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Purpose: Recent investigations observed substantial enhancements in binocular balance, visual acuity, and stereovision among older children and adults with amblyopia by patching the amblyopic eye (i.e., inverse patching) for 2 h daily over 2 months. Despite these promising findings, the precise neural mechanisms underlying inverse patching remain elusive. This study endeavors to delve deeper into the neural alterations induced by inverse patching, focusing on steady-state visual evoked potentials (SSVEPs). We specifically investigate the changes in SSVEPs following monocular deprivation of either the fellow eye or the amblyopic eye in older amblyopic children and adults.

Method: Ten participants (17.60 ± 2.03 years old; mean ± SEM), clinically diagnosed with anisometropic amblyopia, were recruited for this study. Each participant underwent a 120 min patching session on their fellow eye on the first day, followed by a similar session on their amblyopic eye on the second day. Baseline steady-state visual evoked potentials (SSVEPs) measurements were collected each day prior to patching, with post-patching SSVEPs measurements obtained immediately after the patching session. The experimental design incorporated a binocular rivalry paradigm, utilizing SSVEPs measurements.

Results: The results revealed that inverse patching induced a heightened influence on neural plasticity, manifesting in a reduction of interocular suppression from the fellow eye to the amblyopic eye. In contrast, patching the fellow eye demonstrated negligible effects on the visual cortex. Furthermore, alterations in interocular suppression subsequent to inverse patching exhibited a correlation with the visual acuity of the amblyopic eye.

Conclusion: Inverse patching emerges as a promising therapeutic avenue for adolescents and adults grappling with severe anisometropic amblyopia that proves refractory to conventional interventions. This innovative approach exhibits the potential to induce more robust neural plasticity within the visual cortex, thereby modulating neural interactions more effectively than traditional amblyopia treatments.
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Introduction

Amblyopia represents a pathological condition characterized by compromised visual information processing (Hubel and Wiesel, 1970; Holmes and Clarke, 2006), frequently accompanied by diminished visual acuity and various forms of visual dysfunction (McKee et al., 2003; Kelly et al., 2019; Hu et al., 2021). Extensive research has delved into the visual impairment associated with amblyopia, revealing aberrant binocular connections in the visual cortex of individuals with amblyopia (Wiesel and Hubel, 1963; Goodyear et al., 2000; Barnes et al., 2001; Schmidt et al., 2004; Baker et al., 2015; Acar et al., 2019).

Historically, amblyopia has been addressed through interventions such as patching, atropine administration, and filters to compel the amblyopic eye to engage in visual processing, concurrently diminishing visual input in the fellow eye (Pediatric Eye Disease Investigator Group, 2002; Loudon and Simonsz, 2005). Currently, the primary clinical approach for unilateral amblyopia involves patching the fellow eye (Repka et al., 2003). This method reduces sensory inputs and neural activity in the visual cortex from the fellow eye, demonstrably enhancing visual acuity in the amblyopic eye (Hubel and Wiesel, 1968; Tigges et al., 1992). However, the efficacy of patching treatment for amblyopia diminishes in older patients compared to their younger counterparts (Scheiman et al., 2005; Holmes et al., 2011). While it is widely acknowledged that neural plasticity declines with age in children (Hensch, 2005; Hensch and Quinlan, 2018; Abuleil et al., 2019), the impact of patching on neural interactions in the visual cortex of older patients remains unclear.

Recent investigations have explored alternative strategies to enhance monocular and binocular visual functions in older amblyopic children and adults. These approaches include perceptual learning, inverse patching, and noninvasive brain stimulation (Li et al., 2013; Chen et al., 2016; Ding et al., 2016; Liu and Zhang, 2018; Zhou et al., 2019). Decades ago, early studies indicated that inverse patching, involving the patching of the amblyopic eye, was considered less effective compared to conventional occlusion, resulting in its discontinuation for an extended period (Noordeng, 1965; Malik et al., 1970). However, recent investigations by Lunghi et al. (2018) and Zhou et al. (2019) have demonstrated that inverse occlusion significantly enhances binocular balance, visual acuity, and stereovision in older amblyopic children and adults. This outcome suggests a potential for substantial neural plasticity within the visual cortex of older amblyopic individuals through inverse patching.

