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Purpose: To investigate the changes in neural activity in V1, V2, and V3 visual cortical areas of control participants and amblyopic
patients during visual stimulation under four differing visual inputs.

Patients and Methods: A total of 14 children with monocular amblyopia and 11 age-matched healthy controls were recruited for the
study. A fast meridional retinotopic mapping paradigm was employed to efficiently localize regions of interest (ROIs) within the visual
cortex. Four types of visual stimulation were achieved using a spatiotemporally modulating checkerboard paired with anaglyph red-
blue glasses: amblyopic or non-dominant eye only (AE), fellow or dominant eye only (FE), balanced dichoptic (BE), and imbalanced-
dichoptic stimulation (DE).

Results: Amblyopic patients exhibit significantly reduced neural activity across V1, V2, and V3 compared to control participants. DE
resulted in the most significant reductions in cortical responses for amblyopes. In the control group, significant differences were
observed between AE and BE, FE and BE, and BE and DE, while no significant differences were found between AE and DE. In the
amblyopic group, significant differences were identified between AE and DE, FE and DE, AE and BE, FE and BE, as well as between
BE and DE.

Conclusion: Imbalanced dichoptic stimulation produced the largest and most significant reductions in cortical responses, observed
exclusively in the patient group, indicating a suppressive influence from the fellow eye. These exploratory data support the view that
imbalanced dichoptic stimulation may offer greater potential for neural response recovery compared to monocular approaches. The
experimental protocols and findings reported here provide a comparative framework to inform the development of more effective
rehabilitation strategies for children with amblyopia.
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Introduction

Amblyopia is the leading cause of significant vision loss in children and young adults, and visual deficiencies can persist
well into later adulthood.'” Amblyopia is a central nervous system (CNS) neurodevelopmental disorder, when the
development of the neural circuits that compute binocular disparity is disrupted by strabismus, anisometropia, high
refractive error, or form deprivation without any organic ocular abnormalities.> There are multiple functional deficits
along the visual pathway, including the retina, lateral geniculate nucleus of the thalamus (LGN) and visual cortex.* It is
clinically characterized by reduced best-corrected visual acuity in one or both eyes,® although there are many functional
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deficits including impaired binocular sensory fusion, stereoacuity, and reduced binocular motion sensitivity.":” These
deficits can markedly diminish quality of life by interfering with educational attainment and professional functioning,
while also increasing the risk of mental health difficulties related to visual impairment.® Despite this significant burden,
therapeutic options remain limited, especially for individuals who do not respond adequately to conventional
interventions.

Aside from optical correction and the removal of the causes of ocular dysfunction, occlusion and atropine
penalization therapy are the main treatments for amblyopia. These methods work by impeding the dominant eye,
driving the monocular use of the amblyopic eye to promote its recovery. Functional magnetic resonance imaging
(fMRI) provides important advantages for studying the pathophysiology of amblyopia and assessing treatment
outcomes.” '! Early studies suggested that the neuropathological basis of amblyopia mainly involves abnormalities
in the occipital cortex, particularly in primary visual cortex (V1), the largest visual area and the first cortical site of
clear binocular integrzaxtion.lz*14 However, later structural, resting-state, and stimulation-based MRI studies showed
that abnormalities in amblyopia are not confined to early occipital cortex, but also affect downstream visual areas
including V2, V3, V3a, and higher-order regions such as V7 and MT+.”'""'>"'® This broader pattern is consistent
with neurophysiological recordings from extrastriate visual areas in experimental primate models of
amblyopia.'® %2

Functional MRI studies have shown that after monocular occlusion therapy, activity in both the striate and extra-
striate regions of the brain in amblyopic patients increases.”> However, these methods are most effective primarily in
children under 7 years of age, and decreases in efficacy is attributed to progressively reduced neural plasticity beyond age
7 that increasingly limits visual function improvements.****> Recent studies have found that dichoptic binocular
treatment may offer a new approach to treating amblyopia, through more complex balancing of the dynamic inhibitory
cross-talk between eyes.® %’ In this method, high-contrast or behaviorally attended target stimuli are presented to the
amblyopic eye, while low-contrast or irrelevant distractor stimuli are presented to the fellow eye to rebalance neural
cross-ocular-inhibition. Both fundamental and clinical studies comparing the efficacy of various binocular therapies

against occlusion or penalization therapy are underway,3045

and this body of work demonstrates a promising route to
translate neuroscientific understanding of binocular vision into optimal clinical intervention.*® In 2024, the American
clinical guidelines for amblyopia (Preferred Practise Pattern, PPP) incorporated a new home-based treatment, CureSight,
suggesting that it is non-inferior to monocular occlusion therapy.*’ CureSight uses anaglyph red-blue glasses—stereo-
scopic glasses that present different images to each eye using colored filters—while subjects view contrast-imbalanced
visual content.

