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Abstract  17 

 18 

Successful goal-directed actions require constant fine-tuning in response to errors introduced by changes in the body and 19 

environment. This implicit adaptive process has been assumed to operate in a statistically optimal fashion, reducing its 20 

sensitivity to errors when sensory uncertainty is high. However, recent work has shown that visual uncertainty attenuates 21 

implicit adaptation for small errors, but not large errors, a result that is at odds with an optimal integration hypothesis. This 22 

error size interaction has motivated a new hypothesis that sensory uncertainty impacts the distribution of the perceived error 23 

locations but not the system’s sensitivity to errors. To examine these competing hypotheses, previous studies have 24 

experimentally manipulated uncertainty. But it is unknown which hypothesis best describes motor adaptation to sensory 25 

uncertainty experienced during daily life. To address this question, we recruited individuals with low vision due to diverse 26 

clinical conditions impacting visual uncertainty and matched controls. The groups were tested on visuomotor tasks designed 27 

to isolate implicit adaptation and maintain tight control over the error size. In two experiments, low vision was associated 28 

with attenuated implicit adaptation only for small errors, but not for large errors. Taken together with prior work in which 29 

visual uncertainty was experimentally manipulated, these results support the notion that increasing sensory uncertainty 30 

increases the likelihood that errors are mis-localized but does not affect error sensitivity, offering a novel account for the 31 

motor learning deficits seen in low vision.   32 
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Introduction  33 

 34 

Our ability to enact successful goal-directed actions derives from multiple learning processes (Bond & Taylor, 2015; Haith, 35 

Huberdeau, & Krakauer, 2015; Keisler & Shadmehr, 2010; McDougle et al., 2016; McDougle, Bond, & Taylor, 2015; 36 

Taylor & Ivry, 2011; Taylor, Krakauer, & Ivry, 2014). Among these processes, implicit motor adaptation ensures that the 37 

sensorimotor system remains well-calibrated in response to changes in the body (e.g., muscle fatigue) and in the environment 38 

(e.g., a heavy jacket). This adaptive process is driven by sensory prediction errors – the difference between the predicted 39 

feedback from a motor command and the actual sensory feedback (Kim, Avraham, & Ivry, 2020; Shadmehr, Smith, & 40 

Krakauer, 2010). 41 

 42 

Previous research suggests that sensory prediction errors drive implicit motor adaptation in a statistically optimal fashion. 43 

According to the optimal integration hypothesis, the learning rate for adaptation is based on a weighted signal composed of 44 

the feedback and the feedforward prediction (Burge, Ernst, & Banks, 2008; Körding & Wolpert, 2004; Wei & Körding, 45 

2010). Uncertainty, either from temporal delay (Brudner, Kethidi, Graeupner, Ivry, & Taylor, 2016; Kitazawa, Kohno, & 46 

Uka, 1995) or spatial variability (Burge et al., 2008) reduces the system’s sensitivity to the feedback signal and, as such, 47 

reduces the rate and extent of implicit adaptation (Burge et al., 2008; Samad, Chung, & Shams, 2015; Shyr & Joshi, 2021; 48 

van Beers, 2012; van Beers, Wolpert, & Haggard, 2002; Wei & Körding, 2010). Importantly if this hypothesis is correct, 49 

this attenuating effect of uncertainty should be observed for all error sizes when uncertainty is high (Figure 1a,b). 50 

 51 

However, recent studies using novel, more advanced behavioral methods suggest that implicit adaptation is driven by an 52 

inflexible system (Kim, Morehead, Parvin, Moazzezi, & Ivry, 2018; Tsay, Kim, Haith, & Ivry, 2021), one that saturates 53 

when sensory prediction errors are large. Consistent with this notion of inflexibility (and contrary to the optimal integration 54 

hypothesis), we recently found that implicit adaptation was only affected by visual uncertainty when the error was small 55 

and not when the error was large (Tsay, Avraham, et al., 2020). This error size interaction motivated a new hypothesis 56 

centered on how uncertainty impacts the distribution of the perceived error location rather than the system’s overall 57 

sensitivity to the error. By this mis-localization hypothesis, uncertainty increases the variability of the error distribution: For 58 

small errors, this distribution will include trials in which the error is localized to the wrong side of a target (i.e., a “sign flip” 59 

of the error to the opposite side of the target relative to the true location of the feedback), resulting in motor corrections in 60 

the wrong direction, attenuating the cumulative effect of implicit adaptation. For large errors, sign flips will not be expected 61 

even when uncertainty is high. The mis-localization hypothesis predicts that implicit adaptation will not be affected by large 62 

errors (Figure 1c).  63 
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 64 

Figure 1. Illustrating two hypotheses for the effect of visual uncertainty on implicit motor adaptation. (a) In a typical visuomotor 65 

task, participants make reaching movements (black lines) towards a visual target (red dot). The reaching error can either be small (3°) 66 

or large (30°). The sensory prediction error – the difference between the predicted (i.e., the target) and perceived visual feedback location 67 

– can either be certain (black ring) or uncertain (grey region). When the sensory information is uncertain and the reaching error is small, 68 

it is possible for feedback to be mis-localized to the opposite side of the target. The predicted amount of implicit adaptation as a function 69 

of error size and visual uncertainty is plotted for the optimal integration hypothesis (b) and the mis-localization hypothesis (c). Both 70 

models assume that implicit adaptation is proportional to the size of the error when the error is small, but saturates when the error is 71 

large (Kim et al., 2018; Tsay, Kim, Haith, et al., 2021). Optimal integration posits that uncertainty will decrease the system’s sensitivity 72 

to errors, an effect that will attenuate implicit adaptation for all error sizes. In contrast, the mis-localization posits that uncertainty will 73 

add variability to the perceived location of error without decreasing error sensitivity. For large errors, the perceived error always falls 74 

in the saturation zone, even when uncertainty is high. For small errors, uncertainty will increase the likelihood of errors being mis-75 

localized on the wrong side of the target (see grey region in a), resulting in sign flips that, on average, attenuate implicit adaptation.  76 

 77 

While the mis-localization hypothesis offers a parsimonious account for the interaction between error size and visual 78 

uncertainty, it remains to be seen whether this hypothesis also holds for uncertainty intrinsic to the sensorimotor system. 79 

Low vision – defined as vision loss that cannot be corrected with glasses, contacts, or surgery – induces intrinsic visual 80 

uncertainty often via ocular and retinal abnormalities (e.g., macular degeneration, glaucoma, retinitis pigmentosa, ocular 81 

albinism). As a result, individuals with low vision can have marked impairments in discriminating the color (Bowman, 82 

1980), brightness (Legge, Parish, Luebker, & Wurm, 1990), and the precise location of visual objects (Massof & Fletcher, 83 

2001; Pardhan, Gonzalez-Alvarez, & Subramanian, 2012). These visual impairments are also associated with motor control 84 

deficits. For example, uncertainty about an object’s location may result in slower and less accurate goal-directed movements 85 