To elucidate the neural underpinnings of such plasticity, it is crucial to explore the efficacy of inverse patching using electrophysiological techniques. The application of steady-state visual evoked potentials (SSVEPs), primarily originating from the primary visual cortex, provides a reliable and efficient method to investigate cortices with a high signal-to-noise ratio (Chen et al., 2015; Norcia et al., 2015; Min et al., 2021). Examination of SSVEP patterns of neural activity in the visual cortices of amblyopic adults has revealed abnormalities in activation and impaired binocular visual functions (Baker et al., 2015; Chadnova et al., 2017; Lygo et al., 2021). Additionally, SSVEPs have proven instrumental in elucidating heightened responses during short-term monocular patching (Zhou et al., 2015) and the impacts of monocular perceptual learning (Gu et al., 2020).

The present study aims to assess the neural efficacy of short-term inverse patching in older children (age >11 years old, Epelbaum et al., 1993; Fronius et al., 2014) and younger adults with amblyopia. We employ SSVEPs to quantify alterations in neural responses following monocular deprivation of either the fellow eye or the amblyopic eye. Furthermore, we intend to examine potential correlations between neural indexes and visual acuity in the context of older amblyopic children and adults.



Methods


Participants

Ten anisometropic amblyopic participants were recruited from the Zhongshan Ophthalmic Center (5 females and 5 males; ages 12 to 29 years; mean ± SEM, 17.60 ± 2.03 years). Clinical data for these participants are presented in Table 1. The best-corrected visual acuity (BCVA) of the fellow eye was significantly superior to that of the amblyopic eye (BCVA of the fellow eye: 0.00 ± 0.00 logMAR; BCVA of the amblyopic eye: 0.48 ± 0.09 logMAR; Wilcoxon signed-rank test: z = −3.19, p < 0.01).



TABLE 1 Clinical information on patients with anisometropic amblyopia.
[image: Table1]

This study received ethical approval from the Zhongshan Ophthalmic Center Ethics Committee, adhering to the principles outlined in the Declaration of Helsinki. Prior to data collection, informed consent forms were duly signed by all participants or their legal guardians. Inclusion criteria for anisometropic amblyopia participants comprised the following: (1) a best-corrected visual acuity (BCVA) difference between eyes equal to or exceeding 2 lines; (2) an interocular refractive difference of spherical equivalent or astigmatism of 1.0 diopter (D) or more; (3) a documented history of anisometropic amblyopia without concurrent disorders; (4) normal color vision.

Before the commencement of the study, all participants underwent a comprehensive ophthalmologic examination and received refractive correction based on their cycloplegic refraction. The ophthalmologic examination encompassed cycloplegic refraction, slit-lamp examination, funduscopic examination, best-corrected distance visual acuity (BCVA) measured using the Early Treatment Diabetic Retinopathy Study numbers chart, and stereoacuity Randot Stereotests (Stereo Optical Company, Inc., Chicago, IL, United States). BCVA measurements were transformed to log MAR.



Experimental procedure

Participants were instructed to discontinue atropine or patching treatment at least 1 week before the commencement of the experiment. Prior to steady-state visual evoked potentials (SSVEPs) measurements, assessments of best-corrected visual acuity (BCVA) and stereopsis were conducted. On the first experimental day, each participant underwent baseline SSVEPs measurements. Subsequently, the participant was instructed to patch the fellow eye with a translucent patch, eliminating contour information and reducing transmittance by 20%, for a duration of 120 min. Post-patching SSVEPs measurements were conducted immediately following the removal of the patch from the fellow eye.

On the second day, participants returned for the inverse patching session, involving patching of the amblyopic eye. Similar to the first day, participants underwent a baseline SSVEPs test, followed by 120 min of inverse patching. Post-patching SSVEPs measurements were performed (refer to Figure 1 for a visual representation of the experimental timeline). All participants actively engaged in all four sessions of SSVEPs measurements throughout the experiment. Each SSVEPs measurement session comprised 18 trials, with each trial presenting 30 s of binocular rivalry stimuli.
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FIGURE 1
 Experimental procedure. Participants underwent short-term patching on the fellow eye for 2 h on 1 day and inverse patching (patching of the amblyopic eye) for 2 h on the subsequent day. SSVEPs measurements were recorded both before and after each patching session while the subjects viewed flickering binocular rivalry stimuli.




