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SUMMARY

Visual perceptual learning (VPL) is a behavioral manifestation of brain neuroplas-
ticity. However, its practical effectiveness is limited because improvements are
often specific to the trained conditions and require significant time and effort.
It is critical to understand the conditions that promote learning and transfer.
Covert endogenous (voluntary) and exogenous (involuntary) spatial attention
help overcome VPL location specificity in neurotypical adults, but whether they
also do so for people with atypical visual development is unknown. This study in-
vestigates the role of exogenous attention during VPL in adults with amblyopia,
an ideal population given their asymmetrically developed, but highly plastic, vi-
sual cortex. Here we show that training on a discrimination task leads to improve-
ments in foveal contrast sensitivity, acuity, and stereoacuity. Notably, exogenous
attention helps generalize learning beyond trained spatial locations. Future
large-scale studies can verify the extent to which attention enhances the effec-
tiveness of perceptual learning during rehabilitation of visual disorders.

INTRODUCTION

Visual perceptual learning (VPL) refers to enhancements in perceptual sensitivity or discriminability after

extensive practice (reviews: Sagi, 2011; Gilbert and Li, 2012; Dosher and Lu, 2017; Seitz, 2017; Maniglia

and Seitz, 2018). There are significant translational implications for training visual expertise and rehabilita-

tion of visual disorders. However, VPL improvements can be modest and are often characterized by spec-

ificity (reviews: Sagi, 2011; Gilbert and Li, 2012; Dosher and Lu, 2017; Seitz, 2017; Maniglia and Seitz, 2018).

In most cases, performance improvements do not transfer beyond the trained retinal location and stimulus

feature, and in some cases, they are specific to the trained eye. Thus, there is significant incentive to design

training regimens that promote VPL and its transfer to untrained conditions. Elucidating the specific con-

ditions that promote learning and generalization provides insight into the potential mechanisms and neu-

ral substrates underlying plasticity in the (a) typical adult brain. Protocols that require training with a second

task, i.e., ‘‘piggybacking’’, a form of double training (e.g., Hung and Seitz, 2014; Wang et al., 2014) and

interleaving tasks (Szpiro et al., 2014), facilitate VPL to untrained locations (e.g., Hung and Seitz, 2014;

Szpiro et al., 2014; Wang et al., 2014) and features (e.g., Szpiro et al., 2014). However, these protocols in-

crease training time, which is particularly problematic for populations whose visual systems are already

taxed and thus may fatigue more quickly, including adults with amblyopia.

Amblyopia is a neurodevelopmental disorder of the cortex characterized by interocular disparities (Seng-

piel, 2014; Levi et al., 2015; Kiorpes and Daw, 2018; Levi, 2020). Although typically considered a foveal dis-

order (Shooner et al., 2015), its deficits and their neural markers are also present across the visual field (Katz

et al., 1984; Hou et al., 2016a; 2016b; Roberts et al., 2016; Pham et al., 2018; Ramesh et al., 2020). Whether

due to misalignment of the eyes (strabismic subtype), optical blur (anisometropic subtype), or a reduction

in retinal contrast resulting in form deprivation (deprivation subtype), people with amblyopia rely on their

stronger eye for most visual tasks while actively suppressing the processing of visual input to their weaker

amblyopic eye. However, even their dominant ‘‘fellow’’ eye is impaired relative to those of neurotypical ob-

servers (review: Meier and Giaschi, 2017). Despite wearing the best optical correction, adults with ambly-

opia exhibit pronounced impairments in a diversity of tasks, e.g., contrast sensitivity, visual acuity, crowd-

ing, position discrimination, spatial interaction, letter recognition, stereopsis, visual search, counting,

multiple-object tracking, and oculomotor and hand-eye coordination tasks (reviews: Astle et al., 2011;

Levi et al., 2015; Tsirlin et al., 2015; Levi, 2020; Rodán et al., 2022). Thus, the amblyopic brain is a useful

model system for investigating neuroplasticity and its limits.
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Visual training has been shown to reduce many of these deficits, specifically in contrast sensitivity, visual acuity,

crowding, position discrimination, spatial interaction, letter recognition, and stereopsis (reviews: Levi and Li,

2009; Astle et al., 2011; Sengpiel, 2014; Levi et al., 2015; Tsirlin et al., 2015; Levi, 2020; Rodán et al., 2022). Though

not well understood, VPL has shown to be more generalized in amblyopic than neurotypical adults, often

showing transfer to untrained stimulus features (e.g., spatial frequencies, orientations), visual dimensions (e.g.,

acuity, stereopsis), and to the fellow eye (reviews: Levi and Li, 2009; Astle et al., 2011; Sengpiel, 2014; Levi

et al., 2015; Tsirlin et al., 2015; Levi, 2020; Rodán et al., 2022). After training the weaker eye, experimenters

can measure differences in VPL improvement and transfer compared to the stronger fellow eye, which provides

an informative within-subject comparison condition that is not confounded by individual differences. In addition

to their contribution to our understanding of neuro(a)typical brain functioning, findings from VPL studies with

amblyopic patients can have translational implications for improving the efficiency of rehabilitation methods

for visual disorders.

Covert spatial attention–the selective processing of visual information without accompanying eye movements–

improves performance in a variety of detection, discrimination, and localization tasks (reviews: Carrasco, 2011;

Carrasco, 2014; Carrasco andBarbot, 2015). Recent studiesmanipulating observers’ covert spatial attention dur-

ing practice have revealed that selective attention can enable VPL (Szpiro and Carrasco, 2015), and help over-

come specificity (Donovan et al., 2015; 2020; Donovan and Carrasco, 2018) in neurotypical adults. Observers

who trained with exogenous (involuntary) attention acquired VPL, but those who trained without focused atten-

tion under otherwise identical conditions did not (Szpiro and Carrasco, 2015). Moreover, deploying exogenous

(Donovan et al., 2015) or endogenous (voluntary; Donovan and Carrasco, 2018) spatial attention during training

facilitates the transfer of improved orientation discrimination to untrained locations. Exogenous attention also

facilitates VPL transfer in visual acuity to untrained stimulus locations and features (Donovan et al., 2020). In these

studies, to isolate the attentional effect, separate groups of observers were trained with either valid attentional

cues, i.e., which focused spatial attention at the target location, or neutral cues, i.e., which evenly spread spatial

attention across all spatial locations. All groups were tested with neutral cues before and after training, such that

evidence of VPL or transfer was only attributable to attentional allocation during training.