(Cheong, Ling, & Shehab, 2021; Endo et al., 2016; Jacko et al., 2000; Kotecha, O’Leary, Melmoth, Grant, & Crabb, 2009; 86 

Lenoble, Corveleyn, Tran, Rouland, & Boucart, 2019; Pardhan et al., 2012; Timmis & Pardhan, 2012; Verghese, Tyson, 87 

Ghahghaei, & Fletcher, 2016).  88 

 89 

Here we asked how low vision impacts implicit adaptation, serving as a strong test to adjudicate between two hypotheses 90 

concerning how uncertainty is processed in the sensorimotor system. To address this question, we assessed individuals with 91 

low vision and matched controls on visuomotor tasks designed to isolate implicit adaptation and maintain tight control over 92 

the error size. Whereas the optimal integration hypothesis posits that intrinsic uncertainty induced by low vision would be 93 

associated with decreased sensitivity to error and attenuate implicit adaptation for all error sizes, the mis-localization 94 

hypothesis posits that low vision would only attenuate implicit adaptation in response to small errors, but not large errors.   95 
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 4 

Results  96 

 97 

Experiment 1: The impact of low vision on implicit motor adaptation for small and large errors 98 

 99 

We recruited two groups of participants: Participants with low vision and matched controls (n = 20/group, Table S1). Each 100 

participant performed a visuomotor adaptation task. Using our validated web-based platform (Tsay, Lee, Ivry, & Avraham, 101 

2021), we used a reaching task in which participants use their mouse or trackpad to move a cursor to intersect a visual target, 102 

with visual feedback presented throughout the movement. To measure implicit adaptation, we used a method in which the 103 

visual error is invariant, or “clamped” for the entire experiment, and varied the size of the error across conditions. 104 

Specifically, visual feedback always followed a trajectory that was either displaced 3° (small error) or 30° (large error) from 105 

the target (Figure 2a; 1a). By removing the contingency between the angular position of the feedback and the participant’s 106 

actual movement, the error size is tightly controlled and kept constant throughout the entire experiment (Kim et al., 2018; 107 

Morehead, Taylor, Parvin, & Ivry, 2017). Participants were asked to always reach directly to the target and ignore the 108 

feedback. Previous studies employing the clamped feedback task have elicited robust implicit changes in hand angle in the 109 

opposite direction of the cursor feedback (Avraham, Ryan Morehead, Kim, & Ivry, 2021; Hutter & Taylor, 2018; Liu, Jiang, 110 

Bi, & Wei, 2021; Poh, Al-Fawakari, Tam, Taylor, & McDougle, 2021; Tsay, Haith, Ivry, & Kim, 2021; Tsay, Kim, Parvin, 111 

Stover, & Ivry, 2021), despite the participants’ phenomenal experience that their movements terminated close to the target 112 

(Tsay, Parvin, & Ivry, 2020).  113 
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 114 
Figure 2: Intrinsic and extrinsic visual feedback uncertainty attenuate implicit adaptation in response to small, but not large 115 

errors. (a) Schematic of the clamped feedback task. The cursor feedback (white circle) follows a constant trajectory rotated relative to 116 

the target (red circle), independent of the position of the participant’s hand. The rotation size remains invariant throughout the rotation 117 

block. The participant was instructed to move directly to the target and ignore the visual feedback. (b) Experiment 1 results. Mean time 118 

courses of hand angle for 3° (left) and 30° (right) visual clamped feedback, for both the low vision (dark magenta) and matched control 119 

(green) groups. (c) Tsay et al (2020) results. Mean time courses of hand angle for 3° (left) and 30° (right) visual clamped feedback, for 120 

both the cloud (dark magenta) and cursor (green) conditions. Hand angle is presented relative to the target (0°) during veridical feedback, 121 

clamped rotation feedback, and no-feedback aftereffect trials. Shaded region denotes SEM. Grey horizontal bars indicate early, late, and 122 

aftereffect phases of the experiment.   123 
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After a baseline block with veridical feedback to familiarize the participants with the apparatus and basic trial structure, we 124 

presented clamped visual feedback either at 3° or at 30° away from the target for 50 cycles (150 trials). Consistent with 125 

prior studies, participants in both groups showed a gradual change in hand angle in the opposite direction of the clamped 126 

feedback, eventually hitting an asymptotic limit (Figure 2b). We summarize these changes in hand angle across four phases: 127 

baseline, early adaptation, late adaptation, and aftereffect (aftereffect was measured on trials after visual feedback was 128 

removed). For both groups, hand angles increased from baseline to early adaptation (control: 𝑡!" = 	3.6, 𝑝 < 0.001, 𝛽 =129 

5.0, [2.2, 7.8], 𝐷# = 1.6; low vision; 𝑡!$ = 	3.6, 𝑝 < 0.001, 𝛽 = 5.1, [2.3, 8.0], 𝐷# = 0.7), and continued to increase from 130 

early to late adaptation (control: 𝑡%&$ = 	8.8, 𝑝 < 0.001, 𝛽 = 11.0, [8.5, 13.4], 𝐷# = 2.3; low vision 𝑡%&' = 8.0, 𝑝 <131 

0.001, 𝛽 = 10.0, [7.5, 12.4], 𝐷# = 1.9). Hand angle decreased between late adaptation and the aftereffect phase, an effect 132 

assumed to reflect forgetting (i.e., decay back to baseline) when visual feedback is no longer provided (control: 𝑡%&$ =133 

	−3.6, 𝑝 = 0.005, 𝛽 = −3.6, [−6.3, −1.4], 𝐷# = 1.1; low vision 𝑡%&$ =	−3.1, 𝑝 = 0.003, 𝛽 = −3.9, [−6.3, −1.4], 𝐷# =134 

1.1) (Joiner & Smith, 2008; Krakauer, Ghez, & Ghilardi, 2005; Morehead & Smith, 2017). Comparing the left and right 135 

panels of Figures 2b and 2c, the learning functions were higher when the error was 30° compared to when the error was 3° 136 

(𝐹%,%&' = 	42.5, 𝑝 < 0.001, 𝜂)" = 0.5), corroborating previous reports showing that implicit adaptation increases with the 137 

size of the error (Kim et al., 2018; Marko, Haith, Harran, & Shadmehr, 2012).  138 

 139 

We next turned to our main question, asking whether low vision selectively attenuates implicit adaptation in response to 140 

small errors, but not large errors, convergent with the interaction observed when the visual feedback is experimentally 141 

manipulated (Tsay, Avraham, et al., 2020). There was an interaction between group and error size (𝐹%,%&' = 	14.0, 𝑝 <142 

0.001, 𝜂)" = 0.1): Whereas the learning function between the two groups were indistinguishable in response to a 30° error 143 

(Figure 2b, right; 3b), the learning function in the low vision group was attenuated compared to controls in response to a 3° 144 

error (Figure 2b left; 3a). This assessment was confirmed by post-hoc t-tests, revealing that low vision was associated with 145 

attenuated implicit adaptation in response to the small error (𝑡$* =	−2.3, 𝑝 = 0.03, 𝛽 = −4.8, [−8.9, −0.6], 𝐷 = 0.7) but 146 

not the large error (control vs low vision: 𝑡$% = 	0.3, 𝑝 = 0.76, 𝛽 = 0.6, [−3.6, 4.8], 𝐷 = 	0.1).  147 