Binocular rivalry stimuli

Binocular rivalry stimuli were presented to participants using stereo goggles (NVIDIA 3D Vision 2) on a gamma-corrected 27-inch ASUS VG278HE monitor, with a mean luminance of 150 cd/m2, situated in a dark and shielded environment. Throughout the experiment, a chinrest positioned participants at 57 cm from the screen, minimizing head movements. A pair of circular checkerboards, each within a 10° visual angle, were concurrently presented to the fellow eye at 6 Hz and the amblyopic eye at 7.5 Hz. These stimuli were generated and displayed using MATLAB (Mathworks, Natick, MA, United States) and Psychtoolbox (Pelli, 1997). Participants’ task during the experiment was to focus on the central region of the circular checkerboards presented to each eye throughout the trials. To ensure experimental control and precise alignment, participants were directed to concentrate on the central region of the stimuli. To maintain precise alignment, all participants in this study calibrated both eyes’ stimuli before SSVEPs measurements. This alignment was achieved by viewing a single circular checkerboard in which red and green colors alternated (refer to Figure 2).

[image: Figure 2]

FIGURE 2
 Binocular rivalry stimuli. Binocular stimuli, differentiated by color, were simultaneously presented to each eye.




EEG acquisition and data analysis

Our study recorded SSVEP signals at occipital areas, specifically at electrodes Oz, O1, O2, Pz, P3, P4, PO3, and PO4, following the guidelines by Norcia et al. (2015). A 32-channel wireless EEG system (NeuSen.W32, Neuracle, China) was employed for data acquisition, with a sampling rate set at 1000 Hz. The ground electrode was positioned on AFz, and the reference electrode on CPz, with the impedance of each electrode meticulously maintained below 10 kΩ.

The SSVEP data underwent analysis using MATLAB and EEGLAB (Delorme and Makeig, 2004). To minimize noise, a Laplacian spatial filter was applied to the raw data by subtracting the signal at Oz from the average of the signals at adjacent electrodes (Pz, P3, P4, PO3, PO4, O1, O2). The collected EEG signals were subsequently segmented into 30 s epochs and band-pass filtered using a finite impulse response (FIR) filter within the frequency range of 1 to 30 Hz. SSVEP amplitudes at specific frequencies (f1 = 6 Hz for the fellow-eye frequency, f2 = 7.5 Hz for the amblyopic-eye frequency, and f1 + f2 = 13.5 Hz for the intermodulation response) were measured employing the recursive least-squares adaptive filter (RLS) technique (Tang and Norcia, 1995).

Technical issues led to the exclusion of a minimal proportion of trials (2.6% of all trials), such as those with missing recording markers. Consequently, 15 to 18 epochs were collected for each participant for subsequent analysis. The two fundamental frequencies (f1 = 6 Hz for the fellow eye and f2 = 7.5 Hz for the amblyopic eye) that exhibited significant responses at the corresponding frequencies (both signal-to-noise ratios >1, p < 0.01) were employed to identify the neural response to each eye. The intermodulation frequency (IM, f1 + f2 = 13.5 Hz) represented visual activities related to interocular interaction, surpassing noise levels significantly (signal-to-noise ratio >1, p < 0.01). Normalization of neural amplitudes for each participant was performed concerning the amplitude of the fellow-eye frequency and the amblyopic-eye frequency to mitigate inter-subject variability
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Statistical analysis

Statistical analyses were conducted using SPSS Version 22, with a predetermined level of statistical significance set at p < 0.05 for all analyses. The Wilcoxon signed-rank test was employed to compare visual acuity, stereoacuity, and patching effects observed in the SSVEPs data. Additionally, the Spearman rank correlation was utilized to explore relationships between variables. All presented data are expressed as mean ± SEM.




Results


SSVEP responses at baseline in amblyopia

We computed the SSVEP responses during baseline measurements prior to patching. The mean amplitude of SSVEP responses induced by the fellow-eye frequency (f1 = 6 Hz), amblyopic-eye frequency (f2 = 7.5 Hz), and intermodulation frequency were illustrated in Figure 3. Additionally, there were no significant differences in baseline SSVEP responses and interocular suppression when comparing the first day to the second day in our study (p > 0.05).

[image: Figure 3]

FIGURE 3
 SSVEP responses at baseline in anisometropic amblyopes. The mean amplitude of SSVEP responses induced by the fellow-eye frequency (red, f1 = 6 Hz), amblyopic-eye frequency (green, f2 = 7.5 Hz), and intermodulation frequency (blue, f1 + f2 = 13.5 Hz) is presented. Data are expressed as mean ± SEM.




