchronized the onset of the audio and video stimuli with the
start of image acquisition.

Table 1

Demographics and clinical details of IXT and normal individuals.
Characteristic IXT Normal Statistic P-values
Number 10 8 N/A N/A
Age (years) 24.60 + 4.79 23.63 £ 1.19 t=0.56 0.584
Gender (Male/Female) 6/4 3/5 N/A 0.637
Duration of IXT (years) 16.00 + 7.29 N/A N/A N/A
Angle of deviation at near —75.00 + 10.27 N/A N/A N/A
Angle of deviation at distance —71.00 + 13.29 N/A N/A N/A
BCVA of the right eye (logMAR) 0.031 + 0.062 0.0022 + 0.047 U=30 0.375
BCVA of the left eye (logMAR) 0.029 + 0.047 0.0121 + 0.034 U=37 0.588
NPC (cm) 4.540 + 0.955 3.913 + 0.491 U=22 0.104

Abbreviations: IXT: intermittent exotropia; BCVA: best corrected visual acuity; logMAR: logarithm of minimal angle of resolution; NPC: near point of
convergence; N/A: not applicable.
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Fig. 1. Diagram of the experimental set-up and task-fMRI design. (a) The schematic of the experimental set-up. Subjects fix the red dot for the
convergence gaze condition or fix the white cross through the mirror for the central gaze condition. The distance between the red dot and eyes is 6
cm and between the display and eyes is 81 cm. Both the screen and eye tracker are MRI-compatible. (b) The timeline shows the process and content
of a single trial in the voluntary convergence task. There is a 15-s preparation before the first trial. Before each condition, there is a 6-s audio tip
about the following condition. The duration of the central gaze or convergence gaze is 10 s. The duration of rest is about 8-12 s by pseudorandom,
and the sum of the rest1 and rest2 in a trial is 20 s. Hence, the total duration of a single trial is 64 s. Following the rest 2, another trial starts without
an interval. There are 7 trials in a run. The fixation of each gaze condition was drawn above the timeline. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Each participant received 2 successive runs with a short interval. There are 7 trials in a run, with each trial having 3 different
conditions: a central gaze, a convergence gaze, and a closed-eye rest condition. During the central gaze condition, subjects were asked
to fix their eyes on a white cross with a black background displayed on the screen. During the convergence gaze condition, subjects
were asked to fix a red dot placed on the head coil and 6 cm in front of the subjects’ midline while the screen was black. The schematic
of a trial is shown in Fig. 1b. To avoid practice effects, each rest was pseudo-randomized and was approximately 8-12 s in duration.
Before formal fMRI scanning, all participants had enough practice to make sure, that they were familiar with the conditions and audio
tips. Subjects were told to change their gaze after the audio but not during it. Throughout the scan, researchers could monitor par-
ticipants’ eyes with an eye tracker (EyeLink 1000 Plus, SR Research, Canada) to ensure their gaze is correct in different conditions
(Fig. S1). Meanwhile, to ensure participants’ adduction ability, we examined participants’ voluntary convergence before scanning, like
the NPC assessment.

2.3. Image acquisition

MRI scanning was performed by a GE 3.0T MR scanner (Discovery MR750, GE Medical Systems, Wisconsin, USA) with a standard 8-
channel head coil at the Information Science Center of the University of Science and Technology of China. Some comfortable sponges
were used to fill gaps between the subjects’ heads and the head coil to avoid tiny head motion. Earplugs were used to reduce scanner
noise.

The functional images were collected with an echo planar imaging sequence with the following scan parameters: repetition time
(TR) = 2400 ms, echo time (TE) = 30 ms, flip angle = 90°, field of view = 192 x 192 mmz, matrix size = 64 x 64, slice thickness = 3
mm, number of slices = 46, voxel size = 3 x 3 x 3 mm?®. The three-dimensional T1-weighted images were acquired with the following
scan parameters: TR = 8.2 ms, TE = 3.2 ms, flip angle = 12°, field of view = 256 x 256 mm?, matrix size = 256 x 256, slice thickness =

1 mm, number of slices = 192, voxel size =1 x 1 x 1 mm?®.

2.4. Data preprocess and analysis

For the fMRI data, we used AFNI (Analysis of Functional Neuro Images, https://afni.nimh.nih.gov) for image process and data
analysis [14]. After converting the data from DICOM to NIFTI format files, the first 5 vol of each subject were discarded to eliminate
any unstable magnetic fields or subjects’ fluctuating neural activities. The slice-timing and head motion corrections were conducted to
improve the temporal and spatial resolution of the data. Slices with head motion greater than 0.3 mm were censored. Additionally,
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subjects with more than 5% censored slices were excluded from further analysis, and a total of 3 subjects were excluded due to
excessive head motion. Ten IXT patients and 8 normal controls participated in the fMRI analysis. Then, functional images were
normalized to the respective native structure images and Montreal Neurological Institute (MNI) template. After spatial smoothing
(FWMH = 6 mm) by a Gaussian kernel, the general linear model was used to calculate each voxel’s regression factor (beta) in different
gaze statuses for each participant [15].