 148 

While the session order (3° or 30°) was fully counterbalanced across participants, one potential concern in a within-149 

participant design of learning is that there may be an effect of transfer or interference between sessions (Avraham et al., 150 

2021; Krakauer et al., 2005; Lerner et al., 2020). For instance, experiencing a 30° clamped feedback in the first session may 151 

interfere with learning in the second session, resulting in attenuated learning. While this putative session order effect would 152 

likely apply to both groups, we opted to address this directly in a post-hoc analysis limited to the data obtained from session 153 

one. In this secondary analysis, the key interaction between group x error size was again significant (𝐹%,$+ = 	8.5, 𝑝 =154 

0.006, 𝜂)" = 0.2), driven by a selective attenuating effect of low vision on small errors (𝑡"" =	−2.1, 𝑝 = 0.04, 𝛽 =155 

−6.4, [−12.6, −0.2], 𝐷 = 0.7), but not large errors (𝑡%% = 	2.1, 𝑝 = 0.06, 𝛽 = 6.8, [−0.4, 14.1], 𝐷 = 0.7; note the trend is 156 

in the opposite direction).  157 

 158 
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These results converge with our previous in-laboratory study, in which sensory uncertainty was artificially increased using 159 

different cursor patterns (see Figure S1a,b for overview, single dot = certain feedback, cloud of dots = uncertain feedback) 160 

(Tsay, Avraham, et al., 2020). In the previous study, participants with typical vision showed attenuated implicit adaptation 161 

with uncertain feedback when the error size was 3° but not when the error size was 30° (Figure 2c & 3c,d). The lower 162 

learning functions in Tsay et al (2020) compared to that of Experiment 1 presumably stems from the fact that we used 163 

trajectory feedback in the present study whereas Tsay et al. used endpoint feedback (Hinder, Riek, Tresilian, de Rugy, & 164 

Carson, 2010; Taylor et al., 2014; van der Kooij, Brenner, van Beers, Schot, & Smeets, 2013). Taken together, the results 165 

from both experiments suggest that visual uncertainty, either artificially manipulated or associated with low vision, does 166 

not conform to the optimal integration hypothesis. An optimal cue integrator would always down-weight uncertain feedback, 167 

attenuating implicit adaptation for all error sizes. However, implicit adaptation is only attenuated when the error size is 168 

small, an interaction consistent with the mis-localization hypothesis.  169 

 170 
Figure 3: Visual uncertainty attenuates implicit adaptation in response to small, but not large errors. Mean hand angles ± SEM 171 

during early and late phases of the rotation block, and during the no-feedback aftereffect block, for 3° (a, c) and 30° (b, d) clamped 172 

rotation sessions in Experiment 1 (top row) and Tsay et al (2020) (bottom row). n.s. denotes that the group comparison is not significant. 173 

* denotes p < 0.05. Thin lines denote individual participants.  174 
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Experiment 2: The impact of low vision on implicit motor aftereffects  175 

 176 

The conclusion from Experiment 1 is predicated on the assumption that clamped feedback engages processes similar to 177 

those underlying implicit adaptation during standard visuomotor environments in which sensory feedback is contingent on 178 

motor behavior (Figure 4a). While the clamp method allows the experimenter to maintain tight control over error size and 179 

eliminates performance changes due to other learning processes (e.g., explicit re-aiming, see Morehead et al, 2017), 180 

Experiment 2 was designed to test if the findings from Experiment 1 would generalize to a standard visuomotor task. We 181 

opted to use a large rotation size (45°), since this is the critical condition where the optimal integration and mis-localization 182 

hypotheses make differential predictions. Specifically, the optimal integration hypothesis predicts a difference between the 183 

low vision and control groups, but the mis-localization hypothesis does not. To isolate the contribution of implicit 184 

adaptation, we focused on the change in hand angle observed during the aftereffect phase when visual feedback is removed 185 

after the rotation block. 186 

 187 

Participants with low vision and matched controls (n = 40/group, Table S2) participated in this study. Participants in the 188 

low vision (dark magenta) and control (green) groups exhibited gradual changes in hand angle in the opposite direction of 189 

the feedback (positive values), indicating that both groups were able to counter the perturbation (Figure 4b). That is, hand 190 

angles in both groups increased monotonically from baseline to early adaptation (control: 𝑡""! = 	5.6, 𝑝 < 0.001, 𝛽 =191 

7.1, [5.3, 11.0], 𝐷# = 0.7; low vision: 𝑡"", = 	7.5, 𝑝 < 0.001, 𝛽 = 11.5, [8.5, 14.5], 𝐷# = 1.2), and from early to late 192 

adaptation (control: 𝑡%-* = 	12.2, 𝑝 < 0.001, 𝛽 = 23.9, [20.0, 27.8], 𝐷# = 2.7; low vision: 𝑡""' = 	9.1, 𝑝 < 0.001, 𝛽 =193 

21.1, [16.9, 25.3], 𝐷# = 1.8). To minimize possible residual effects from explicit re-aiming, we reinforced the instructions 194 

at the start of the aftereffect block that the participant should reach directly to the target. Both groups showed a pronounced 195 

implicit motor aftereffect, with the heading angle offset from the target in the opposite direction of the rotation (control: 196 

𝑡""" = 	13.6, 𝑝 < 0.001, 𝛽 = 20.5, [17.5, 23.5], 𝐷# = 2.7; low vision: 𝑡""+ = 	13.0, 𝑝 < 0.001, 𝛽 = 20.5, [16.1,197 

22.6], 𝐷# = 1.8). 198 

 199 

We then turned to our main question, asking whether participants with low vision show a deficit in implicit adaptation. The 200 

implicit motor aftereffects in low vision and control groups were indistinguishable (𝑡"", =	−0.7, 𝑝 = 0.51, 𝛽 =201 

−1.4, [−5.6, 2.8], 𝐷 = 0.1), indicating that implicit adaptation did not differ between the two groups. Furthermore, there 202 

were also no significant group differences during early (𝑡"%& = 	1.5, 𝑝 = 0.13, 𝛽 = 3.3, [−0.9, 7.5], 𝐷 = 0.5) and late 203 

adaptation (𝑡""% =	−1.3, 𝑝 = 0.19, 𝛽 = −2.8, [−7.0, 1.4], 𝐷 = 0.2). While this null effect should be interpreted with 204 

caution, the results of Experiment 2 provide converging evidence using a standard visuomotor task that implicit adaptation 205 

is not impaired in individuals with low vision when the error size is large.  206 
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 207 
Figure 4: Visual uncertainty induced by low vision is not associated with reduced adaptation in response to a large 45° 208 

visuomotor rotation. (a) Schematic of the visuomotor rotation task. The cursor feedback (white dot) was rotated 45° with respect to 209 

the movement direction of the hand, with the sign of the rotation (clockwise or counterclockwise) counterbalanced across participants. 210 