The comparative changes in neural activity in the visual cortex during monocular occlusion versus imbalanced-
dichoptic therapeutic approaches are however poorly understood. Knowing how these different visual inputs impact
neural activity is crucial for developing and refining targeted interventions that maximize recovery and visual
function in amblyopic patients. We hypothesized that imbalanced-dichoptic stimulation in amblyopes should result
in the largest reductions of cortical activity across cortical areas compared to monocular stimulation. Such a result
would support the idea that imbalanced dichoptic stimulation provides the best avenue for neural activity recovery
with training. To test this hypothesis, we first utilized a fast meridional retinotopic mapping paradigm to minimize
the time it took to localize the visual cortex ROIs, given the difficulty in keeping young participants stable in the
scanner for long periods of time. We then employed a spatiotemporally modulating checkerboard paired with
anaglyph red-blue glasses with four ocular stimulation classes: monocular stimulation of the amblyopic eye (non-
dominant eye in control participants), monocular stimulation of the fellow eye (dominant eye of control partici-
pants), normal dichoptic stimulation (both eyes at 100% contrast), and imbalanced-dichoptic stimulation (amblyopic
eye at 100% contrast, fellow eye at 15% contrast). We were particularly interested in contrasting amblyopic-eye vs.
imbalanced-dichoptic stimuli, as these most closely associate with classical monocular patching compared to
binocular training therapies. Using 3T fMRI, we explored the changes in neural activity in V1, V2, and V3 visual
cortical areas of control participants and amblyopic patients during visual stimulation under these differing visual

inputs.
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Materials and Methods

Participants

This was a prospective exploratory clinical intake study, approved by the Ethics Review Committee of Shanghai
Children’s Medical Center, affiliated with Shanghai Jiao Tong University School of Medicine. The study was conducted
in accordance with the principles of the Declaration of Helsinki. Written informed consent was obtained from all
participants (or their legal guardians, if applicable) prior to enrollment. A formal a priori power analysis was not
conducted. The sample size was determined pragmatically based on the availability of eligible children with monocular
amblyopia presenting through clinical intake during the recruitment period. An age-matched healthy control group was
recruited to provide an appropriate comparison sample. Twenty patients and sixteen controls were initially recruited;
however, six patients and five controls were excluded due to non-compliance in the scanner (not maintaining focus for
the whole session as measured using the attention paradigm or moving excessively). The fourteen remaining patients
with anisometropic amblyopia comprised 3 males and 11 females, aged 7 to 18 years, with best-corrected visual acuity
(BCVA) of the amblyopic eye worse than 0.2 LogMAR, and visual acuity of the fellow eye better than 0.1 LogMAR; the
interocular visual acuity difference was 2 lines or more. All patients were right-handed, had no other ocular diseases, and
met the criteria for amblyopia. Additionally, we recruited healthy controls who met the following criteria: 5 males and 6
females, aged 7 to 18 years, with consistent visual acuity in both eyes and BCVA better than 0.1 LogMAR, no ocular
diseases, dominant right eyes, and right-handedness (Table S1).

Clinical Assessments

All participants underwent a comprehensive ophthalmological examination. Distance visual acuity was measured using
a Standard Logarithm Visual Acuity Chart, and refraction was performed under rapid cycloplegia induced by 0.5%
tropicamide eye drops (Bausch & Lomb, Inc.) to determine the best-corrected visual acuity (BCVA). Anterior segment
assessment was conducted using a slit-lamp biomicroscope, followed by a routine fundus examination. Muscle balance
was evaluated by examining ocular motility in the nine cardinal positions of gaze. Fusion control was assessed at near
distance using the Worth 4-dot test. Sensory status and stereopsis were evaluated at near distance using the Titmus
Original Stereo Fly Stereotest (Stereo Optical Co., Chicago, USA). Binocular function (BF) scores were used to extend
the stereopsis scale. As previously described, BF scores were derived from the logarithmic values of the Stereotest and
the Worth 4-dot test results (Table S2).”*® Color vision was assessed using the Color Blindness Examination Chart (5th
Edition; People’s Medical Publishing House, Beijing, China), confirming that all subjects had normal color vision. All
functional examinations were conducted with full optical correction for each patient.

Apparatus

All visual stimuli were generated using the Opticka experiment framework*® and the Psychophysics Toolbox>® running in
MATLAB R2023b (MathWorks, Natick, USA) on Ubuntu Linux V22.04. The stimuli were presented on an MR
compatible LCD panel (SA-9939, Sinorad Medical; 1920x1080 px resolution, 60 Hz refresh rate) positioned at the
end of the MRI bore, and viewed via a mirror mounted on the head coil. The viewing distance was 225 cm. The screen
luminance was measured and stimuli calibrated using a spectrophotometer (SpectroCal II, Cambridge Research Graphics,
UK). A tilted mirror placed above the participants’ eyes provided a full view of the screen. MRI-compatible glasses were
used to correct each participant’s vision to their best-corrected visual acuity. Participants were introduced to the scanner
equipment and what was going to happen, instructed to remain calm and avoid unnecessary movement in the MRI
scanner, and were asked to maintain central fixation by focusing their attention on the central stimuli, thereby ensuring
consistent convergence and accommodation throughout the trial. The subjects’ eyes were monitored using infrared
cameras (MD-M100, Sinorad Medical) and observation of this video feed was used to ensure subjects were attentive and
compliant during scanning. The central attention task consisted of a 0.4° visual shape (presented on top of a 0.5° gaussian
smoothed mask that occluded the underlying stimulus) that changed at random between a triangle and a star every 3 to
5 seconds. Participants were instructed to respond to these changes with a keypress to maintain a good overall score.
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Retinotopic Mapping