Given that spatial attentioncues typically improvebehavioral performance inamblyopia (Sharmaet al., 2000;Rob-

erts et al., 2016; Phamet al., 2018; Ramesh et al., 2020), and that attention helps overcomeVPL location (Donovan

etal., 2015; 2020;DonovanandCarrasco, 2018) and feature (Donovanetal., 2020) specificity inneurotypical adults,

herewe investigatedwhether and towhat extentexogenousattention facilitates VPL and its transfer in adultswith

amblyopia. There are alternative hypotheses for this open question. On the one hand, given that people with

amblyopiabenefit fromattention inbasic visual tasksasneurotypicalsdo (Carrasco, 2011; 2014;Carrasco andBar-

bot, 2015), we could hypothesize that training with attention may also facilitate location and feature transfer. On

the other hand, given that some have argued that attention is atypical in amblyopia (as reviewed in Roberts et al.,

2016; Pham et al., 2018; Verghese et al., 2019), and differences in the neural correlates of visual and attentional

processing in the amblyopic brain –including underactivation in primary visual cortex (review: Joly and Franko,

2014), atypical neural signaling across the visual hierarchy (e.g., Hou et al., 2016a; 2016b; Mortazavi et al., 2020,

review: Joly and Franko, 2014), and multiple anomalies in the responsivity and topography of neurons (e.g.,

Shooner et al., 2015; reviews: Levi, 2013; Joly and Franko, 2014; Kiorpes and Daw, 2018)– we could hypothesize

that attention may not interact with VPL in the amblyopic brain in a similar manner as in neurotypicals. Further-

more, given that amblyopic adults already show more generalized improvements than neurotypical adults, it is

possible that attention would not be able to further potentiate VPL or its transfer to a measurable degree.

Two groups of adults with strabismic, anisometropic or mixed amblyopia (see Table 1) trained using Gabor

stimuli set at individuals’ contrast thresholds with their amblyopic eye on a two-alternative forced-choice (2-

AFC) orientation discrimination task contingent on observers’ contrast sensitivity (Figure 1A; see main task

trial sequence under STARMethods). The behavioral effects of both types of attention on this task and their

neural correlates have been well-characterized in neurotypical observers (e.g., Carrasco et al., 2000; Lu and

Dosher, 2000; Liu et al., 2005; Pestilli et al., 2009; Herrmann et al., 2010; Lu et al., 2011; Dugué et al., 2016;

2020; Fernández and Carrasco, 2020; Jigo and Carrasco, 2020), and their behavioral effects have been well-

established for special populations (amblyopia (Roberts et al., 2016), ASD (Grubb et al., 2013a; 2013b),

ADHD (Kim et al., 2014; Roberts et al., 2017)).

To assess whether exogenous attention helps overcome location specificity, each group trained (Figure 1B)

either with peripheral cues (Attention group) or central neutral cues (Neutral group). In the days immediately
2 iScience 25, 103839, March 18, 2022



Table 1. Demographic and clinical information for all observers

Participanta Gender Age Amblyopic eye Depthb Severityc Subtyped logMAR acuitye
Refractive

correctionf Past treatment

Neutral group

1 F 29 L 0.78 S S 0.84 none patching, glasses,

visual training 2

years

2 F 22 R 0.60 S M 0.62 glasses;

OD: +3.00,

OS: +2.00

patching

3 F 21 R 0.80 S A 0.72 contacts; OD: +6.5

-1.00 3 160,

OS: +2.00 -0.25 3

100

patching,

eyedrops,

corrective lenses

4 F 27 L 0.60 MO M 0.52 glasses; OD: �5.00

-0.75 3 160, OS:

�7.5 -3.75 3 007

patching,

corrective surgery,

corrective lenses

5 M 24 R 0.74 MO M 0.54 glasses; OD: +2.75

-0.5 3 105, OS:

�0.5 -0.25 3 175

patching,

corrective lenses

6* M 24 R 0.30 MO M 0.32 glasses; OD: +4.25

-3.25 3 179,

OS: +2.75 -2.25 3

009

noncompliant

patching,

corrective lenses

7 F 22 L 0.48 MO A 0.46 contacts; OD:

�4.00 -1.75 3 160,

OS: �1.50 -0.75 3

180

glasses

8 M 21 L 0.52 MO M 0.56 contacts; OD:

�7.25 BC 8.4 DIA

13.8, OS:�6.75 BC

8.4 DIA 13.8

noncompliant

patching, glasses

9 F 21 R 0.24 MI S 0.18 contacts;

OD: +3.75,

OS: +3.75

patching, stereo

training, corrective

lenses

10 F 19 L 0.40 MO S 0.52 glasses; OD: 3.00,

OS: �3.75

patching, eye

strengthening

exercises,

corrective lenses

(Continued on next page)
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Table 1. Continued

Participanta Gender Age Amblyopic eye Depthb Severityc Subtyped logMAR acuitye
Refractive

correctionf Past treatment

Totals M: 3

F: 7

M = 23G0.97 L: 5

R: 5

M = 0.55G0.06 S: 3

MO: 6

MI: 1

S: 3

A: 2

M: 5

M = 0.53G0.06 none: 1

glasses: 5

contacts: 4

patching: 7

corrective surgery:

1

corrective lenses:

10

visual training

exercises: 3

Attention group

1 F 21 L 0.42 MO A 0.54 contacts;

prescription

unavailable

none

2 F 20 L 0.60 MO S 0.52 contacts;

prescription

unavailable

patching

3 F 22 L 1.02 S M 0.94 glasses;

prescription

unavailable

patching

4 F 19 R 0.66 MO A 0.54 contacts; OD: 8.5,

OS: �2.5

none

5 M 22 L 0.56 MO S 0.52 none patching,

noncompliant eye

drops, glasses

6 M 20 R 0.44 MO S 0.36 none stereo training

7 M 33 R 0.22 MI M 0.12 glasses; OD: +3.5

-2.5 3 180, OS:

�4.00 -1.5 3 180

patching, glasses

8 M 29 L 0.80 S A 0.82 none noncompliant

patch, eye

strengthening

exercises

9 F 19 L 0.26 MI M 0.22 contacts; OD:

�0.50 -0.25 3 62,

OS: +2.00

noncompliant

patching, refractive

correction

10* M 37 R 0.46 MO S 0.42 glasses; OD: +3.75

-1.25 3 175,

OS: +3.00 -1.50 3

018

patching, glasses

(Continued on next page)
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Table 1. Continued