Participants were instructed to move such that the cursor would intersect the target (red circle). Left, middle, and right panels display 211 

hand and cursor positions during early, late, and aftereffect phases of learning, respectively. (b) Mean time courses of hand angle for 212 

the low vision (purple) and control (green) groups. Hand angle is presented relative to the target (0°) during veridical feedback, rotation, 213 

and no-feedback aftereffect trials. Shaded region denotes SEM. Grey horizontal bars indicate early, late, and aftereffect phases of the 214 

experiment. (c) Mean hand angles ± SEM during early and late phases of the rotation block, and during the no-feedback aftereffect 215 

block. n.s. denotes that the group comparison between low vision and controls is not significant across all phases. Thin lines denote 216 

individual participants.   217 
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Discussion 218 

 219 

Low vision can cause difficulty in discriminating the position of visual objects (Massof & Fletcher, 2001; Timmis & 220 

Pardhan, 2012). This impairment impacts motor performance, resulting in slower and less accurate goal-directed movements 221 

(Cheong et al., 2021; Endo et al., 2016; Jacko et al., 2000; Kotecha et al., 2009; Lenoble et al., 2019; Pardhan et al., 2012; 222 

Timmis & Pardhan, 2012; Verghese et al., 2016). Here we asked how low vision impacts motor learning using a visuomotor 223 

adaptation task. The results revealed that low vision was associated with attenuated implicit adaptation when the sensory 224 

prediction error was small, but not when the error was large.  225 

 226 

These findings adjudicate between two hypotheses concerning how uncertainty impacts sensorimotor adaptation. According 227 

to the optimal integration hypothesis, the motor system discounts, or down-weights the feedback signal, attenuating its 228 

response to feedback conveying an error (Burge et al., 2008; Samad et al., 2015; Shyr & Joshi, 2021; van Beers, 2012; van 229 

Beers et al., 2002; Wei & Körding, 2010). The optimal integration hypothesis predicts that visual uncertainty should 230 

attenuate implicit adaptation in response to all error sizes. In contrast, the mis-localization hypothesis posits that uncertainty 231 

does not alter the system’s sensitivity to error, but instead adds variability to the distribution of the perceived error location 232 

(Tsay, Avraham, et al., 2020). By this view, small errors are sometimes mis-localized on the wrong side of a target, an effect 233 

that will increase with uncertainty, result in motor corrections in the wrong direction, and cumulatively attenuate implicit 234 

adaptation. The absence of sign flips when the error is large, even under conditions of uncertainty, would leave implicit 235 

adaptation to large errors unaffected.  236 

 237 

The interaction between error size and uncertainty favors the mis-localization hypothesis, indicating that uncertainty induced 238 

by low vision impacts the perceived error location, rather than the system’s sensitivity to error. Combined with our previous 239 

results in which visual uncertainty was artificially induced (Tsay, Avraham, et al., 2020), the mis-localization hypothesis 240 

accounts for the impact of uncertainty from the environment (e.g., a foggy day) as well as within the sensorimotor system 241 

(e.g., impairments in the retina, photoreceptors, optic nerve), both of which increase the likelihood that small errors will be 242 

occasionally mis-localized to the wrong side of a target.  243 

 244 

Superficially, it would seem paradoxical to suggest that a clamped feedback signal would be perceived on the opposite side 245 

of its true position (relative to the target). Indeed, the participants are fully aware that the clamped feedback is invariant. 246 

However, this explicit knowledge about the perturbation does not impact the implicit adaptation system (Morehead et al., 247 

2017). Evidence from a variety of experimental methods including clamped feedback indicate that adaptation is driven by 248 

an inflexible system that doggedly responds to a sensory prediction error to keep the sensorimotor system tightly calibrated 249 

(Bond & Taylor, 2015; Kim et al., 2018; Morehead & de Xivry, 2021; Morehead et al., 2017). The mis-localization 250 

hypothesis is consonant with this view in two ways: First, we assume that the perceived location of the error does not always 251 

correspond to the known location of the error, and it is the former that drives adaptation. Second, the sensitivity of the 252 

system to errors remains fixed despite uncertainty in the position of the visual feedback. A slight error experienced when 253 

reaching to pick up a cup of coffee with or without glasses will demand the same degree of correction.  254 
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Previous work has shown that individuals with low vision move slower and make more errors when performing goal-255 

directed movements (Kotecha et al., 2009; Pardhan, Gonzalez-Alvarez, & Subramanian, 2011; Pardhan et al., 2012; Timmis 256 

& Pardhan, 2012; Verghese et al., 2016). While these deficits are observed in people with both central and peripheral vision 257 

loss, reductions in central vision appear to be the key limiting factor (Pardhan et al., 2011, 2012). Central vision loss, 258 

resulting in lower acuity and worse contrast sensitivity, likely worsens the ability to precisely locate the intended visual 259 

target as well as respond to the sensory predictions conveying motor performance, an impairment that would be especially 260 

pronounced when the target and error are small (Legge et al., 1990; Tomkinson, 1974). Interestingly, in this study we did 261 

not observe strong associations between measures of visual ability and implicit adaptation (see Figure S3 c,f,i). However, 262 

future studies recruiting specific low vision subgroups would be essential to hone in on how different clinical impairments 263 

influence implicit adaptation.  264 

 265 

Importantly, our results suggest that individuals with low vision exhibit intact error-based learning when the error can be 266 

detected. This finding may be exploited to enhance motor outcomes during rehabilitation (Tsay & Winstein, 2020). For 267 

example, clinicians and practitioners could use non-visual feedback (e.g., auditory or tactile) to enhance the saliency and 268 

possibly reduce localization uncertainty of small visual error signals (Endo et al., 2016). For instance, haptic wearables have 269 

the potential to provide vibration, texture, slip, temperature, force, and proprioception sensations (Patel, Park, Bonato, Chan, 270 

& Rodgers, 2012), which may help to improve motor control in both reaching and grasping for individuals with low vision. 271 

Moreover, rehabilitative specialists could provide explicit instructions to highlight the presence of small errors, such that 272 

individuals with low vision may be able to rely more on explicit re-aiming strategies to compensate for these errors (Merabet, 273 

Connors, Halko, & Sánchez, 2012). Future work could examine which of these techniques is most effective to enhance 274 

motor learning when errors are small.  275 
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Methods  276 

 277 

Ethics Statement 278 

 279 

All participants gave written informed consent in accordance with policies approved by the UC Berkeley’s Institutional 280 

Review Board (Protocol Number: 2016-02-8439). Participation in the study was in exchange for monetary compensation.  281 

 282 

Participants  283 

 284 

Individuals with impaired vision that could not be corrected by glasses, contacts, or surgery (i.e., low vision) were recruited 285 

through UC Berkeley’s Meredith Morgan Eye Center and via word of mouth. Participants were screened using an online 286 

survey and excluded from participation if their self-reported visual acuity in their best-seeing eye was better than 20/30 (i.e., 287 