Given the limited time available for data collection with young children, we chose to use a simplified meridian mapping
procedure based on the work of Greenberg et al’' 45° square-wave checkerboard wedges (contrast = 1, presented on a 0.5
grey background) whose spatial frequency decreased across retinotopic extent phase reversed at 4Hz and were presented
with an 18 second ON 18 seconds OFF time course repeated 16 times (8 vertical and 8 horizontal alternations,
Figure la). The total mapping time was 324 seconds (5.4 minutes including an initial and final 18 second blank).
Although we did not repeat the meridian mapping multiple times as in the original Greenberg procedure, our analysis
revealed consistent and robust responses across ROIs, with high signal-to-noise ratio. We therefore believe that a single
324TRs run was sufficient for reliable estimation in our specific setup. Nevertheless, we acknowledge this limitation and
suggest that future studies may benefit from including repeated runs.

Visual Stimuli for Cortical Activation
To stimulate visual neurons across the early to intermediate visual areas, we used a square-wave checkerboard with both
a slow oscillating change in spatial frequency (SF) alongside continual angular rotation (Figure 1b). The spatial
frequency was sinusoidally modulated from 0.5 cycles/° to 1.4 cycles/® with a temporal frequency of 0.2 cycles/second.
The angle was changed at a linear rate of 6 °/second. These slow changes in orientation and spatial frequency aimed to
maximize stimulation of visual cortical cells while minimizing discomfort for our child subjects, as evidenced by pilot
testing (subjects felt uncomfortable with either faster, more complex, or flickering stimuli).

To selectively stimulate the fellow eye (which is the dominant eye of control participants) and amblyopic eyes (which
are the non-dominant eyes for control participants), participants wore anaglyph red-blue glasses. To minimize any cross-
talk between the eyes (given the fact that filters do not perfectly isolate chromatic content) and balance the physical

a b

Retinotopic Identification of Visual Areas

Meridian Mapping Stimuli [ |
- Tvalue 5
C AE: Amblyopic Eye FE: Fellow Eye

BE: Balanced Dichoptic

Figure | (a) Examples of the vertical and horizontal checkerboard wedges that were used to stimulate the visual meridians. At the centre of the display is a 0.4° triangle or
star shape; this alternated every 3 to 5 seconds and subjects had to press a button when the changes occurred. (b) Results of the Meridian mapping in the group average,
delineating dorsal and ventral domains of areas V| to V3. (c) Dichoptic anaglyph presentation of a full-field animated checkerboard. The four conditions demonstrate sample
frame inputs to the amblyopic/non-dominant and fellow/dominant eyes across AE, FE, BE and DE stimulation. The attention task was the same as in the mapping protocol.

DE: Imbalanced Dichoptic
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luminance output of the left and right-eye channels, we iteratively measured the display with the spectrophotometer
across a range of RGB gain values. We identified the optimal left and right eye channel gains which were passed as
parameters to the Psychophysics Toolbox’s anaglyph stereo—mode 8 (using the SetAnaglyphSteroParameters command).
Subject maintained central fixation and performed the attention-maintenance task described above. A block design was
employed in this study. The presentation sequence repeated 4 times was as follows: blank (16s) = AE (16s) = blank
(16s) = FE (16s) = blank (16s) = BE (16s) = blank (16s) = DE (16s), for a total scan time of 512 seconds
(8.8 minutes). MATLAB code with an operator GUI for running both the dual-axis meridian mapping and the
stereoscopic visual stimulation is freely available at https://github.com/CogPlatform/binocularMRI.

MRI Sequence

Magnetic resonance imaging data were acquired on a 3 Tesla MRI scanner (Siemens Prisma) with a 64-channel receive
1-channel transmit head coil, in the Shanghai Jiao Tong University School of Medicine. High-resolution anatomical MRI
was acquired with a T1w-MPRAGE sequence (1.0-mm isotropic voxels, 175 sagittal 1-mm thick slices, 256 x 256 matrix
with 1.0-mm in-plane resolution, TR/TE = 2300/2.98 ms, FA = 9°, TI= 900 ms). Functional data were collected with
a two-dimensional gradient-recalled echo-planar imaging (2D GE-EPI) sequence (2.0-mm isotropic voxels with 72 slices,
TE =37 ms, TR =1s, FOV = 104 x 104, FA = 52°, posterior -to- anterior phase encoding direction). Functional images
with reversed phase encoding directions were acquired for distortion correction. In this experiment, the retinotopic
mapping acquired 324 TRs, while the main experiment collected 512 TRs.

fMRI Data Analysis
Preprocessing

Magnetic resonance imaging data were preprocessed and analyzed with AFNI,>?