2.5. Statistical analysis

For fMRI data, a paired-sample t-test was performed using AFNI to compare brain activation differences between the central gaze
and convergence gaze within groups. The two-sample t-test was conducted to compare activation differences between IXT and normal.
At the voxel level, statistical significance was set at p < 0.005. At the cluster level, p < 0.05 was set as the statistical threshold with
AFNI 3dClustSim correction [16]. The statistical results were rendered into a three-dimensional cortical surface using SUMA [17].

In addition, Pearson’s correlation analysis was performed to explore the relationship between the beta effect changes and clinical
measurements in the IXT using GraphPad Prism 9.3. P < 0.05 was considered to indicate statistical significance.

3. Results
3.1. Brain activation changes in IXT and normal groups

To explore the brain areas related to voluntary convergence, we first computed the cortical activation during the convergence task
in the IXT and normal groups, respectively. In patients with IXT, significantly increased brain activation during convergence versus a
central gaze was observed mainly in the bilateral lingual gyrus (Fig. 2a, Table 2). In normal subjects, the substantially activated cortical
regions during convergence versus a central gaze were observed in the bilateral cuneus and the left medial frontal gyrus (MFG)
(Fig. 2b-Table 2).

A comparison of the activation changes between the two groups during the convergence task showed that the IXT subjects had
decreased brain activation in the right cuneus and right MFG (Fig. 2c-Table 3). These findings suggest that patients with IXT exhibit
altered cortical activation patterns during voluntary convergence, particularly in the visual and prefrontal areas, compared to normal
subjects.

3.2. Relationship between the activated cortex and clinical measurements

To discover the potential influence of clinical measurements on cortex activation, we extracted the mean beta effect changes in the
activated cortices during the task-fMRI for each participant of the IXT group and conducted correlation analysis. The activation of the
MFG showed a negative correlation to the duration of strabismus marginally beyond statistical significance (Fig. 3, p = 0.0535, r =
—0.6247) but not to the near/distance exodeviation angle (Fig. S2). However, cuneus activation showed no correlation to either of the
clinical measurements (Fig. S3).

4. Discussion

According to previous studies, patients with IXT exhibit abnormal cortical function. To our knowledge, the present study is the first

IXT - Normal 8

Fig. 2. Cortical activation changes during voluntary convergence task. The brain regions with significant activation are shown on the cortical
surface. The red color indicates positively activated regions while the blue for negative. The activated cortical regions are distributed in (a) the
bilateral partial occipital cortex among the IXT, and in (b) the medial prefrontal cortex and the bilateral occipital cortex among the normal. (c)
Compared with the normal, the IXT had obviously hypo-activated cortices distributed in the medial prefrontal cortex and bilateral occipital cortex.
The color bar represents the T value from the paired-sample t-test within (a) the IXT or (b) the normal subjects, and from (c) the two-sample t-test of
the two groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Brain regions with significant activation during convergence in the IXT and normal groups.
Group No. Brain regions BA Peak Z value  Voxels  MNI coordinates Voxel p value  Cluster p value
X Y Z
IXT Cluster 1 Left lingual gyrus Left BA19 10.77 523 -13.5 +525 -1.5 0.005 <0.01
Cluster 2 Right lingual gyrus Right BA19  8.40 180 +13.5 555 —45 0.005 <0.01
Normal  Cluster 1  Right cuneus Right BA19  16.00 1379 +4.5 -88.5 +345 0.005 <0.01
Cluster 2 Left medial frontal gyrus  Left BA10 5.90 102 -1.5 +46.5 —10.5  0.005 <0.05

Abbreviations: IXT: intermittent exotropia.

Table 3
Brain activation differences during convergence between the IXT and normal.
No. Brain regions BA Peak Z value Voxels MNI coordinates Voxel p value Cluster p value
X Y Z
Cluster 1 Right cuneus Right BA19 —6.56 447 +4.5 —-91.5 +31.5 0.005 <0.01
Cluster 2 Right medial frontal gyrus Right BA11 —5.44 272 +1.5 +34.5 -13.5 0.005 <0.01
Ly = 0.0535
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Fig. 3. Correlation between activation of MFG and duration of IXT. For IXT, the beta effect of the activated MFG correlates with the duration of
IXT with slightly missing the significance (p = 0.0535, r = —0.6247). MFG: medial frontal gyrus; p, p-value; r, Pearson’s correlation coefficient.

to explore the cortical activation changes relating to voluntary convergence among the IXT by fMRI. Our findings revealed that: (1)
during the voluntary convergence task, patients with IXT showed significant activation in the bilateral lingual gyrus, while the normal
group showed apparent activation in the cuneus and MFG; (2) compared with the normal group, the IXT group showed considerable
hypo-activation in the right cuneus and MFG during the voluntary convergence task; (3) the activation of MFG was correlated with the
duration of IXT. These results suggest that cuneus and MFG participated in voluntary convergence in normal subjects, while the
function alterations in these areas might be involved in the IXT.