0.2 logMAR). Participants also reported whether they had difficulty seeing road signs: Specifically, participants were 288 

prompted with a Likert scale from 1 (very blurry) to 7 (very clear). This functional measure strongly correlates with visual 289 

acuity (see Fig. S4). We also obtained survey information to determine if participants’ low vision was related to peripheral 290 

vision loss and/or central vision loss, and whether their condition was congenital or acquired (Table 1, S1-2).  291 

 292 

Across both experiments, 53 participants with low vision were recruited. The data from one participant were not included 293 

in the analyses because she did not complete both sessions in Experiment 2. We thus analyzed the data of 52 unique 294 

participants with low vision: 12 participants completed only Experiment 1 (two sessions), 32 participants completed only 295 

Experiment 2 (one session), and 8 participants completed both experiments (three sessions). Sessions were spaced at least 296 

24 hours apart to minimize any savings or interference (Avraham et al., 2021; Krakauer et al., 2005; Lerner et al., 2020). 297 

This amounted to a total of 80 online test sessions, with each session lasting approximately 45 minutes.  298 

 299 

Sixty unique control participants who were recruited via Prolific, a website for online participant recruitment. Participants 300 

on Prolific have been thoroughly vetted through a screening procedure to ensure data quality. Participants were recruited to 301 

match the group of participants with low vision based on age, sex, handedness, and years of education. All control 302 

participants completed only one experiment, also amounting to 80 online test sessions, each lasting approximately 45 303 

minutes.  304 

 305 

The low vision and control groups did not differ in age (Exp 1: 𝑡$* =	−0.5, 𝑝 = 0.64, 𝜇 = −2.8, [−14.7, 9.2], 𝐷 = 0.1; 306 

Exp 2: 𝑡!* =	−1.8, 𝑝 = 0.08, 𝜇 = −8.4, [−17.7, 1.0], 𝐷 = 0.4), handedness (Exp 1: 𝜒"(1) = 0, 𝑝 = 1; Exp 2: 𝜒"(1) =307 

0.44, 𝑝 = 0.36), years of education (Exp 1: 𝑡$* =	−0.7, 𝑝 = 0.51, 𝜇 = 	−0.5, [−2.0, 1.0], 𝐷 = 0.2; Exp 2: 𝑡!* = 	0.1, 𝑝 =308 

0.88, 𝜇 = 0.1, [−0.9, 1.1], 𝐷 = 0.0), or gender (Exp 1: 𝜒"(1) = 0, 𝑝 = 1; Exp 2: 𝜒"(1) = 0.45, 𝑝 = 0.50). As expected, 309 

the low vision group reported significantly more visual impairments compared to the control group based on their self-310 

reported difficulty with reading road signs (Exp 1: 𝑡$* = 	15.9, 𝑝 < 0.001, 𝜇 = 4.5, [3.9, 5.0], 𝐷 = 5.1; Exp 2: 𝑡!! =311 

	14.2, 𝑝 < 0.001, 𝜇 = 3.9, [3.3, 4.4], 𝐷 = 3.2).  312 
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Apparatus 313 

 314 

Participants used their own computer to access a webpage hosted on Google Firebase. The task was created using the 315 

OnPoint platform (Tsay, Lee, Ivry, et al., 2021), and the task progression was controlled by JavaScript code running locally 316 

in the participant’s web browser. The size and position of stimuli were scaled based on each participant’s screen 317 

size/resolution (height = 920 ± 180 px, width = 1618 ± 433 px), which was automatically detected. For ease of exposition, 318 

the stimulus parameters reported reflect the average screen resolution in our participant population.  319 

 320 

Reaching task stimuli and procedure  321 

 322 

During the task, the participant performed small reaching movements by moving their computer cursor with their trackpad 323 

or mouse. The participant's mouse or trackpad sensitivity (gain) was not modified, but rather left at the setting the participant 324 

was familiar with. On each trial, participants made a center-out planar movement from the center of the workspace to a 325 

visual target. A white annulus (1% of screen height: 0.24 cm in diameter) indicated the start location at the center of the 326 

screen, and a red circle (1% of screen height: 0.24 cm in diameter) indicated the target location. The radial distance of the 327 

target from the start location was 10 cm (40% of screen height). The target could appear at one of three directions from the 328 

center. Measuring angles counterclockwise and defining rightward as 0°, these directions were: 30° (upper right quadrant), 329 

150° (upper left quadrant) and 270° (straight down). Within each experiment, triads of trials (i.e., a cycle) consisted of one 330 

trial to each of the three targets. The order in which the three targets were presented were randomized within each cycle. 331 

Note that participants with color vision deficits could still do the task since position information also indicated the difference 332 

between the start location and target location.  333 

 334 

At the beginning of each trial, participants moved their cursor to the start location at the center of their screen. Cursor 335 

position feedback, indicated by a white dot (0.6% of screen height: 0.1 cm in diameter), was provided when the cursor was 336 

within 2 cm of the start location (10% of screen height). After maintaining the cursor in the start location for 500 ms, the 337 

target appeared at one of three locations (see above). Participants were instructed to move rapidly to the target, attempting 338 

to “slice” through the target. If the movement was not completed within 750 ms, the message “too slow” was displayed in 339 

red 20 pt. Times New Roman font at the center of the screen for 750 ms.  340 

 341 

Feedback during this movement phase could take one of the following forms: Veridical feedback, no-feedback, rotated non-342 

contingent (“clamped”) feedback, or rotated contingent feedback. During veridical feedback trials, the movement direction 343 

of the cursor was veridical with respect to the movement direction of the hand. That is, the cursor moved with their hand as 344 

would be expected for a normal computer cursor. During no-feedback trials, the cursor was extinguished as soon as the hand 345 

left the start annulus and remained off for the entire reach. During rotated clamped feedback trials (see Experiment 1 346 

Methods, Figure 2a), the cursor moved at a specified angular offset relative to the position of the target, regardless of the 347 

movement direction of the hand – a manipulation shown to isolate implicit motor adaptation (Morehead et al., 2017; Tsay, 348 

Parvin, et al., 2020). With rotated contingent feedback (see Experiment 2 Methods; Figure 3a), the cursor moved at an 349 
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angular offset relative to the position of the hand. For all feedback trials, the radial position of the cursor corresponded to 350 

that of the hand up to 10 cm (the radial distance of the target), at which point, the cursor position was frozen for 50 ms, 351 

before disappearing. After completing a trial, participants moved the cursor back to the starting location. The visual cursor 352 

remained invisible until the participant moved within 2 cm of the start location, at which point the cursor appeared without 353 

any rotation. 354 

 355 

Experiment 1: The impact of low vision on implicit motor adaptation for small and large errors 356 