FreeSurfer Version 6.0, and the mripy
package developed in our lab (https://github.com/herrlich10/mripy). Preprocessing of EPI data includes slice timing

correction, distortion correction (blip-up/down), rigid body motion correction, and per-run scaling as percent signal
change. The anatomical volume was aligned to the mean of preprocessed EPI images (cost function: Ipc). To minimize
image blur, all spatial transformations were combined and applied to the functional images in one interpolation. General
linear models using an HRF with short time-to-peak (Block4 in AFNI) were used to estimate BOLD signal change from
baseline for each stimulus condition. Motion correction parameters were included as regressors of no interest. Cortical
surface reconstruction steps were performed using FreeSurfer.

ROI Definition and Analysis

Regions of interest of cortical visual areas were defined on the cortical surface according to the meridian-mapping
experiment. Regressors for vertical and horizontal meridian conditions were contrasted and resulting functional maps
were thresholded (p <0.05). Borders between visual areas were then hand-drawn on the cortical surface by following the
intermediate path of activation, based on peak activation levels, anteriorly from the occipital pole.

Group Comparison and Statistical Analysis
We performed all statistical analyses in JASP 0.19.1.%* The primary outcomes were the fMRI response magnitudes
measured in visual cortical regions of interest (ROIs) under the four visual stimulation conditions, and the main objective
was to test for effects of group (amblyopic patients vs. normal controls), stimulation condition, and their interaction.
Secondary outcomes included demographic and clinical group comparisons, effect size estimation, and correlations
between cortical activation measures and clinical variables.

For demographic and clinical variables, normality was assessed using the Shapiro—Wilk test and parametric tests were
employed when data met normality assumptions; otherwise, non-parametric tests were applied. We used * contingency
table tests, two-sample t-tests or Wilcoxon signed-rank tests to compare demographic and clinical characteristics between
the patient and control groups. Statistical significance was set at p <0.05 (though p values are provided unmodified to 3
decimal places or scientific notation for values <0.001), and summary values are presented as the mean + one standard
deviation (SD).
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The MRI response magnitude data was visualized using raincloud plots, presenting the raw scatter plot alongside
a summary box plot with mean diamond and median shown and density violin plots to better visualize group data.’> For
comparisons within-group we used a repeated measures ANOVA (with post-hoc Tukey or Holm correction), and for
comparisons between controls and patients a factorial ANOVA (with post-hoc Tukey or Holm corrected comparisons).
Individual group normality was tested using Shapiro—Wilk, equal variances with Levene’s test and Sphericity with
Mauchly’s test. If any subgroup was non-normal, we repeated the ANOVA using log-transformed data to verify the
statistical values were unaffected. Statistical significance was set at p <0.05 (though p values are provided unmodified to
3 decimal places or scientific notation for values <0.001), and summary values are presented as the mean + one standard
deviation (SD) or mean + 95% confidence/credible interval (CI) where appropriate. To identify how big the effects of our
experimental manipulations were, we used Cohen’s d, rank biserial correlation and partial omega® (cozp). As a rule of
thumb for Cohen’s d: >0.2 = small, > 0.5 = medium, > 0.8 = large effect size. For mzp: > (0.01 = small, > 0.06 =
medium, and > 0.14 = large effect size (though note Lakens 2013 for details).’® We use ', " and " notation in the figures
to denote small, medium and large effect sizes respectively. Given the potential for type II errors with many post-hoc
corrections in our repeated measures ANOVA, we additionally employed Bayes-factor analysis for cortical activation
differences across stimulation paradigms between the two groups.

Statistical correlations were checked for multivariate normality (again using a Shapiro—Wilk test), and given non-
normality, a Spearman’s p test was used to estimate monotonic relationships (p values were uncorrected).

Results

Demographic and Clinical Characteristics

We recruited 20 participants with anisometropic monocular amblyopia and 16 healthy controls. We had to exclude 6
(30%) patients and 5 (33%) controls due to either an incomplete session (could not maintain attention for the scan
duration) or excessive movement in the scanner. 14 participants with anisometropic monocular amblyopia (3(21.4%)
males, 11(78.6%) females; mean age: 10.71 + 2.92) and 11 healthy controls with right-eye dominance (5(45%) males, 6
(55%) females; mean age: 12.73 + 2.72) were used in all subsequent analysis. As shown in Table 1, there were no
significant differences between the patient and control groups in terms of sex (x*(1) = 1.63, p =0.201, %> contingency
table test) or age (t(23) = 1.76, p =0.093, independent sample ¢-test [Shapiro—Wilk p =0.082]). The BF scores (higher
scores = worse binocular function) in the patient group (2.38 £ 0.50, ~1000 seconds of arc) were significantly higher than
those in the control (1.6 = 0.0, ~40 seconds of arc) group (t(13) = 5.87, p = 5.52 x 10>, one sample t-test, d = 1.57); as
were the logMAR values (W(13) = 105, p = 9.77 x 10, Wilcoxon signed-rank test [Shapiro-Wilk p =0.002], matched
rank biserial effect size = 1.00).