Vergence maintains the eyes in a converged or diverged position to stare at the close or far stimuli and establishes not only
binocular single vision but also stereopsis. A previous study on vergence tasks has found that several brain regions are activated when
participants are instructed to stare alternately at 1 of 3 fixation points (2°, 3°, or 4° centered along the subjects’ midline) [18]. These
regions include those associated with eye movement (e.g., frontal eye field, supplementary eye field), visual processing (e.g., cuneus,
lingual gyrus, precuneus), and attention (cingulate). In this study, we asked participants to maintain a vergence situation for 10 s
without moving their eyes, with a near fixation point of about 27° centered along the subjects’ midline and a far point of about 2°. We
found that the cuneus and lingual gyrus, previously implicated in vergence tasks, were activated during voluntary convergence. In the
frontal lobe, the activated region we found was MFG, rather than frontal eye fields or dorsolateral prefrontal cortex identified in the
previous research [18]. However, it’s possible that these brain activation differences between this study and the previous research
were due to the longer fixation duration in our work (i.e., 10 s in our study vs. 2 s in previous studies), where brain activity related to
maintenance of converge was in dominance while brain activity related to eye movements was minimal. This is critical in the present
study, as we aimed to discover the cortices related to voluntary convergence rather than eye movements.

The visual cortex is involved in the visual information process and plays a role in eye position encoding, pursuit, and saccade
behaviors [19,20], which are essential for normal visual acuity, stereopsis, and eye alignment [21]. Using task-fMRI, we found
apparent and similar activating areas in visual cortex among both IXT and normal groups. Our sample size is similar to other task-fMRI
studies related to vergence [22,23]. These suggest that the task paradigm is valid and the results are reproducible. Meanwhile,
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convergence could lead to a prominent difference in observed images between two eyes, i.e., binocular rivalry. During the convergence
task, we observed significant activation in the bilateral lingual gyrus among the IXT group and in the cuneus among the normal group.
This might be due to binocular rivalry, which is also reported in a recent study [24]. Furthermore, we observed hypo-activation of the
visual cortex in IXT when compared to the normal group. Our and other previous studies have identified visual cortical impairments in
individuals with exotropia through resting state-fMRI [12,25,26]. This result suggests that IXT also suffers from deficits in binocular
vision, especially during evident binocular rivalry, although they could have normal visual acuity.

MEFG contributes to reorienting attention from exogenous to endogenous attentional control and anticipation tasks [27,28].
Interestingly, we found that MFG activated robustly during the voluntary convergence task in the normal group but not in the IXT. This
result may indicate IXT’s dysfunction in visual spatial attention and fixation maintenance related to the voluntary convergence task. By
the way, we also found the beta effects of MFG were negatively correlated to the duration of IXT. This may be another evidence that
MEFG is involved in the occurrence of IXT, and the pathological severity in the MFG is influenced by the duration of IXT. A previous
study reported increased activated areas in MFG after visual therapy among patients with convergence insufficiency, suggesting MFG’s
potent role in convergence function [29]. We did not find significant differences in the near point of convergence between the IXT and
normal group. This may indicate different neural mechanisms between the IXT and convergence insufficiency. However, it is also a
worthwhile endeavor for further studies to discover the relationship between convergence function and MFG to understand its role in
IXT completely.

Anyway, there are still some limitations in this study. The participants in this study were adults beyond the critical period of visual
development. Therefore, the generalizability of the findings to children or adolescents with IXT, whose brains exhibit greater plas-
ticity, may be limited. Due to the strict inclusion criteria, the number of participants enrolled in this study is limited. Nevertheless,
convergence activated similar brain areas in the two groups, suggesting that our experiment design is reliable. It is also important to
note that the voluntary convergence task used in this study may only reflect some aspects of the vergence function, including tonic
vergence, accommodative vergence, fusional vergence, and proximal vergence. The task in this study may correspond to proximal
vergence, and therefore, caution should be taken when interpreting the findings in the context of the broader clinical features of IXT. In
our future research, we plan to expand the participant pool and incorporate additional experimental conditions to enhance the
robustness of our studies and explore more valuable results.

In this study, we designed a voluntary convergence task to investigate changes in cortical activity among the IXT and normal
subjects. Our findings revealed significant hypo-activations rather than over-activations related to voluntary convergence among the
IXT, including the bilateral visual cortex and parts of the medial prefrontal cortex. Moreover, we identified a potential relationship
between MFG activation and the duration of IXT. We proposed that cuneus and MFG may take part in the process of voluntary
convergence and are involved in the occurrence of IXT.
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