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Figure 4: Masking from the dichoptic surround grating. Error bars give the standard error of the mean calculated over
18 subjects. Masking is presented for the condition where the target was presented to the patched eye and the mask to
the non-patched eye (panel A), and vice-versa (panel B). The horizontal lines give the baseline masking, with the points
at 0, 15, 30, and 45 minutes giving the masking measured at that time after patch removal. The area between the patched
data and the baseline give an index of the overall patching effect (note that in panel B the 0 minute datapoint is above
the baseline, giving that part an area which counts as negative in our analysis). The average areas calculated across
subjects are presented in panel C. For both pairs of bars, the differences between the Exercise and Control conditions
were not significant when tested with the Wilcoxon signed-rank test in SciPy.

measured at this timepoint in the patched eye was almost identical for the exercise and control conditions. There was177

however a difference in the baseline values measured on those two testing days. This means that the shift was actually178

larger for the control condition (where subjects rested) than it was in the exercise condition.179

Surprisingly, the measurements taken at subsequent timepoints do not show a decrease in this shift. If anything,180

there was a trend for the change in masking to increase over the next 45 minutes. In the non-patched eye, we also see a181

downward trend (less masking) over that time period. This means that by the 15 minute timepoint the effect of patching182

appears to have reversed. The results from both eyes therefore show a trend for decreased masking over time. We183

hypothesise that this trend may be a separate effect from the asymmetric shift in ocular dominance that patching causes.184

We performed a three-way within-subjects ANOVA in R (RStudio Team, 2016), with factors of condition (exercise185

or control), target eye (patched or non-patched), and timepoint post-patching. The dependent variable was the shift in186

masking from the baseline measured for each subject before patching. The effect of condition alone was not significant187

(F1,17 = 0.05, P = 0.828), nor were there any significant interactions involving condition. There were significant effects188

of target eye (F1,17 = 11.08, P = 0.004) and timepoint (F3,51 = 11.78, P < 0.001), and a significant interaction between189
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Figure 5: Ocular dominance analysis, based on the differences between masked thresholds (in dB units) measured
from the two eyes (A). A masked threshold difference of zero dB would mean that the two eyes were balanced. The
horizontal lines give the baseline imbalance, with the points at 0, 15, 30, and 45 minutes giving the measured value at
each time point after patch removal. The area between the patched data and the baseline give an index of the overall
patching effect. The average areas calculated across subjects are presented in panel B. The difference between the
Exercise and Control conditions was not significant when tested with the Wilcoxon signed-rank test in SciPy.

the two (F3,51 = 5.14, P = 0.004). Therefore, this analysis shows our expected patching effect, but does not support any190

strengthening of that effect by exercise.191

Figure 4C shows the overall effect of patching. This is calculated as the area of the polygon defined by the baseline192

(flat lines in Figure 4A-B) and the data between the 0 and 45 minute timepoints. These are the shaded areas in193

Figure 4A-B. Areas above the baseline are counted as negative. These will be subtracted from the total area. We194

calculated these areas individually for each subject. In Figure 4C we show the mean and standard error of the 18195

individual subject values. Numerically, this analysis indicates a slightly stronger patching effect in the control condition.196

We compared the two conditions using a a Wilcoxon signed-rank test performed in SciPy (Jones et al., 2001). The197

difference was not significant (w = 60, P = 0.267). The difference between the two conditions in the non-patched eye198

was also non-significant (w = 83, P = 0.913).199

With the data from Figure 4, we performed a further analysis looking at the differences between the effects measured200

in the patched and non-patched eyes. In Figure 5A, each data point is essentially the result of subtracting the equivalent201

data point in Figure 4B from that in Figure 4A. The baseline value is now the difference between the baseline masking202

values measured from the two eyes. The hypothesised general downward trend in masking over time is now factored-out203

of the analysis. We see post-patching the typical initial peak in ocular dominance shift. This is followed by a gradual204

return toward the baseline value. We performed a two-way within-subjects ANOVA in R, with factors of condition205