Differential fMRI Responses for Stimulus Conditions Across Visual Areas VI to V3 in

Control Participants
To delineate the dorsal and ventral sections of early visual areas V1 to V3, we first mapped visual responses using
a simplified vertical + horizontal visual meridian mapping approach first used by Greenberg et al®'. Given the limited

Table | Clinical Characteristics for the Patient and Control Population

Patients (n=14) Controls (n=11) | ITIW p Value Effect Size | Method
Sex (female/male) 11(78.6%)F/3(21.4%)M | 6(55%)F/5(45%)M 1.63 NS 0.2 NA v
Age (years) 10.71 £ 2.9 SD 12.73 £ 2.7 SD 1.76 NS 0.093 0.71" T
BCVA AE (logMAR) 0.38 £ 0.18 SD 0.0 £ 0SD 105 #+9 8 x [0 ™ Wilcoxon
Binocular function (BF) 2.38 £ 0.5 SD 1.6 £ 0 SD 5.87 GG x |0 1.57" T

Notes: For the t-Test, the Effect Size is Estimated Using Cohen’s d, for the Wilcoxon Signed-Rank, the Effect Size is Given by the Rank Biserial Correlation.
**¥p <0.001; "Medium Effect Size, "Large Effect Size.
Abbreviations: NA: Not Applicable; NS: Not Significant.
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attention and lower compliance to scanning with younger children, this quick mapping protocol used a double-wedge
phase-reversing checkerboard (Figure 1a) to delineate only the visual meridians and thus the borders of these visual areas
(Figure 1b). We used the borders to set ROIs for areas V1 to V3 for further analyses. Given the practical benefits and
recent clinical utility of anaglyph dichoptic stimulation,*” we used Curesight red-blue glasses for all our central visual
stimulation tasks. We first used a spectrophotometer with the red or blue filters to calibrate the RGB gains for the left and
right eye anaglyph channels to equalize the physical luminance of the two eye channels and minimize any residual
physical luminance signals from the non-stimulated eye. We used a full-field checkerboard that oscillated at a slow
frequency across a range of spatial frequencies and rotated to provide broad spatiotemporal stimulation across the visual
areas without creating too much visual fatigue (minimizing compliance issues in the scanner for our young participants).
As visualized in Figure 1c we used the same visual stimulus under four different ocular stimulation conditions: AE —
non-dominant eye only; FE — dominant eye only; BE — balanced dichoptic; and DE — contrast-imbalanced dichoptic
stimuli.

Figure 2 plots the MRI signal strength as individual comparisons with visual area as the primary factor and the four
stimulus conditions as the secondary factor in control participants. Raincloud plots combine raw scatter plots, box plots
with both mean and median, and violin plots of the distribution. Visual inspection showed there were overall decreases in
signal strength from V1 to V3, alongside potential differences in the response strengths between different ocular
stimulation protocols. Using a repeated measures ANOVA and presenting effect sizes using mzp (where > 0.01 =
small, > 0.06 = medium, and > 0.14 = large effect size), we found that there were indeed significant changes in the
overall signal strength across stimulation classes (F(3) = 4.93, p =0.007, (sz = 0.08), visual areas (F(2) =45, p =3.95 x
1078, u)zp = 0.43) and their interaction (F(2.87) = 16.97, p = 2.00 x 10°°, wzp = 0.03; Greenhouse-Geisser corrected).
Holm corrected repeated measures ANOVA post-hoc tests with effect sizes measured using Cohen’s d (>0.2 = small, >
0.5 = medium, > 0.8 = large effect size) for visual area showed significant differences between V1 and V2 (t(30) = 3.42,
p=0.004, d=1.29), V1 and V3 (t(30) =4.93, p=8.20 x 10>, d = 1.85), but no significant difference between V2 and V3
(t(30) = 1.51, p =0.142). Post-hoc tests for ocular stimulation classes showed that that there were no significant
differences between non-dominant (AE) and dominant (FE) eyes in controls (t(30) = 1.73, p =0.190), or between
dominant (FE) and imbalanced-dichoptic (DE) eyes (t(30) = 0.17, p =0.870) or non-dominant (AE) and imbalanced-
dichoptic (DE) eyes (t(30) = 2.15, p =0.118). But there were significant differences between AE and BE (t(30) = —4,
p =0.002, d = —0.53), FE and BE (t(30) = —4.25, p = 9.7 x 10*, d = —0.74) and between BE and DE (t(30) = 4.75, p =
2.84 x 10°% d = 0.76). In summary, there were no significant differences between the dominant and non-dominant eye

4.8 — AE

o FE
3 i BE

DE

*% W

* kK

3.8

3.3

2.8

2.3

MRI Signal Strength

1.3 4

0.8 -

* ok k
*x ) ]
T 1
V2 V3

Visual Area

<9

Figure 2 Control participant raincloud plots of the signal strength comparing the four stimulation classes across three visual areas. Solid lines link the group means across
visual areas. ** = p <0.01, ** = p <0.001, Tukey post-hoc corrected repeated measures ANOVA. " = medium effect size, " = large effect size.
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nor the monocular conditions with imbalanced-dichoptic stimulation, demonstrating that there is no significant cross-
ocular suppression in control participants. The Cohen’s d effects sizes demonstrated that the biggest magnitude difference
occurred between balanced (BE) and imbalanced-dichoptic (DE) stimulation (medium effect size d = 0.76).