Short-term inverse patching affects neural responses in amblyopia

We assessed SSVEP responses during baseline and post-patching periods in all amblyopic participants to investigate the impact of short-term monocular deprivation on the amblyopic eye. As depicted in Figure 4, the amplitude of SSVEP response induced by the frequency of visual stimulation in the fellow eye significantly decreased after short-term inverse patching (fellow eye: baseline 0.87 ± 0.17 μV; after short-term inverse patching 0.80 ± 0.16 μV; Wilcoxon signed-rank test: z = −2.19, p < 0.05). Conversely, the amplitude of SSVEP response induced by the visual stimulation frequency of the amblyopic eye did not change significantly (amblyopic eye: baseline 0.63 ± 0.18 μV; after short-term inverse patching 0.64 ± 0.18 μV; Wilcoxon signed-rank test: z = −0.51, p = 0.96). No significant difference was observed in the amplitude of SSVEP response induced by intermodulation frequency before and after short-term inverse patching (intermodulation: baseline 0.21 ± 0.03 μV; after short-term inverse patching 0.22 ± 0.03 μV; Wilcoxon signed-rank test: z = −1.78, p = 0.07).

[image: Figure 4]

FIGURE 4
 SSVEP responses alters after short-term inverse patching. The SSVEP responses from the fellow eye and the amblyopic eye were measured both during baseline (B) and after short-term inverse patching (IP). Data are presented as mean ± SEM, with asterisks denoting statistical significance. *p < 0.05.


We proceeded to compare interocular suppression in the visual cortex before and after inverse patching, as illustrated in Figure 5. The interocular suppression from the fellow eye toward the amblyopic eye significantly decreased after the amblyopic eye was patched for 2 h (baseline: 0.19 ± 0.06; after short-term inverse patching: 0.14 ± 0.06; Wilcoxon signed-rank test: z = −2.09, p < 0.05).

[image: Figure 5]

FIGURE 5
 SSVEP neural index differs after short-term inverse patching. Interocular suppression was quantified both during baseline (B) and after short-term inverse patching (IP) in amblyopes. Data are presented as mean ± SEM, with asterisks indicating statistical significance. *p < 0.05.


Moreover, we observed a correlation between the visual acuity of the amblyopic eye and the change in interocular suppression after patching the amblyopic eye, as depicted in Figure 6 (change in interocular suppression: 0.04 ± 0.18; visual acuity of amblyopic eye: 0.48 ± 0.09 logMAR; Spearman rank correlation: Rho = −0.73, p < 0.05). These findings suggest that anisometropic amblyopia with worse visual acuity in the amblyopic eye manifests a more pronounced alteration in interocular suppression after short-term monocular deprivation in the amblyopic eye, gravitating more toward binocular equilibrium following inverse patching.

[image: Figure 6]

FIGURE 6
 Correlation after short-term inverse patching. We observed a negative correlation between the visual acuity of the amblyopic eye in logMAR and the change in interocular suppression after short-term inverse patching in amblyopes, as illustrated by the blue diamond symbols and the red line in this figure. The formula used for the calculation is denoted as (IP − B)/B, where (Interocular Suppression after Inverse Patching − Interocular Suppression in Baseline)/Interocular Suppression in Baseline. Data are presented as mean ± SEM, with asterisks indicating statistical significance. *p < 0.05.




Short-term patching of fellow eye in amblyopia

We conducted a thorough evaluation of SSVEP responses between baseline and post-patching periods in all amblyopic participants to examine the impact of short-term monocular deprivation on the fellow eye. Our analysis revealed no significant differences before and after short-term patching on the fellow eye in SSVEP amplitudes induced by the frequency of visual stimulation in the fellow eye (fellow eye: baseline 1.04 ± 0.23 μV; after short-term patching on the fellow eye 0.99 ± 0.20 μV; Wilcoxon signed-rank test: z = −0.15, p = 0.88), amblyopic eye (amblyopic eye: baseline 0.51 ± 0.10 μV; after short-term patching on the fellow eye 0.47 ± 0.08 μV; Wilcoxon signed-rank test: z = −0.56, p = 0.58), and intermodulation frequency (intermodulation: baseline 0.20 ± 0.03 μV; after short-term patching on the fellow eye 0.20 ± 0.03 μV; Wilcoxon signed-rank test: z = −0.46, p = 0.65). Furthermore, there were no significant changes in interocular suppression (interocular suppression: baseline 0.32 ± 0.04; after short-term patching on the fellow eye 0.34 ± 0.04; Wilcoxon signed-rank test: z = −0.66, p = 0.51) after short-term patching on the fellow eye. These results indicate notable differences in SSVEP response amplitude and neural indices between short-term monocular deprivation on the fellow eye and on the amblyopic eye in older children and adults with anisometropic amblyopia.