(exercise or control) and timepoint post-patching. The dependent variable was the difference between the masked206

thresholds measured in the two eyes. This was normalised to be relative to the baseline difference calculated for each207

subject. In agreement with the ANOVA in the previous section, the effect of condition alone was not significant F1,17 =208

2.21, P = 0.156. There was also no significant interaction between condition and timepoint F3,51 = 0.15, P = 0.927.209

There was however a significant effect of timepoint F3,51 = 5.14, P < 0.004.210

We also calculated the area between the baseline and the patched data (shaded regions in Figure 5A). The mean211

areas calculated across 18 subjects (with standard errors) are presented in Figure 5B. As in Figure 4C, the patching212

effect appears to be slightly stronger under the rest condition than under the exercise condition. The direction of this213

trend is the opposite of the effect reported by Lunghi et al. (2015). The difference we find was not significant however214

by a Wilcoxon signed-rank test (w = 60, P = 0.267).215
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Table 1: Mood scores for the exercise and control conditions. Valence is rated “neutral” at 50% whilst fatigue and
arousal are rated “not at all” at 0%. Values are reported as mean ± standard deviation.

Baseline Post-baseline Post-MD Post-follow-up

Valence (%) Control 80 ± 10 74 ± 13 72 ± 11 71 ± 14
Exercise 79 ± 10 75 ± 12 72 ± 13 69 ± 14

Arousal (%) Control 57 ± 16 48 ± 16 49 ± 15 42 ± 16
Exercise 50 ± 12 49 ± 14 56 ± 11 43 ± 16

Fatigue (%) Control 36 ± 19 37 ± 17 40 ± 21 44 ± 18
Exercise 39 ± 21 41 ± 20 37 ± 19 44 ± 18

3.3 Mood and Effort Sense216

There were no differences between the two conditions for motivation (t18 = 0.06, P = 0.956), diet (t18 = 1.38, P =217

0.184) and stress levels (t18 = -0.56, P = 0.586) prior to starting the experiment. There was also no effect of condition218

for valence, arousal or fatigue. There was however a significant effect of time for valence (F1.57,28.23 = 12.01, P <219

0.001), arousal (F3,54 = 10.77, P < 0.001), and fatigue (F3,54 = 2.99, P < 0.001). Valence during the experiments220

decreased significantly compared to baseline (P < 0.05) . Arousal decreased following surround suppression threshold221

measurements that occurred before and after monocular deprivation (P < 0.05 baseline vs. post-baseline, post-MD vs.222

post-follow up and baseline vs. post follow-up) but did not decrease over the monocular deprivation period (P > 0.05223

post-baseline vs. post-MD). One participant was excluded from the analysis due to incorrectly answered questionnaires.224

4 Discussion225

In this study we replicate the finding first reported by Serrano-Pedraza et al. (2015) that short-term monocular deprivation226

results in a modulation of dichoptic surround suppression. This is consistent with deprivation strengthening the binocular227

contribution of the patched eye (Lunghi et al., 2011; Zhou et al., 2013). When the surround mask is presented to the eye228

that had been patched, its suppressive effect on a target in the non-patched eye is (mildly) enhanced. When the target is229

presented to the patched eye and the mask to the non-patched eye, the suppression is diminished. These near surround230

effects are thought to involve horizontal connections in V1 (Angelucci et al., 2017). We assume that their dichoptic231

nature reflects interactions across eye columns in layer 4 of V1 (Yoshioka et al., 1996) or between binocular neurones232

in more superficial layers of V1 (Webb et al., 2005). The site of the ocular dominance changes induced by short-term233

deprivation is also throught to be in V1. This is based on evidence from human psychophysics (Zhou et al., 2014), and234

primate brain imaging (Tso et al., 2017; Chadnova et al., 2017; Lunghi et al., 2015; Binda et al., 2018).235