 357 

Participants with low vision and control participants (N = 20 per group) were tested in two sessions, with clamped feedback 358 

used to induce implicit adaptation. In one session the clamp size was small (3°), and in the other it was large (30°). The two 359 

sessions were separated by at least 24 hours apart and the order and direction (clockwise or counterclockwise) of the clamped 360 

rotation were counterbalanced across individuals. Each session consisted of 75 cycles (225 trials total), distributed across 361 

three blocks: Baseline veridical feedback block (15 cycles), rotated clamped feedback (50 cycles), and a no-feedback 362 

aftereffect block (10 cycles).  363 

 364 

Prior to the baseline block, the instruction “Move directly to the target as fast and accurately as you can” appeared on the 365 

screen. Prior to the clamped feedback block, the instructions were modified to read: “The white cursor will no longer be 366 

under your control. Please ignore the white cursor and continue to aim directly towards the target.” To clarify the invariant 367 

nature of the clamped feedback, three demonstration trials were provided. On all three trials, the target appeared directly 368 

above the start location on the screen (90º position) and the participant was told to reach to the left (demo 1), to the right 369 

(demo 2), and downward (demo 3). On all three of these demonstration trials, the cursor moved in a straight line, 90º offset 370 

from the target. In this way, the participant could see that the spatial trajectory of the cursor was unrelated to their own reach 371 

direction. Prior to the no-feedback aftereffect block, the participants were reminded to “Move directly to the target as fast 372 

and accurately as you can.”  373 

 374 

Experiment 2: The impact of low vision on implicit motor aftereffects  375 

 376 

Low vision and control participants (N = 40 per group) completed a visuomotor adaptation task consisting of three blocks 377 

of 75 cycles (225 trials total): Baseline veridical-feedback block (15 cycles), rotated contingent feedback block (50 cycles), 378 

and no-feedback aftereffect block (10 cycles). During the rotated feedback block, the direction of the cursor was rotated 45° 379 

with respect to the direction of the participant’s hand movement. The direction of the rotation (clockwise or 380 

counterclockwise) was counterbalanced across participants. 381 

 382 

Prior to each baseline block, the instruction “Move directly to the target as fast and accurately as you can” appeared on the 383 

screen. Prior to the rotation block, a new instruction message was presented: “Your cursor will now be rotated by a certain 384 

amount. To continue hitting the target with your cursor, you will have to aim away from the target.” Prior to the no-feedback 385 

aftereffect block, the participants were instructed to “Move directly to the target as fast and accurately as you can.”  386 
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Attention and instruction checks 387 

 388 

It is difficult in online studies to verify that participants fully attend to the task. To address this issue, we sporadically 389 

instructed participants to make specific keypresses: “Press the letter ‘b’ to proceed.” If participants failed the make an 390 

accurate keypress, the experiment was terminated. These attention checks were randomly introduced within the first 50 391 

trials of the experiment. We also wanted to verify that the participants understood the clamped rotation manipulation. To 392 

this end, we included one instruction check after the three demonstration trials: “Identify the correct statement. Press 'a': I 393 

will aim away from the target and ignore the white dot. Press 'b': I will aim directly towards the target location and ignore 394 

the white dot.” The experiment was terminated if participants failed to make the correct response (i.e., press ‘b’).  395 

 396 

Data Analysis 397 

 398 

The primary dependent variable of reach performance was hand angle, defined as the angle of the hand relative to the target 399 

when movement amplitude reached a 10 cm radial distance from the start position. Specifically, we measured the angle 400 

between a line connecting the start position to the target and a line connecting the start position to the hand. Given that there 401 

is little generalization of learning between target locations spaced more than 120° apart (Krakauer et al., 2005; Morehead 402 

et al., 2017), the data are graphed by cycles. 403 

 404 

Outlier responses were defined as trials in which the hand angle deviated by more than three standard deviations from a 405 

moving 5-trial window or if the hand angle was greater than 90° from the target (average percent of trials removed per 406 

participant in Exp 1, control = 2.2 ± 6.2%, low vision = 6.1 ± 13.0%; Exp 2, control = 3.1 ± 4.6%, low vision = 5.2 ± 10.2%).  407 

 408 

We defined three summary measures of learning: Early adaptation, late adaptation, and aftereffect. Early adaptation was 409 

operationalized as the mean hand angle over the first 10 movement cycles of the rotation block (trials 46 - 75). Late 410 

adaptation was defined as the mean hand angle over the last 10 movement cycles of the rotation block (trials 166 - 195). 411 

The aftereffect was operationalized as the mean angle over all movement cycles of the no-feedback aftereffect block (trials 412 

196 - 225).  413 

 414 

These data were submitted to a linear mixed effect model, with hand angle measures as the dependent variable. In 415 

Experiment 1, we included Experiment Phase (Early adaptation, Late adaptation, Aftereffect), Group (low vision or control), 416 

and Error Size (3°, 30°) as fixed effects and Participant ID as a random effect. A priori, we hypothesized that the low vision 417 

group would differ from the controls in their response to the small errors. Reaction time was included as a covariate in the 418 

analysis since RT was greater in the low vision group compared to the control group (RT: 𝑡"- = 	3.3, 𝑝 = 0.002, 𝜇 =419 

157.9, [60.7, 255.1], 𝐷 = 1.1). RT was defined as the interval between target presentation to the start of movement 420 

(operationalized as time at which the hand movement exceeded 1 cm). Movement time (MT = the time between the start of 421 

the movement and when the radial distance of the movement reached 10 cm) was not included as a covariate since MT did 422 
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not differ between groups (MT: 𝑡$+ = 	0.3, 𝑝 = 0.79, 𝜇 = 11.3, [−74.1, 96.6], 𝐷 = 0.1). We note that the results are 423 

similar if MT is included as a covariate. 424 

 425 

In Experiment 2, the main prediction centered on a null effect of Group over all Phases for only one large error size. As 426 

such, we included Experiment Phase and Group as two fixed effects (with the Group x Phase interaction included) and 427 

Participant ID as a random effect. Because we observed group differences in RT and MT (RT: 𝑡!* =	−4.5, 𝑝 < 0.001,			𝜇 =428 

177.7, [−255.7, −99.7], 𝐷 = 1.0; MT: 𝑡!* =	−4.2, 𝑝 < 0.001, 𝜇 = −193.4, [−285.4, −101.4], 𝐷 = 0.9), both variables 429 

were included as covariates.  430 

 431 

We employed F-tests with the Satterthwaite method to evaluate whether the coefficients (i.e., beta values) obtained from 432 

the linear mixed effects model were statistically significant (R functions: lmer, lmerTest, anova). Pairwise post-hoc t-tests 433 

(two-tailed) were used to compare hand angle measures between the low vision and control groups (R function: emmeans). 434 

P-values were adjusted for multiple comparisons using the Tukey method. The degrees of freedom were also adjusted when 435 

the variances between groups were not equal. 95% confidence intervals for group comparisons (t-tests) and beta values 436 

obtained from the linear mixed effects model are reported in squared brackets. Standard effect size measures are also 437 

provided (𝐷 for between-participant comparisons; 𝐷# for within-participant comparisons; 𝜂)" for between-subjects ANOVA) 438 

(Lakens, 2013).   439 
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Supplemental Analyses 443 