Participanta Gender Age Amblyopic eye Depthb Severityc Subtyped logMAR acuitye
Refractive

correctionf Past treatment

Totals M: 5

F: 5

M = 24G2.0 L: 6

R: 4

M = 0.59G0.09 S: 2

MO: 6

MI: 2

S: 4

A: 3

M: 3

M = 0.51G0.09 none: 3

glasses: 3

contacts: 4

patching: 6

corrective surgery:

0

corrective lenses: 7

visual training

exercises: 1

aPrecluded observers from the main results (see results) are marked with an asterisk.
bDepth = (LogMAR visual acuity (VA) amblyopic eye - LogMAR VA fellow eye) at pre-test while wearing prescribed refractive correction (if any); as calculated in Popple and Levi, 2008.
cAmblyopic severity at pre-test (according to amblyopic eye logMAR acuity; Stewart et al., 2005): MI = mild (0.1-0.3 logMar), MO = moderate (>0.3-0.6 logMar), S = severe (>0.6 logMar).
dS = strabismic, A = anisometropic, M = mixed.
eAmblyopic eye logMAR acuity at pre-test.
fType of refractive correction and prescription (if available) that observer wore throughout study; none = observer did not wear refractive correction in or out of the study as they did not find it useful.
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A

B

Figure 1. Experimental protocol

(A) Trial sequence for the main training task. The size of the stimuli has been enlarged for improved visibility.

(B) Overview of study procedure. See also STAR Methods
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preceding (Day 4 of the Pre-training phase; Figure 1B) and after (Day 15 of the Post-training phase; Figure 1B) the

training sessions, we measured their performance on the same task in each eye at the trained and untrained di-

agonalmeridians. In addition, to assess the degreeof eye, feature and task transfer in bothgroups, wemeasured

changes in someof the classic visual impairments of amblyopia–broadband foveal contrast sensitivity, visual acu-

ity, crowding at the fovea and binocular stereoacuity–using a curated battery of tasks (see supplemental infor-

mation for details).

RESULTS

Mean contrast

We equated performance (�1.3 d’) between Eyes and Groups before training (Figure S1, top row) using an

adaptive staircase procedure to estimate monocular contrast thresholds. A 2-way (Eye: amblyopic, fellow X

Group: Neutral, Attention) mixed-design ANOVA of mean contrast threshold revealed a significant main

effect of Eye (F(1, 18) = 12, p = .003, h2
G = .22), but neither a significant main effect of Group (F(1, 18) =

3.1, p = .10, h2
G = .09) nor a significant interaction (F(1, 18) < 1.0). Both the Neutral and Attention groups

required about twice the contrast in their weaker amblyopic eye (M = 35 G 5.2%) than the corresponding

fellow eye (M = 17 G 3.0%) to obtain similar performance. There were no significant correlations between

stimulus contrast and normalized improvement –the difference between post-test and pre-test perfor-

mance divided by the sum of their values (see STAR Methods)– at the trained or untrained diagonal for

either eye of each group (all p > .05).

Main task performance

We first assessed whether and how exposure to a valid peripheral precue during training differentially af-

fects themagnitude and specificity of learning.We conducted a 4-waymixed ANOVA on d’ for all observers

(Figures S1–S3, top row) with factors of Session (pre-test, post-test), Eye (amblyopic, fellow), Diagonal

(trained, untrained) and Group (Neutral, Attention). There were significant main effects of Session (F(1,

18) = 6.0, p = .03, h2
G = .06) and Diagonal (F(1, 18) = 5.6, p = .03, h2

G = .02), and a 3-way interaction among

Session, Diagonal, and Group (F(1, 18) = 4.4, p = .05, h2
G = .006). Neither the main effects of Eye or Group

nor all other interactions were significant (all p > .30). The complementary 3-way (Eye X Diagonal X Group)
6 iScience 25, 103839, March 18, 2022



Figure 2. Individual performance on the main task

Performance (top row: d’, bottom row: RT) collapsed across both eyes of 20 individual observers on the training task at

post-test versus pre-test at the trained diagonal (left column), untrained diagonal (middle column), and the relative

normalized change at each diagonal (right column; data to the right of the vertical line indicate improvement at the

trained diagonal; data above the horizontal line but below the unity line indicate partial transfer; data along the unity line

indicate complete transfer; data above the unity line reveal greater improvement at the untrained compared to the

trained diagonal). The colored arrows pointing to the axes indicate group means, and their widths represent G1 within-

subject SEM for each condition (Morey, 2008). Unfilled shapes indicate the one observer per group not included in the

statistical analyses for the main training task. See also Figures S1–S3 and S13
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mixed ANOVA of normalized change revealed a significant 2-way interaction between Diagonal and Group

(F(1, 18) = 7.0, p = .02, h2
G= .04); the Neutral group exhibited significantly more improvement at the trained

than untrained diagonal (t(9) = 3.2, p = .01, 95% CI = [.04, .26]), whereas the Attention group improved to a

similar extent at both diagonals (t(9) = -.03, p = .98, 95% CI [-.15, .14]). None of the main effects or other

interactions were significant (all p > .10).

A corresponding analysis of median RT, our secondary variable, showed a significant main effect of Session

(F(1, 18) = 28, p < .001, h2
G = .11), but no other significant main effects or interactions (all p>.20; Figures S1–

S3, bottom row). The complementary 3-way (Eye X Diagonal X Group) mixed ANOVA of normalized change

indicated a significant Eye 3 Diagonal interaction (F(1, 18) = 4.9, p < .05, h2
G = .01), but post-hoc t-tests

found no significant differences across all diagonals in both eyes (all p > .20). All other main effects and in-

teractions were not significant (all p > .10).