Functional Abnormalities in the Visual Cortex of Amblyopic Patients

Next, we wished to evaluate the overall reductions in the visual response for amblyopic patients in comparison to control
participants. Figure 3 shows the significant (p <0.05) group averaged BOLD signal change in both controls (left), and
patients (right). Visual inspection of the response magnitudes suggests that there are differences across stimulus types and
visual areas (with BE balanced dichoptic stimulation showing the most extensive activations). Notably, the extent and
magnitude of the significant response voxels for patients appear attenuated compared to controls.

To quantify these potential differences, we generated plots of the MRI signal strength responses with stimulus class as
the primary factor and subject and visual area as the secondary factors (Figure 4a). We could observe that the decrease in
MRI signal strength from V1 to V3 was also observed in patients, and the overall magnitude of this decrease was
consistent with the control differences. For each visual area, it was also clear that the fMRI signal strengths were always
lower in the patients compared to the control participants, as indicated by the 95% confidence intervals around the mean.

Control

-3 Signal Change (%) 3

Figure 3 Overall fMRI signal change for control and amblyopic subjects across the four different stimulus conditions: AE — amblyopic-eye only; FE — fellow-eye only; BE —
balanced dichoptic; DE — contrast-balanced dichoptic stimuli.
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Figure 4 Comparison of the MRI signal strength between patients and controls across four stimulation protocols and three visual areas. (a) Raincloud plots with 95%
confidence intervals around the mean with stimulus as the primary factor and area+subject as the secondary factor. (b) Same data replotted separating stimulus class with
visual area as the primary factor and Binocular Function (BF) for patients as a covariate: AE stimulation of amblyopic eye only (in controls: the non-dominant eye). (c) FE:
stimulation of fellow eye only (in controls: dominant eye). (d) BE: balanced dichoptic stimulation of both eyes. (e) DE: imbalanced-dichoptic stimulation. The binocular
function scores (BF) are plotted as a covariate on the scatter points for patients only. ** = p <0.001, " = medium effect, " = large effect.

We used a factorial ANOVA to quantify these differences, presenting effect sizes using cozp (where > 0.01 = small, >
0.06 = medium, and > 0.14 = large effect size). Overall, there were highly significant differences with medium to large
effect size when comparing controls vs. patients (F(1) = 52.65, p = 4.05 x 1072, o)zp =0.15), visual areas (F(2) = 66.39,
p=288x 102, a)zp = 0.3), and stimulus type (F(3) = 13.73, p = 2.27 x 10°%, (sz = 0.11). There were no significant
interactions between subject, visual area or stimulus type. Tukey post-hoc corrected tests demonstrated highly significant
overall differences across stimulus conditions for patient compared to controls in V1 (t(276) = 4.85, p=3.06 x 10>, d =
0.98), V2 (1(276) = 3.71, p =0.003, d = 0.75) and V3 ((276) = 4.01, p =0.001, d = 0.81).
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Given the number of potential grouping factors, to better visualize the direct comparisons between control and
amblyopic participants, we replotted these comparisons split by stimulus class (Figure 4b—e, showing separate raincloud
plots for AE, FE, BE and DE respectively), and given that each patient’s binocular function may have an influence on
potential MRI signal differences, we also plotted the BF for each subject as a covariate (individual point colour). Post-
hoc Tukey corrected ANOVA tests comparing patients and controls demonstrated there were significant differences in
AE responses (t(276) = 4.36, p =4.93 x 10~*, d = 1.01), and DE responses (t(276) = 5.07, p =2.00 x 10>, d = 1.18), but
not for FE (t(276) = 2.73, p =0.120) or BE ((276) = 2.36, p =0.270). There were however no observable trends for the
magnitude of individual points with binocular function (see correlation results below for further analysis).

Within the patient data, there was an overall main effect of visual area in patients (F = 52.77, p = 1.21 x 102!, mzp =
0.18, repeated measures ANOVA). Post-hoc Holm corrected comparisons within the patient data across stimulation types,
indicated no significant differences between amblyopic (AE) and fellow (FE) eyes (t(39) = —1.45, p =0.154). There were
however significant differences between AE and DE (DE lower; t(39) = 4.03, p = 5.00 x 10", d = 0.36), FE and DE (DE
lower; t(39) = 4.44, p=2.18 x 107, d = 0.53), AE and BE (AE lower; t(39) = —11.67, p = 1.35 x10™"3, d = —0.9), FE and
BE (FE lower; t(39) = —6.49, p = 4.4 x 10"/, d = —0.72), and between BE and DE (DE lower; t(39) = 13.34, p = 2.45 x
107", d = 1.25).

To summarise, unlike in control participants, imbalanced-dichoptic stimulation significantly reduced cortical
responses compared to either the amblyopic eye or fellow eye alone. Effect sizes again demonstrated that the biggest
difference occurred between balanced and imbalanced-dichoptic stimulation (an effect size that was 1.65 times higher in
amblyopic participants than in controls: 1.25 vs. 0.76).