 444 

Experiment 1  445 

 446 

Since the low vision group on average initiated movements slower than the control group (see Methods), we added RT as a 447 

covariate in our analyses. Implicit adaptation was modulated by RT (𝐹%,%-, = 	5.4, 𝑝 = 0.02, 𝜂)" = 0.0): For both groups, 448 

longer RTs were associated with lower asymptotic levels of adaptation. This may reflect reduced levels attention and 449 

motivation, or perhaps increased caution in making goal-directed movements (Shadmehr & Ahmed, 2020). 450 

 451 

We also explored whether various subgroups of the participants with low vision exhibited differences in implicit adaptation. 452 

As shown in Figure S2, there were no appreciable differences between participants who moved fast or slow (Figure S2a,e; 453 

median split: 𝐹%,'- = 	0.1, 𝑝 = 0.73, 𝜂)" = 0.0), with and without central vision loss (Figure S2b,f; 𝐹%,'' = 	0.0, 𝑝 =454 

0.94, 𝜂)" = 0.0), with and without peripheral vision loss (Figure S2c,g; 𝐹%,'$ = 	0.4, 𝑝 = 0.55, 𝜂)" = 0.0), or early vs late 455 

onset of low vision (Figure S2d,h; 𝐹%,'$ = 	0.2, 𝑝 = 0.69, 𝜂)" = 0.0). In sum, we did not identify additional features amongst 456 

individuals in the low vision group that impacted implicit adaptation in Experiment 1.  457 

 458 

Furthermore, neither the participants’ self-reports of visual acuity (Figure S3a, d) nor ability to perceive road signs (Figure 459 

S3b, e) correlated with implicit adaptation. The absence of a correlation for the small error condition may seem strange: 460 

Considering our hypothesis that reduced implicit adaptation in this condition arises from misperception of the feedback 461 

location, one might predict that lower acuity would be associated with less adaptation. However, while visual acuity as 462 

measured in the clinic focuses on fine-detail visual discrimination (e.g., reading), this aspect of vision may not be an essential 463 

aspect of visual uncertainty in our task in which both the feedback cursor and the target are fairly large on the computer 464 

monitor (Table S1, Figure S3c,d). Instead, features such as contrast sensitivity may be important for distinguishing the 465 

location of the feedback and the target on the black background.  466 

 467 

Experiment 2  468 

 469 

We included RT and MT as covariates in the analyses since the low vision group had longer RTs and MTs than the control 470 

group (see Methods). There was no main effect of RT (𝐹%,%,' = 	1.4, 𝑝 = 0.24, 𝜂)" = 0.0). However, in both groups, the 471 

amount of adaptation was modulated by movement time (𝐹%,%"- = 	11.5, 𝑝 < 0.001, 𝜂)" = 0.1): Participants who took a 472 

longer time to move also exhibited greater changes in hand angle. This effect of MT may arise from a subset of participants 473 

who made feedback corrections mid-movement. A finer examination of subgroups with low vision also revealed a main 474 

effect of MT (median split: 𝐹%,%,- = 	6.3, 𝑝 = 0.01, 𝜂)" = 0.0) as well an interaction between MT x Phase (𝐹",!+ = 	3.5, 𝑝 =475 
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0.03, 𝜂)" = 0.1). As shown in Figure S2i, post-hoc t-tests showed that this interaction was driven by group differences only 476 

in early adaptation (𝑡%,- =	−2.5, 𝑝 = 0.01, 𝜇 = 	−7.9, [−13.7, −2.0], 𝐷 = 0.9). There were no group differences during 477 

either late adaptation (𝑡%,- = 	0.3, 𝑝 = 0.76, 𝜇 = 	1.0, [−5.4, 7.3], 𝐷 = 	0.1) or in the aftereffect phase (𝑡%,- = 	0.5, 𝑝 =478 

0.64,= 	1.5, [−5.3, 8.2], 𝐷 = 0.1).  479 

 480 

In terms of other features of low vision, we observed no differences between participants with or without peripheral vision 481 

loss (Figure S2k; 𝐹%,$* = 	0.4, 𝑝 = 0.52, 𝜂)" = 0.0) and early or late disease onset (Figure S2l; 𝐹%,$* = 	0.6, 𝑝 = 0.81, 𝜂)" =482 

0.0). However, as shown in Figure S2j, there was a marginal effect of central vision loss (𝐹%,$* = 	3.4, 𝑝 = 0.07, 𝜂)" = 0.1) 483 

as well as a marginal interaction between central vision loss and experimental phase (𝐹",!+ = 	2.7, 𝑝 = 0.07, 𝜂)" = 0.1). 484 

Post-hoc t-tests suggest that this interaction was driven by between participants differences only in the late adaptation phase 485 

(𝑡%,* = 	2.6, 𝑝 = 0.009, 𝜇 = 	8.4, [2.2, 14.5], 𝐷 = 0.9), and not during early adaptation (𝑡%,* =	−0.3, 𝑝 = 0.73, 𝜇 =486 

	−1.1, [−7.2, 5.0], 𝐷 = 0.1) and aftereffect phases (𝑡%,* = 	1.4, 𝑝 = 0.16, 𝜇 = 	4.5, [−3.0, 11.9], 𝐷 = 0.4). This selective 487 

effect of central vision loss during late adaptation may be attributed to a difficulty in perceiving the small difference between 488 

the cursor and target position since the participants in this late phase of learning may have already compensated for most of 489 

the 45° rotation. Similar to Experiment 1, neither visual acuity (Figure S3g) nor perceptibility of road signs (Figure S3h) 490 

correlated significantly with implicit adaptation. As for Experiment 1, a breakdown of aftereffect size by clinical diagnosis 491 

is shown in Figure S3i.	  492 
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Supplemental Figures 493 

 494 

 495 
 496 

Figure S1: Experimental apparatus and design in Tsay et al (2020). (a) Experimental apparatus. All participants performed center-497 

out reaches on a horizontal surface while seated at a custom-made tabletop. Participants held a modified air hockey “paddle” that 498 

contained a stylus and moved this device across a digitizing tablet. An LCD screen was suspended above the tablet. (b) Experimental 499 

design. Participants made reaching movements towards a visual target (blue circle). Feedback was provided as either a small 3° visual 500 

clamp or large 30° visual clamp, paired with cursor (certain feedback) or cloud feedback (uncertain feedback). There were four groups 501 

of participants in a 2 x 2 factorial design. 502 
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 503 

 
 
Figure S2: Low vision subgroup analyses. Mean hand angles ± SEM during early and late phases of the rotation block, and 
during the no-feedback aftereffect block of Experiment 1 (a – h) and Experiment 2 (i – l). Each column divides the low vision 
group based on a different performance or clinical variable: Movement time (a, e, i), central vision loss (b, f, j), peripheral vision 
loss (c, g, k), or disease onset (d, h, l). The control group is shown in grey dashed lines. * denotes p < 0.05. # denotes p < 0.10. 
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 504 

505 

 
 