Given that the 4-way ANOVA did not reveal a main effect of eye, we collapsed across the amblyopic and

fellow eye data for the following analyses. Figure 2 plots post-test versus pre-test performance (top row: d’,

bottom row: RT) collapsed across both eyes of individual observers at the trained (left column) and un-

trained (middle column) diagonals, as well as the normalized change in performance at one diagonal rela-

tive to the other (right column). Training improved performance for most observers at the trained diagonal,

but three observers in each group got worse (i.e., exhibited a negative normalized change in d’ at the

trained diagonal of the main task). Most critically, all of the observers who exhibited a positive normalized

change in d’ at the trained diagonal of the main task exhibited transfer to the untrained diagonal in the

Attention group (7/7, 100%) but less than half did so in the Neutral group (3/7, 43%). Further, the normalized

change in d’ was more often similar at the trained and untrained diagonals for the Attention group than the

Neutral group, as shown by the majority of green shapes clustered near the unity line compared to the ma-

jority of blue shapes clustered near the horizontal line in the right column of Figure 2.

RTs were faster for most observers at post-test than pre-test for both the trained diagonal (left column) and

untrained diagonal (middle column). Overall, the benefit was similar at both the trained and untrained di-

agonals for observers in both groups; for the Attention group the data were close to the unity line (right
iScience 25, 103839, March 18, 2022 7



Figure 3. Group performance on the main task

Mean pre-test and post-test performance collapsed across eyes and split by diagonal. Dots indicate the performance of

individual observers. Error bars represent G1 within-subject SEM (Morey, 2008). Symbols refer to the statistical results of

3-way mixed ANOVAs and paired t-tests; *p< 0.05. See also Figures S4 and S5; Table 2
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column); for the Neutral group they were more disperse. Thus, we can rule out speed-accuracy tradeoffs for

all observers.

Role of amblyopic subtype on main task performance

We conducted a complementary 4-way mixed ANOVA of observers’ d’ performance on the main task that

included one novel between-groups factor, ‘‘Subtype’’, with three levels: strabismic (n = 7), mixed (n = 8), or

anisometropic (n = 5). Neither the main effect of subtype (p = .17) nor any of its interactions with the other

factors of Session, Diagonal, or Group (all p > .10) were significant. Thus, our main results did not differ ac-

cording to observers’ specific subtype of amblyopia which, among other differences, are associated with

varying levels of fixation instability.

Role of fixation ability on main task performance

Tomore directly assess the potential effects of observers’ (in)ability to properly fixate on performance in the

main task, we conducted another complementary analysis. We first did a median split, categorizing ob-

servers into one of two groups according to the number of times their amblyopic eye broke fixation during

the post-test at the trained diagonal: ‘‘Better fixators’’ were the ten observers who made the fewest fixation

breaks and ‘‘worse fixators’’ were the ten observers whomade themost fixation breaks.We then conducted

a 4-way mixed ANOVA of observers’ amblyopic eye d’ performance on the main task that included a new

between-groups factor, ‘‘Fixation ability’’, with two levels: ‘‘better fixators’’ and ‘‘worse fixators’’. Neither

the main effect of Fixation ability (p = .93) nor any of its interactions with the other factors of Session, Di-

agonal, or Group (all p > .10) were significant. Further, the correlation between the number of amblyopic

eye fixation breaks and d’ performance at post-test for the trained diagonal was not significant (p = .45).

VPL transfer to untrained locations

To evaluate VPL transfer, logically, an observer should first show learning at the trained conditions. We con-

verted observers’ normalized change in d’ at the trained diagonal (collapsing across the two eyes) into z-

scores (relative to each observer’s assigned group mean) and ranked observers in ascending order from
8 iScience 25, 103839, March 18, 2022



Table 2. Statistical results for the complementary analyses of the main task

3-way ANOVA (Session

X Diagonal X Group)

Two-way ANOVA

(Session X Diagonal)

Two-way ANOVA

(Session X Diagonal)
Two-way ANOVA of

normalized change

(Diagonal X Group)Neutral Group Only Attention Group Only

d’

Precluding 1 observer who

learned least per group

Session X Diagonal X

Group:

F(1, 16) = 5.0, p = .04

Session X Diagonal: F(1,

8) = 9.4, p = .02

Session:

F(1, 8) = 9.5, p = .02

Diagonal X Group: F(1,

16) = 5.2, p = .04

Precluding 2 observers

who learned least per

group

Session X Diagonal X

Group:

F(1, 14) = 5.8, p = .03

Session X Diagonal: F(1,

7) = 11, p = .01

Session:

F(1, 7) = 15, p = .006

Diagonal X Group: F(1,

14) = 9.5, p = .008

Precluding 3 observers

who learned least per

group

Session X Diagonal X

Group:

F(1, 12) = 5.9, p = .03

Session X Diagonal: F(1,

6) = 14, p = .01

Session:

F(1, 6) = 22, p = .003

Diagonal X Group: F(1,

12) = 9.5, p = .009

Median RT

Precluding 1 observer who

learned least per group

All p > .10 All p > .60 All p > .40 All p > .30

Precluding 2 observers

who learned least per

group

All p >.30 All p > .40 All p > .70 All p > .20

Precluding 3 observers

who learned least per

group

All p > .40 All p > .40 All p = 1.0 All p > .20

Note: Only the most informative statistically significant main effects and interactions are shown.
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those who learned the least to most. We excluded the one observer in the Attention group who could not

complete the battery of untrained tasks because of COVID restrictions (open blue circle in all scatterplots)

as we could not include this observer in the comparisons between trained and untrained tasks. As this

observer also happened to be the one who learned the least, to keep the analysis balanced and include

the same number of observers in each group, we also excluded the observer in the Neutral group who

learned the least. Given that the magnitude of observers’ learning fell along a continuum, ranging from ob-

servers who got a bit worse to those who showed a large improvement, we performed a complementary

series of analyses to ensure that precluding these two observers who did not improve would not alter

our findings. We conducted a complementary analysis in which we systematically precluded the one (Fig-

ure 3), two (Figure S4), or three (Figure S5) observers who learned the least from each group. The statistical

results were always the same (see Table 2). Therefore, in the following two paragraphs we only summarize

the detailed results for the analysis in which we dropped the one observer who learned the least in each

group (unfilled shapes in all scatterplot figures; both observers’ z-scores < �1.75).