Discussion

In this study, we conducted an electrophysiological investigation utilizing steady-state visual evoked potentials (SSVEPs) to elucidate the impact of inverse patching on neural responses in older anisometropic amblyopic children and younger adults. Our results revealed discernible differences in neural plasticity and responses to patching on different eyes in anisometropic amblyopes. Specifically, inverse patching exerted a more substantial effect on neural response and indices, whereas patching the fellow eye demonstrated no significant impact on neural activity. Additionally, we identified a correlation between neural changes in interocular interactions after various short-term patching methods and the visual acuity of the amblyopic eye in anisometropic amblyopia.

These findings underscore the necessity for a nuanced approach in selecting amblyopic treatment modalities, taking into account factors such as age and tailoring interventions based on individual neural responses. Notably, inverse patching emerged as a promising therapeutic option for older adolescents and adults with amblyopia, particularly in cases where traditional patching treatments prove ineffective.

Prior research has suggested that short-term monocular deprivation can induce alterations in ocular dominance plasticity (Lunghi et al., 2011; Zhou et al., 2013; Lunghi et al., 2015a,b; Chadnova et al., 2017; Spiegel et al., 2017). Our study extends these findings by demonstrating that adolescent and adult amblyopic patients exhibit preserved neuroplasticity when subjected to inverse patching, contrasting with the less favorable outcomes observed with traditional patching. The diminished plasticity of ocular dominance induced by short-term patching on the fellow eye in adolescent and adult amblyopes aligns with clinical observations that older patients derive lesser benefits from traditional patching treatments compared to their younger counterparts (Rutstein and Fuhr, 1992; Epelbaum et al., 1993; Holmes et al., 2011; Fronius et al., 2014). However, it is crucial to note that traditional patching of the fellow eye retains therapeutic value for amblyopic children and remains integral in clinical practice (Repka et al., 2003; Buckle et al., 2019).

Our study further elucidates that short-term monocular deprivation of the amblyopic eye leads to a decrease in interocular suppression from the fellow eye toward the amblyopic eye (Lunghi et al., 2015a,b; Zhou et al., 2015; Chadnova et al., 2017). This shift in the excitation-inhibition balance in favor of the patched amblyopic eye aligns with previous research on alterations in neural interactions in the visual cortex(Lunghi et al., 2015a,b; Kim et al., 2017; Binda et al., 2018). Importantly, the decrease in neural response of the fellow eye after inverse occlusion challenges previous research demonstrating increased visual signals in the patched eye after monocular deprivation (Zhou et al., 2015, 2017). This inconsistency underscores the need for additional investigations to understand the distinct mechanisms underlying neural responses in the visual cortex following monocular deprivation of the fellow eye versus the amblyopic eye in amblyopic patients.

Our findings also highlight a correlation between amblyopic eye visual acuity and the change in interocular suppression after short-term inverse patching. This suggests that the severity of amblyopic eye visual acuity is intricately linked to neural plasticity (Buckle et al., 2019; Steinwurzel et al., 2020), proposing short-term inverse patching as a potential experimental alternative treatment for adolescent and adult patients with severe and refractory anisometropic amblyopia. However, the modest effects observed in psychophysical performance after short-term inverse patching necessitate further exploration, particularly in understanding the relationship between short-term and long-term reverse occlusion at both psychophysical and electrophysiological levels.

In conclusion, this study adds valuable insights into the intricate dynamics of neural responses to various patching interventions in amblyopic patients. The identification of age-dependent treatment efficacy and the correlation between visual acuity and neural plasticity emphasize the need for personalized approaches in amblyopia management. Future research endeavors should delve deeper into the connections between short-term and long-term inverse occlusion, shedding light on comprehensive treatment effects at both psychophysical and electrophysiological dimensions.
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