To better probe the bidirectional importance of the effect size differences between patients and controls, we took
advantage of a Bayes factor analysis®’ that gives the probability of evidence from the effect size that supports OR rejects
the null (Hy) vs. alternate hypothesis (H;). We used BF(, in which a value > 1 provides anecdotal evidence there is
a difference; > 3 provides moderate evidence; > 10 provides strong evidence etc. (and likewise < 1 provides anecdotal
evidence for the Hy, < 5 provides moderate evidence for the Hy etc).

Figure 5a—d plots the posterior distribution alongside the 95% credible intervals (CI) and evidential robustness of the
Bayes factor for AE, FE, BE and DE respectively. We found very strong evidence for a difference between subjects and
patients for the amblyopic eye stimulation (AE; BF o = 51.16, median = 0.76 + 0.3 < 1.2 CI), moderate evidence for
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Figure 5 Bayes factor analysis plots comparing estimates with 95% credible intervals for control vs. patient responses for (a) amblyopic vs. non-dominant eye stimulation
(AE BF,o = 51.16 [very strong]), (b) fellow vs. dominant eye stimulation (FE BF o = 5.21 [moderate]), (c) balanced dichoptic stimulation (BE BF o = 0.73 [anecdotal for Ho])
and (d) imbalanced-dichoptic stimulation (DE BF,q = 2760 [extremely strong]). The left-side plots density estimates and 95% credible intervals of the effect size and the
right-side plots evidence robustness across a range of priors (grey = standard prior, red = max prior, black = wide prior, white = ultra-wide prior). Grey dotted lines indicate
the differing levels of evidence that either support or reject the hypothesis that control and patient medians differ.
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a difference for fellow eye stimulation (FE; BF;o = 5.21, median = 0.6 £ 0.11 & 1.01 CI), and extremely strong evidence
for a difference for imbalanced-dichoptic stimulation (DE; BF;, = 2760, median = 1.1 = 0.57 & 1.56 CI). There was
anecdotal evidence to support the null hypothesis for balanced dichoptic stimulation (BE; BF;q = 0.7, median = 0.32 +
-0.1 & 0.77 CI).

Correlation Analysis

We hypothesized that, given the significant differences in MRI signal strength across the ocular stimulation protocols we
used (Figure 4), there may be a reduction in the correlation coefficients between stimuli comparing control participants
with patients. We separated the responses for each stimulus type, and performed Spearman’s p correlation on the fMRI
responses. Figure 6a and b plots the correlation heat-maps for control participants and patients respectively, showing that
all stimulation pairs exhibit large correlations. Contrary to our hypothesis given that there were larger effect-size
differences in the response strengths across the conditions in patients (Figures 4 and 5), we nevertheless found large
correlations between all the stimulation condition pairs in our patients (Figure 6b).

b
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Figure 6 Spearman’s p correlation results. (a) Correlation heat—map for MRI signal strength between the four stimulation conditions in control participants. *** = p <0.001|
(uncorrected). (b) Correlation heat—-map of MRI signal strength between the four stimulation conditions in patients. In addition, correlations are shown between the
patients’ logMAR acuity measurements and signal strength for each condition. * = p <0.05; *** = p <0.001 (uncorrected). (c) Correlation plots for the largest correlations
between logMAR and DE, FE and BE, respectively; dotted line = 95% regression confidence interval.
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In addition, we also wished to better understand the covariation of MRI signal strength with binocular function (c.f.
Figure 4 where BF scores show weak relationships to the fMRI signal strength). We therefore checked whether there was
any relationship between the patient’s acuity deficits measured using logMAR and the signal strength in the four stimulus
classes as part of the Spearman’s p correlation matrix. Figure 6b shows that there were weak correlations for FE, BE and
DE conditions. The correlation plots for the largest correlations are shown in Figure 6¢. Although BF scores in the
amblyopic group were significantly higher than those in the control group, only very weak correlation were found
between logMAR scores and fMRI signal strengths.

Discussion

This study utilized a streamlined fMRI protocol to evaluate cortical responses in children with anisometropic amblyopia
across monocular and dichoptic conditions. These findings confirmed that amblyopic patients exhibited attenuated
responses in visual areas V1, V2, and V3 compared to controls under all stimulus conditions. In amblyopic patients,
the largest effect size was observed between balanced and imbalanced-dichoptic stimuli (d = 1.25), suggesting that
amblyopic patients have more difficulty processing imbalanced-dichoptic stimulation compared to controls.