To assess whether training with exogenous attention promotes generalization to untrained spatial loca-

tions, we conducted a 3-way (Session: pre-test, post-test X Diagonal: trained, untrained X Group: Neutral,

Attention) mixed ANOVA of d’ in each group (Figure 3, top row). Critically, there was a significant 3-way

interaction among Session, Diagonal and Group (F(1, 16) = 5.0, p = .04, h2
G = .02). 2-way (Session X

Diagonal) ANOVAs within each group revealed that whereas the Neutral group showed a significant Ses-

sion 3 Diagonal interaction (F(1, 8) = 9.4, p = .02, h2
G = .05), the Attention group only exhibited a main

effect of Session (F(1, 8) = 9.5, p = .02, h2
G = .19). Consistent with these findings, the complementary

2-way (Diagonal X Group) mixed ANOVA of normalized change revealed that only the 2-way interaction

between Diagonal (trained, untrained) and Group (Neutral, Attention) was significant (F(1, 16) = 5.2,

p = .04, h2
G = .05).

Corresponding analyses of the secondary variable of median RT revealed no significant main effects or in-

teractions (all p > .10; Figure 3, bottom row). The 2-way (Diagonal X Group) mixed ANOVA of normalized

change in RT revealed no significant main effects or interaction (all p > .30).
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Table 3. Table of all performance values for all untrained tasks at pre-test, post-test and in terms of normalized change

Amblyopic eye Fellow eye

Pre-test Post-test Normalized change Pre-test Post-test Normalized change

Neutral group

Pelli Robson CS (log contrast threshold) 1.635 1.845 0.06 1.890 1.890 0.0001

LogMar acuity 0.528 0.344 0.15 0.030 0.000 0.02

Crowding (critical spacing in degrees of visual

angle)

0.296 0.322 �0.002 0.107 0.110 �0.01

Stereoacuity thresholds (arcseconds) 899 738 0.13 899 738 0.13

Attention group

Pelli Robson CS (log contrast threshold) 1.767 1.850 0.03 1.867 1.900 0.008

LogMar acuity 0.509 0.318 0.17 0.016 �0.080 0.24

Crowding (critical spacing in degrees of visual

angle)

0.423 0.470 0.002 0.115 0.116 �0.02

Stereoacuity thresholds (arcseconds) 745 572 0.20 745 571 0.20
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VPL transfer to untrained tasks

Several VPL studies with amblyopic adults have reported generalized improvements beyond the trained

task for some untrained features (e.g., spatial frequencies and orientations) and visual dimensions (reviews:

Levi and Li, 2009; Sengpiel, 2014; Tsirlin et al., 2015; Levi, 2020; Rodán et al., 2022). Thus, we also assessed

whether, after training on a contrast sensitivity-dependent orientation discrimination task in the periphery,

observers would show improvement in a curated battery of visual tests assessing broadband and letter

foveal contrast sensitivity, crowding and stereoacuity.

Table 3 provides the groups means at pre-test, post-test and in terms of normalized change for all tasks.

Figure 4 provides a summary of the results of a series of 3-way (Eye: amblyopic, fellow X Group: Neutral,

Attention X Session: pre-test, post-test) mixed ANOVAs for all untrained tasks, which were carefully chosen
A
B

Figure 4. Statistical results for all untrained tasks

(A) A graphical representation of the results of a series of 3-Way ANOVAs for all untrained visual tasks (left table) and (B) 2-

way ANOVAs for their corresponding normalized change values (right table). The shading of each square represents the

statistical significance of the main effect or interaction in each of the respective tasks. See also Tables 3, 4 and Figures S7–

S13
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to assess some of the classic deficits in amblyopia. In all tasks, the amblyopic eye performed worse than the

fellow eye (i.e., significant main effect of Eye), verifying that observers were amblyopic and that there was a

significant disparity between their eyes on a variety of visual dimensions. The main effect of Group was

never significant, showing that both groups were composed of individuals with similarly severe amblyopia,

and thus had equal opportunity to improve with training. Observers significantly improved at post-test for

all tasks except for the one that measured the critical spacing of crowding. There was a significant 3-way

interaction among Eye, Group and Session for the ‘area under the log qCSF’ (AULCSF), a measure of foveal

broadband contrast sensitivity, and a significant 2-way interaction of Eye and Group for the complementary

measure of normalized change in the AULCSF (Figure S8); the Neutral group only showedmodest improve-

ment in their amblyopic eye, whereas the Attention group showed similar but modest improvements in

both their amblyopic and fellow eyes. The amblyopic eye improved more than the fellow eye for the

Pelli-Robson contrast sensitivity task, a coarser measure of foveal letter contrast sensitivity, as shown by

a significant 2-way interaction of Session x Eye andmain effect of Eye for normalized change in Pelli-Robson

values (Figure S9).
qCSF

To assess potential changes in observers’ broadband contrast sensitivity at the fovea, we had themperform

a 4-AFC orientation discrimination task that incorporated the quick Contrast Sensitivity Function (qCSF)

procedure on days 2 and 16 (before and after training) (see Figure S6). The qCSF is a Bayesian adaptive

procedure that uses a trial-by-trial information gain strategy to estimate and detect changes in the under-

lying contrast sensitivity functions of neurotypical (e.g., Hou et al., 2016a; 2016b) and special populations,

including adults with amblyopia (Hou et al., 2010; Jia et al., 2018). Each observer’s contrast sensitivity func-

tion was modeled as a truncated log-parabola with four parameters: peak sensitivity, peak spatial fre-

quency, bandwidth, and truncation (see Table 4 for group means).

Each model parameter was treated as a separate dependent variable in a series of 3-way (Eye: amblyopic,

fellow X Group: Neutral, Attention X Session: pre-test, post-test) mixed ANOVAs (Figure S7A). The main

effect of Eye was always significant (amblyopic eye < fellow eye; all p < .02). There was a significant 2-

way interaction between Group and Eye for the truncation parameter (F(1, 17) = 5.2, p = .04, h2
G = .03)

because the Neutral group showed a significant difference between the two eyes (t(9) = -4.8, p < .001,

95% CI [-.19, -.07]), but the Attention group did not (t(8) = -0.9, p = .40, 95 CI% [-.10, .04]). There was

also a significant 2-way interaction between Session and Eye for peak sensitivity (F(1, 17) = 8.6, p = .009,

h2
G = .01); whereas there was a significant change in peak sensitivity from pre-test to post-test in the ambly-

opic eye (t(18) = -2.8, p = .01, 95 CI% [-.13, -.02]), there was not in the fellow (t(18) = -.78, p = .45, 95 CI% [-.07,