Figure S3: The effect of visual acuity and clinical diagnosis on motor aftereffects. Correlation between visual acuity of the less 
impaired eye and motor aftereffects in Experiment 1 (a, d) and Experiment 2 (g). Correlation between how clearly participants report 
seeing road signs (1 = very clear; 7 = very blurry) and motor aftereffects in Experiment 1 (b, e) and Experiment 2 (h). Solid line 
indicates mean regression line and shaded region indicates SEM. The Spearman correlation is noted by R. (c, f, i) Mean aftereffects 
sorted by clinical diagnoses involving low vision. Shading of the dot indicates how well participants report seeing road signs (light 
shading = road signs are very blurry; dark shading = road signs are very clear). The 95% confidence interval for the control group is 
indicated by the green shaded region.  
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 4, 2022. ; https://doi.org/10.1101/2022.01.03.474829doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.03.474829
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

 506 

  507 

 
Figure S4: Participants who have lower visual acuity in their less impaired eye report more difficulty in reading road signs. 
Participants used a Likert scale from 1 (very blurry) to 7 (very clear) to indicate how well they were able to read road signs. Solid 
line indicates mean regression line and shaded region indicates SEM. The Spearman correlation is noted by R. Each data point 
denotes an individual participant (pooled across Experiments 1 and 2).  
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Supplemental Tables 508 

 509 

# Age YOE Hand Gender Low vision  
diagnosis 

Visual acuity 
in better eye 

Seeing road 
signs 

Peripheral 
visual field 

Central  
visual field 

Low vision 
onset 

1# 31 18 R M Retinitis Pigmentosa 0.3 2 × ✓ A 
2# 34 22 R M Achromatopsia 0.9 2 ✓ ✓ C 
3# 60 18 R D Retinitis Pigmentosa 1.3 1 × ✓ A 
4# 86 16 R M Glaucoma 1.0 2 × ✓ A 
5# 70 18 R F Macular Degeneration 0.9 5 ✓ × A 
6# 34 14 R F Pseudotumor Cerebri 1.7 1 × × A 
7# 61 18 A F Rieger Syndrome 0.2 4 × ✓ A 
8# 26 16 R F Charcot Marie Tooth 0.9 4 ✓ ✓ A 
9 86 16 R M Glaucoma 1 1 × ✓ A 

10 55 16 R M Stargardt's Disease 1 1 × × A 
11 37 22 A F Retinal Detachment 1 5 ✓ ✓ A 
12 29 18 R M Glaucoma 0.7 3 × ✓ A 
13 59 16 R M Diabetic Retinopathy 1.7 2 × ✓ A 

14 31 12 R F Glaucoma, Deprivation 
Amblyopia 1 1 × ✓ C 

15 33 18 R F Genetic/Developmental 1 3 ✓ × C 
16 24 16 R F Albinism 1.7 1 × × C 
17 78 22 R F Macular Degeneration 0.6 4 ✓ × A 
18 28 18 R F Nystagmus 0.5 4 ✓ ✓ C 

19 60 18 A F Cerebral Visual 
Impairment 0.4 3 × ✓ A 

20 60 18 R F Infection 1.7 2 ✓ × C 

 510 

Table S1: Experiment 1 participants with low vision. Gender was self-reported as male (M), female (F), or declined to specify (D). 511 

Handedness was reported as right (R), left (L), or unknown (U). Self-reports of visual acuity of the better seeing eye (logMAR) and 512 

peripheral/central visual field loss are provided. ✓ denotes intact and × denotes impaired function. Disease onset was self-reported as 513 

congenital (C), acquired (A), or unknown (U). # denotes individual who also participated in Experiment 2.   514 
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# Age YOE Hand Gender Low vision  
diagnosis 

Visual acuity in 
better eye 

Seeing road 
signs 

Peripheral  
visual field 

Central  
visual field 

Low vision 
onset 

1# 31 18 R M Retinitis Pigmentosa 0.3 2 × ✓ A 
2# 34 22 R M Achromatopsia 0.9 2 ✓ ✓ C 
3# 60 18 R D Retinitis Pigmentosa 1.3 1 × ✓ A 
4# 86 16 R M Glaucoma 1.0 2 × ✓ A 

5# 70 18 R F Macular 
Degeneration 0.9 5 ✓ × A 

6# 34 14 R F Pseudotumor Cerebri 1.7 1 × × A 
7# 61 18 A F Rieger Syndrome 0.2 4 × ✓ A 
8# 26 16 R F Charcot Marie Tooth 0.9 4 ✓ ✓ A 

9 75 18 R F 
Macular 

Degeneration 
Keratoconus 

U 5 ✓ ✓ A 

10 78 20 R M Glaucoma 0.6 2 ✓ ✓ A 
11 30 16 R F Stargardt's Disease 0.6 2 ✓ × A 
12 70 18 R F Glaucoma 0.4 2 × × A 

13 91 17 L M Macular 
Degeneration 0.3 5 ✓ × A 

14 90 20 R M Macular 
Degeneration 0.3 2 ✓ ✓ A 

15 93 14 R M Macular 
Degeneration U 6 × × A 

16 31 18 R F Achromatopsia 1.0 3 ✓ ✓ C 

17 78 18 R M 
Macular 

Degeneration 
Glaucoma 

U 2 × × A 

18 72 16 R M Epiretinal Membrane U 7 ✓ ✓ A 
19 66 18 L F Achromatopsia 1 1 ✓ ✓ C 

20 71 17 R F 

Macular 
Degeneration 
Retinoschisis 

S Cone Syndrome 

1 2 ✓ ✓ A 

21 34 16 R M Ocular Albinism 1 2 ✓ ✓ C 

22 75 22 R M Macular 
Degeneration 0.5 4 ✓ × A 

23 58 20 R F 

Myopic 
Degeneration, 

Choroidal 
Neovascularization 

1.2 2 × × A 

24 33 18 A F Rod Cone Dystrophy 2.1 3 ✓ ✓ C 
25 43 12 R F Pseudotumor Cerebri 1 1 × ✓ A 

26 28 18 R F Retinopathy of 
Prematurity 1.4 1 × ✓ C 

27 22 16 R M Retinitis Pigmentosa U 2 × × A 
28 49 17 R F Optic Nerve Atrophy 1.2 1 ✓ ✓ A 

29 78 16 R F Macular 
Degeneration U 5 ✓ × A 

30 36 14 R F Retinopathy of 
Prematurity 0.5 3 × ✓ C 

31 33 20 R F Achromatopsia 1.3 2 ✓ ✓ C 
32 30 20 R M Achromatopsia 1 2 ✓ ✓ C 
33 37 16 R F Genetic 0.6 2 ✓ ✓ C 
34 68 19 R F Achromatopsia U 2 ✓ × C 
35 69 14 R M Keratitis U 1 ✓ ✓ A 

36 63 15 R F Cataracts 
Glaucoma Suspect U 4 × ✓ A 

37 19 13 R M Septo-optic Dysplasia 0.7 2 × × U 

38 59 25 R F Retinopathy of 
Prematurity 0.5 5 × ✓ C 

39 76 21 A M 
Macular 

Degeneration 
Glaucoma 

U 5 × ✓ A 

40 38 18 R F Glaucoma U 1 × × A 

 515 

Table S2: Experiment 2 participants with low vision. Data are presented in the same format as Table S1.   516 
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