Standardised exercise on a stationary bicycle was not shown to enhance the effect of monocular deprivation in this236

study. The current study is the fourth investigation of whether exercise enhances the shift in ocular dominance induced237

by short-term monocular deprivation. The first of these (Lunghi et al., 2015) found such an effect. This was followed-up238

by Zhou et al. (2017), who found no effect of exercise. A possible distinction between those two studies was that Lunghi239

et al. (2015) used a binocular rivalry task, whereas Zhou et al. (2017) used a phase combination task. It has been shown240

that the effects of monocular deprivation can vary depending on the task used to measure them (Bai et al., 2017; Baldwin241

and Hess, 2018). For that reason, Finn et al. (2019) attempted to replicate Lunghi et al. (2015) with a binocular rivalry242

task. They found no significant effect of exercise, and so failed to replicate the original finding. Previous studies have243

all used intermittent exercise of fixed intensity, but in the present study we increased ecological validity by prescribing244

exercise according to recognised guidelines and individualised capacities (determined by cardiorespiratory fitness test).245

We found that exercise performed according to the American College of Sport Medicine’s guidelines (American College246

of Sports Medicine, 2017) for maintaining physical health and well-being did not increase ocular-dominance shift. It247

may be inferred that an ocular-dominance shift is unlikely to be elicited by doses of physical activity undertaken by248

members of the exercising public following recommended guidelines.249
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Figure 6: Data were taken from the four studies looking for an effect of exercise on the ocular-dominance shift. A
meta-analysis was performed looking at the main result (effect of exercise) over those four studies. The areas of the
circle marker symbols are proportional to the sample size in each study. The bottom symbol gives the result from
pooling data across all four studies. The vertical grey line at zero indicates no effect. The dashed black line is the
average of the four points, weighted by the number of subjects in each study..

We performed a meta-analysis by combining the effects calculated from data from four studies looking at the effects250

of exercise on ocular dominance plasticity (including this study). These data are summarised in Figure 6. For Lunghi251

et al. (2015), the ocular dominance index measures were calculated. The use of this measure (rather than the mean252

phase duration used in the original study) is justified in Finn et al. (2019). A modified Cohen’s d score was calculated253

d =
yexercise − ycontrol√

1
2 × (σ2

exercise + σ2
control)

. (2)

The markers in Figure 6 give the values calculated from each study’s data. The bottom data point is the data pooled254

across all four studies. Data were normalised by the mean patching effect obtained (averaged across exercise and255

control) in their study before pooling. A score of zero indicates no effect of exercise. Positive numbers mean that256

exercise enhances the shift in ocular dominance. Negative numbers mean that exercise suppresses the shift. The error257

bars on the points in Figure 5 give the 95% confidence interval calculated from non-parametric bootstrapping (2000258

samples). We only see evidence for an effect in the first study Lunghi et al. (2015). In fact, the three subsequent studies259

all show small shifts (non-significant) in the opposite direction. In a similar vein, it has recently been shown that260

exercise does not enhance visual perceptual learning either (Connell et al., 2018; Campana et al., 2020).261
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6 Appendix: outlier removal276

6.1 Experiment Design277
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Figure 7: The method by which outlier subjects were removed. The day-to-day differences in the baseline masking
effect measured in the patched (x-axis) and non-patched (y-axis) eyes are plotted. Data outside the white circle are
outliers. The criteria for inclusion were determined using a method based on that proposed by (Tukey, 1970). The
mean-normalised data were combined for the two eyes. The first (Q1) and third (Q3) quartiles were found, and the
interquartile range (IQR). The maximum allowable day-to-day difference was the average of |Q1 - 1.5 × IQR| and |Q3 +
1.5 × IQR|, this came out as a 10 dB maximum day-to-day difference.

Of the twenty subjects we tested, two were removed from further analysis. The removal was based on the day-to-day278

differences in the dichoptic surround masking measured at baseline. The method by which this was performed is279

illustrated in Figure S1.280
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