.03]). All other two- and 3-way interactions were not significant (all p > .30). Complementary 2-way
Table 4. Table of all quick Contrast Sensitivity Function (qCSF) parameters at pre-test, post-test and in terms of

normalized change

Amblyopic eye Fellow eye

Pre-test Post-test Normalized change Pre-test Post-test Normalized change

Neutral group

AULCSF 1.25 1.37 0.07 1.57 1.57 �0.002

Bandwidth 0.46 0.47 0.008 0.49 0.49 �0.003

Peak Gain 1.11 1.18 0.03 1.24 1.24 �0.004

Peak Frequency 0.05 0.10 �0.05 0.19 0.23 0.09

Truncation �0.35 �0.34 0.08 �0.22 �0.22 0.01

Attention group

AULCSF 1.09 1.23 0.06 1.33 1.52 0.07

Bandwidth 0.41 0.44 0.05 0.46 0.48 0.02

Peak Gain 1.07 1.16 0.04 1.16 1.21 0.02

Peak Frequency 0.09 0.08 0.01 0.20 0.22 0.14

Truncation �0.35 �0.28 0.07 �0.28 �0.29 �0.008
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(Eye: amblyopic, fellow X Group: Neutral, Attention) ANOVAs of the normalized change (Figure S7B) re-

vealed a significant main effect of Eye for peak sensitivity (F(1, 17) = 7.7, p = .01, h2
G = .06; amblyopic

eye > fellow eye) and peak spatial frequency (F(1, 17) = 7.8, p = .01, h2
G = .17; fellow eye > amblyopic

eye), but no main effect of Group or 2-way interactions (all p > .20).

A Pearson’s correlation matrix analysis revealed that, aside from the truncation parameter that did not

correlate with any of the other parameters (all p > .05) and a nonsignificant correlation between peak

gain and bandwidth (p = .12), all of the qCSF parameters significantly covaried with each other (all p <

.05) and with a single value that effectively captures simultaneous changes in all model parameters, the

‘area under the log qCSF’ (AULCSF; all correlations p < .001). The AULCSF is a reliable and comprehensive

index of a neurotypical (e.g., Hou et al., 2016a; 2016b) or amblyopic (Hou et al., 2010; Jia et al., 2018; Gu

et al., 2020) observer’s ‘window of visibility’ as it estimates contrast sensitivity across the wide range of

spatial frequencies that compose most visual scenes.

A 3-way (Eye: amblyopic, fellow X Group: Neutral, Attention X Session: pre-test, post-test) mixed ANOVA

(Figure 4A) of observers’ individual AULCSF values (Figure S8) revealed significant main effects of Eye (F(1,

17) = 12, p = .003, h2
G = .20; amblyopic eyeM = 1.2G .05, fellow eyeM = 1.5G .05), Session (F(1, 17) = 4.6,

p = .05, h2
G = .04; pre-testM = 1.3G 0.02, post-testM = 1.4G 0.05), and a 3-way interaction of Eye, Group,

and Session (F(1, 17) = 5.8, p = .03, h2
G = .007). A two-way ANOVA within the Neutral group revealed a sig-

nificant Eye 3 Session interaction (F(1, 9) = 9.5, p = .01, h2
G = .01), with greater pre-test to post-test

improvement in the amblyopic eye (t(9) = 2.2, p = .06, 95% CI [-.006, .23]) than fellow eye (t(9) = 0.14, p =

.90, 95% CI [-.09, .11]). A two-way ANOVA within the Attention group only revealed a main effect of Eye

(F(1, 9) = 6.7, p = .03, h2
G = .23); the main effects of Session and interaction were not significant (both p

> .10). The complementary 2-way (Eye: amblyopic, fellow X Group: Neutral, Attention) mixed ANOVA of

normalized change in the AULCSF (Figure 4B) only revealed a significant 2-way interaction of Eye and

Group (F(1, 17) = 4.7, p = .05, h2
G= .05); the amblyopic eye (M = 0.07G 0.03) improvedmore than the fellow

eye (M = �0.002 G 0.03) in the Neutral group (t(9) = 2.5, p = .03, 95% CI [.007, .13]), but the improvement

was similar in the amblyopic eye (M = 0.06 G 0.04) and fellow eye (M = 0.07 G 0.04) in the Attention group

(t(8) = -0.26, p = .80, 95% CI [-.10, .08]).

Pelli-Robson contrast sensitivity

Wemeasured Pelli-Robson scores from an eye chart as a complementary, but relatively coarse, measure of

observers’ foveal broadband contrast sensitivity for letters that are composed of several different spatial

frequencies (Figure S9 for individual scatterplots). A 3-way (Eye: amblyopic, fellow X Group: Neutral, Atten-

tion X Session: pre-test, post-test) mixed ANOVA(Figure 4A) of observers’ Pelli-Robson contrast sensitivity

scores for letters (Figure S9) revealed significant main effects of Eye (F(1, 17) = 4.7, p = .05, h2
G = .08; ambly-

opic eye M = 1.8 G 0.04 log contrast threshold, fellow eye M = 1.9 G 0.04 log contrast threshold), Session

(F(1, 17) = 7.9, p = .01, h2
G= .05; pre-testM= 1.8G 0.04 log contrast threshold, post-testM= 1.9G 0.03 log

contrast threshold), and a 2-way interaction of Eye and Session (F(1, 17) = 4.5, p = .05, h2
G = .03), as there

was a significant change between sessions in the amblyopic eye (t(18) = -3.6, p = .002, 95% CI [-.24, -.06], but

not the fellow eye (t(18) = -0.38, p = .71, 95% CI [-.10, .07]). The main effect of Group, all other 2-way inter-

actions, and the 3-way interaction were not significant (all p > .10). The 2-way (Eye: amblyopic, fellow X

Group: Neutral, Attention) mixed ANOVA of the normalized change (Figure 4B) revealed only a significant

main effect of Eye (F(1, 17) = 6.3, p = .02, h2
G = .15; amblyopic eyeM = 0.05G 0.01, fellow eyeM = 0.004G

0.01); all other main effects and interactions were not significant (all p > .10).

logMar visual acuity

We also investigated whether training on a contrast sensitivity task in the periphery would translate to

amblyopic and/or fellow eye improvements in logMar acuity at the fovea, the visual dimension traditionally

used to diagnose amblyopia (for group mean values at pre-test, post-test and in terms of normalized

change, see Table 3). A 3-way (Session: pre-test, post-test X Eye: amblyopic, fellow X Group: Neutral,

Attention) mixed ANOVA of all observers’ logMar visual acuity (Figure S10 for individual scatterplots;

higher values are worse) revealed highly significant main effects of Session (F(1, 17) = 22, p < .001, h2
G =

.10; pre-test M = 0.27 G 0.05, post-test M = 0.15 G 0.04), Eye (F(1, 17) = 42, p < .001, h2
G = .57; amblyopic

eyeM= 0.43G 0.04, fellow eyeM=�0.01G 0.02), and amarginal 2-way interaction of Session and Eye (F(1,

17) = 4.3, p = .06, h2
G = .03), indicating that training on a contrast sensitivity task also improved acuity (Fig-

ure 4A). None of themain effects or interactions in the 2-way (Eye XGroup) mixed ANOVA of observers’ line
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difference change (pre-test – post-test) was significant (all p > .05), indicating that there was similar transfer

of improved acuity to the untrained fellow eye in both groups (Figure 4B).