The therapeutic principle of monocular occlusion therapy is to cover the dominant eye, thereby increasing visual
stimulation to the amblyopic eye.’®>° The principle of binocular treatment however involves both eyes simultaneously
viewing, with high-contrast or more salient stimuli presented to the amblyopic eye and low-contrast or distractor stimuli
to the dominant eye, forcing information from both eyes to better cooperate in completing visual tasks.?® In this study, we
used monocular stimulation of the amblyopic eye to simulate monocular occlusion therapy and imbalanced-dichoptic
stimulation to simulate binocular treatment. By analyzing changes in neural activity in the V1, V2, and V3 regions under
both stimulation methods, we aimed to explore how these two treatments have different effects on the visual cortex in the
same subjects. The results showed that in control participants, there was no significant difference in V1, V2, and V3
activation levels between amblyopic eye stimulation and fellow eye stimulation, which is consistent with previous
findings.®®®' However, unlike previous studies, which found that in patients with anisometropic amblyopia, the activa-
tion of the visual cortex in the amblyopic eye was significantly lower than that of the fellow eye when presented with
a 30% contrast black-and-white checkerboard stimulus, or with a 22% contrast sinusoidal grating stimulus,'* our study
showed no significant difference between patients and controls. This discrepancy may be linked to the fact that we used
100% contrast visual stimuli (as this is what is used in clinical interventions), potentially saturating the neurons in the
visual cortex (though note Hess and colleagues®® argue that high-contrast stimuli are predominantly affected in both
strabismic and anisometropic amblyopes).

A common method for measuring binocular function is to assess changes in signal intensity when visual stimuli are
presented to both eyes rather than just one. When using low-contrast grating stimuli, it was found that compared to
monocular stimulation, binocular stimulation in normal observers increased activation by approximately 1.4 to 1.8 times,
which is consistent with our findings.®*** Furthermore, our study demonstrated that although interocular suppression in
the amblyopic eye of patients with anisometropic amblyopia may hinder binocular interaction, leading to binocular
dysfunction, binocular interaction is not entirely absent.®>°® Visual cortical activation during binocular stimulation was
still significantly higher with medium to large effect sizes than both monocular as well as imbalanced-dichoptic
stimulation.

Although there were greater disparities in the overall fMRI signals for patients compared to controls, correlation
analysis showed that different ocular responses remained strong. Furthermore, while amblyopic patients had significantly
lower BF scores compared to control participants, there was little evidence that BF scores covaried with fMRI signal
strength (Figure 4b). This result overlaps with the results of Li and colleagues'> who found no strong correlation between
fMRI deficits and psychophysical contrast sensitivity. Understanding the underlying reasons that cause this discrepancy
will require further study. Previous research has mainly compared brain activation between amblyopic and control groups
during monocular and binocular stimulation.®”-*®

This study has several limitations. First, we only examined early visual areas V1, V2, and V3. There are interesting
anisotropies in the maturation of neuronal tuning in early areas like V1, compared to overall visual function, and it seems
likely that population activity across higher visual areas better correlates to perceptual function.* Therefore, other extrastriate
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areas must remain an active target of future work. For example, imaging studies have shown that other regions like V3a and
V7 play important roles in stereoscopic function.®®’® In patients with impaired stereoscopic vision, activation in the V3a and
V7 regions is significantly reduced, and in those whose stereoscopic function improves after treatment, V3a activation
increases.”' Given the important role of the visual thalamic LGN in overall visual function and known binocular

interactions,n*74 7577

alongside evidence of deficits in amblyopes, this also remains an important future target. Targeting
the LGN requires the use of higher-field strength scanners to better isolate and identify the laminar profile of this deeper brain
structure.””” More precise retinotopic mapping significantly increase scanning time,”® so this will need to be carefully
balanced against younger patient’s compliance. A second challenge is the technical limitation of delivering binocular stimuli
in the MRI scanner. We used anaglyph (spectral multiplexing) stereo for two reasons: (1) given its simplicity and low cost it
remains a popular tool for clinical interventions like Curesight (as patients can more easily use binocular stimulation at
home), and (2) direct MRI compatibility. However, anaglyph stereo suffers substantial crosstalk (when images from one eye
are partially visible to the other eye, causing significant perceptual degradation), ranging from 3% for dedicated research
displays’® to 14 to 30% for standard LCD panels,*>*' and mitigation requires careful design of both display and filters.
Anaglyph presentation also substantially reduces the overall luminance’® Most critically, given evidence supporting the
greater impact of Amblyopia on the parvocellular system,”” anaglyph presentation not only effectively removes most
chromatic information, it distributes colour contrast unnaturally across eye channels, greatly interfering with the opponent
coding channels that serve as the foundation for parvocellular form vision.*>®> Stereoscopes can be used in the scanner with
some limitations,*® and recent improvements in dichoptic head-mounted displays (HMDs) offer a promising alternative. In
our binocular dichoptic stimulation model, given limited time to test children, the contrast for the fellow eye of all amblyopic
patients was fixed at 15%, without adjusting based on the participants’ personal thresholds. Individualized measurements
based on the subject’s contrast threshold could improve inter-subject variance during measurement and the potential efficacy
of treatment. Finally, the current investigation was restricted to children with anisometropic amblyopia and utilized a modest
sample size, warranting caution when extrapolating these results to more diverse patient populations.

In summary, our findings demonstrated that there are significant differences in the effects of monocular and binocular
stimulation on neural activity in the visual cortex, primarily reflected in the activation levels of visual areas. We also
demonstrated that the magnitude of significantly impaired functional activation is maximal for imbalanced-dichoptic
inputs. This study affords insight into comparative neural population activity and serves as a preliminary reference for
future research investigating the mechanisms of different therapeutic interventions.
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