We also assessed whether and to what extent training reduced the interocular difference in visual acuity

(also known as amblyopic depth), a common metric for quantifying amblyopia severity. We calculated

the proportion of amblyopic depth corrected in each observer as the difference in amblyopic depth at

post-test compared to pre-test, divided by the amblyopic depth at pre-test. One sample t-tests revealed

that visual training corrected for a significant proportion of amblyopic depth and ameliorated amblyopic

severity in both groups (Neutral: M = 0.51 G 0.19; t(9) = 2.7, p = .02, 95% CI [.08, .93]; Attention: M =

0.52 G 0.21; t(8) = 2.5, p = .04, 95% CI [0.04, 1.0]).

Stereoacuity thresholds

Stereoacuity thresholds, or the distance in arcseconds required to reliably distinguish two objects as being

at different planes of depth, are indicative of an observer’s 3D vision. Behaviorally, adults with amblyopia

are often stereoblind, and suffer dramatic problems with depth during motor tasks from an early age (re-

views: Levi et al., 2015; Levi, 2020). Given that stereoacuity is a binocular measure of depth perception, Eye

was not included as a factor in a 2-way mixed ANOVA of stereoacuity thresholds (Figures 4A and S11 for

individual scatterplots; higher thresholds are worse). There was a significant main effect of Session (F(1,

17) = 5.6, p = .03, h2
G = .05; pre-test M = 826 G 99 arcsec, post-test M = 658 G 107 arcsec), but the

main effect of Group and 2-way interaction were not significant (both p > .50). A one-way ANOVA of the

normalized change in stereoacuity revealed that the between-subjects factor of Group was not significant

(p > .40; Figure 4B).

Critical spacing of crowding

We measured observers’ critical spacing (degrees of visual angle required to reliably and accurately

discriminate a central number from two flanking distractor numbers to the left and right) as a proxy for ob-

servers’ deficits in visual crowding. A 3-way (Eye: amblyopic, fellow X Group: Neutral, Attention X Session:

pre-test, post-test) mixed ANOVA of observers’ critical spacing (Figures 4A and S12 for individual scatter-

plots; higher values are worse) only revealed a significant main effect of Eye (F(1, 17) = 12, p = .003, h2
G =

.25; amblyopic eye M = 0.37 G 0.08�, fellow eye M = 0.11 G 0.01�). In contrast to all other tasks, there was

not a significant main effect of Session (F(1, 17) = 0.77, p = .39, h2
G = .002; pre-testM = 0.23 G 0.03�, post-

testM = 0.25G 0.05�). All other main effects and interactions were not significant (all p > .30). Consistently,

none of the main effects or interactions in the 2-way mixed ANOVA of normalized change were significant

(all p > .70; Figure 4B).

Evidence of generalized learning within the same observers: Positive correlations in

magnitude of normalized improvement across certain tasks

To assess whether and how performance changes in one task predict changes in another within the same

observer, we calculated a Pearson’s correlation matrix. Figure S13 is a graphical representation of the sig-

nificance of correlations of normalized change across all tasks after controlling for multiple comparisons for

the amblyopic eye (bottom left triangle) and fellow eye (upper right triangle), combining across both

groups. All significant correlations showed a positive relation, i.e., improvement in one was correlated

with improvement in another. Improvements in the amblyopic eye were significantly correlated across

several tasks, with no significant correlations for the fellow eye. We do not interpret this to mean that

normalized changes were not correlated across tasks for the fellow eye. Rather, we think the results are

at least partially because of a floor/ceiling effect; as the fellow eye was already relatively high performing

compared to the amblyopic eye and had a smaller range for improvement, the normalized change values

would be artificially compressed, subsequently diminishing our likelihood of detecting a significant

correlation.

Despite the relative variability in how much observers improved overall, there was significant within-sub-

jects consistency across tasks. Notably, improvement at the trained diagonal on the main task was signif-

icantly correlated with stereoacuity improvements. Furthermore, greater improvements with the ambly-

opic eye at the untrained diagonal predicted significantly greater improvements in stereoacuity and

crowding. Improvements in amblyopic eye acuity were significantly correlated with improvements in

crowding, which in turn were significantly correlated with improvements in stereoacuity. Note, however,

that at the group level, mean changes in the critical spacing of crowding did not reach statistical
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significance. Thus, in general the same observers showed a similar degree of improvement across tasks,

evidence for widespread improvement not specific to certain locations, tasks or visual dimensions.
Amblyopic eye Pelli-Robson contrast sensitivity at pre-test correlates with magnitude of

improvement

We explored whether pre-test performance for either eye in any of the tasks correlated with normalized

change in the same task or others. After correcting for multiple comparisons using the BH adjustment,

there was only a significant correlation between amblyopic eye Pelli-Robson contrast sensitivity for letters

at pre-test and normalized change in this task (p < .01). Specifically, consistent with previous studies (re-

views: Levi and Li, 2009; Astle et al., 2011), observers who had worse Pelli-Robson contrast sensitivity to start

improved more.
DISCUSSION

Two groups of adults with a similar severity of amblyopia trained during approximately ten 1-h sessions on

an orientation discrimination task. Their performance was well equated before training by individually ad-

justing the stimulus contrast presented to each eye for each observer. The pre-test and post-test were iden-

tical for both groups, and during the training days the only difference was that one group trained with valid

peripheral exogenous precues (Attention group), whereas the other trained with uninformative neutral pre-

cues (Neutral group).

Our training protocol successfully induced VPL. After training the amblyopic eye, both eyes of most ob-

servers in both groups exhibited similar performance improvements –higher d’ and faster RT– at the

trained diagonal. Consistent with previous studies, training with attention did not potentiate the overall

improvement at the trained diagonal; but importantly, it generalized VPL by facilitating location transfer

(Donovan et al., 2015; 2020; Donovan and Carrasco, 2018). Our study contributes to a rich VPL literature

in both neurotypical humans (reviews: Sagi, 2011; Gilbert and Li, 2012; Dosher and Lu, 2017; Seitz, 2017;

Maniglia and Seitz, 2018) and those with amblyopia (reviews: Levi and Li, 2009; Astle et al., 2011; Levi

et al., 2015; Tsirlin et al., 2015; Levi, 2020; Rodán et al., 2022) demonstrating impressive neuroplasticity

in the adult brain.

There is evidence that covert spatial attention remains functionally intact in amblyopia (Roberts et al., 2016;

Pham et al., 2018; Ramesh et al., 2020), even though the temporal dynamics of visuospatial processing may

be altered (e.g., Verghese et al., 2019; Mortazavi et al., 2020). The primary goal of this study was to assess

whether exogenous attention modulates perceptual learning in people with amblyopia, specifically

whether it facilitates transfer of discriminability improvements to untrained spatial locations. Our experi-

mental protocol enabled us to evaluate changes in d’ rather than just RT: Observers were instructed to

be as accurate rather than as fast as possible and were forced to wait before responding to ensure all ob-

servers had adequate time to accrue asymptotic levels of sensory information. Importantly, there were no

speed-accuracy tradeoffs –observers were fastest during conditions in which they were most accurate.

There was complete interocular transfer of VPL; both eyes exhibited similar magnitude VPL in both groups

of observers. Despite being relatively stronger than the amblyopic eye, the dominant, untrained fellow eyes

of adults with amblyopia possess significant room for improvement; they underperform in a variety of visual

tasks relative to typically developed eyes (Meier and Giaschi, 2017), which exhibit VPL themselves (reviews:

Sagi, 2011; Gilbert and Li, 2012; Dosher and Lu, 2017; Seitz, 2017; Maniglia and Seitz, 2018). Some monoc-

ular training studies have found eye-specific VPL (review: Sagi, 2011), but others in neurotypical adults

(Schoups and Orban, 1996) and patients with visual disorders (Sabesan et al., 2017) have found interocular

transfer. Overall, our study strengthens the claim that VPL is not specific to the trained amblyopic eye and

leads to significant improvements in the untrained fellow eye (reviews: Levi and Li, 2009; Astle et al., 2011;

Tsirlin et al., 2015).
Exogenous attention helps overcome location specificity in adults with amblyopia

This study investigates the role of exogenous attention during VPL in adults with amblyopia, who have atyp-

ically developed, but highly plastic, visual cortex. Despite similar improvements at the trained diagonal in

both groups, the Neutral group exhibited location specificity –no significant learning at the untrained di-

agonal in either eye. In contrast, the Attention group showed VPL location transfer –similar d’ improvement
14 iScience 25, 103839, March 18, 2022
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in both eyes at the trained and untrained diagonals. This finding that spatial attention helps overcome loca-

tion specificity in adults with amblyopia parallels the few studies that have isolated the role of spatial atten-

tion during VPL and location transfer in neurotypical adults (Donovan et al., 2015; 2020; Donovan and Car-

rasco, 2018).

Both groups were only presented with neutral cues during the pre-test and post-test sessions. The only dif-

ference was the attention precue during training –either neutral or peripheral, transiently shifting their

attention to the target location. Given that the training locations were known in advance, observers could

have allocated their endogenous attention to both potential target locations to improve performance. Any

such benefits would have been similar in both groups. Moreover, the 134-ms delay between the peripheral

precue and stimuli presentation was too short for endogenous attention to be selectively deployed to the

target location (which takes �300 ms; Müller and Rabbitt, 1989; Nakayama and Mackeben, 1989; Liu et al.,

2007; Giordano et al., 2009). Thus, the fact that both groups show similar performance at the trained diag-

onal but differential improvement at the untrained can only be attributed to differences in exogenous

attentional allocation during training. These findings are encouraging because they demonstrate that neu-

roplasticity in the adult amblyopic brain may extend further than previously known.

Transfer to untrained tasks

Consistent with other perceptual learning training studies with amblyopic adults, we found that most ob-

servers in both groups exhibited concomitant improvement in complementary untrained measures of the

trained visual dimension of contrast sensitivity. They improved in the untrained visual dimensions of logMar

visual acuity and stereoacuity, but not in the critical spacing of crowding. In sum, our monocular training

protocol exhibited a remarkable degree of generalization of VPL to untrained locations, tasks, visual di-

mensions, and to the fellow eye. The behavioral and neural markers of amblyopia are present across the

visual field, including the parafovea (e.g., Katz et al., 1984; Hou et al., 2016a; 2016b; Roberts et al., 2016;

Pham et al., 2018; Ramesh et al., 2020), where we placed our training stimuli as that is where covert attention

has typically been investigated (reviews: Carrasco, 2011,2014; Carrasco and Barbot, 2015). It is encouraging

that the VPL benefits extended beyond the parafovea, into their central foveal vision, where the amblyopic

deficit is worst (Shooner et al., 2015).

Complementary measures of broadband contrast sensitivity improvements at the fovea

Contrast sensitivity improvements measured by the qCSF were largely driven by changes in the peak gain

(sensitivity) of the contrast sensitivity function, rather than the spatial frequency corresponding to the peak,

or increased sensitivity to lower or higher spatial frequencies (see group means in Table 4 and detailed

ANOVA results in Figure S7). Our observers trained on a 6-cpd Gabor, a challenging spatial frequency

for amblyopes, but not close to their spatial frequency cutoff. A VPL study in which amblyopic observers

showed increased sensitivity to higher spatial frequencies had observers train on a contrast sensitivity

task near their individual SF cutoffs (Huang et al., 2008). Both groups also showed modest increases in

the AULCSF, similar in magnitude to another VPL training study with amblyopic adults (Gu et al., 2020),

convergent evidence of foveal contrast sensitivity improvements. Notably, the Attention group showed

AULCSF gains in both eyes, whereas the Neutral group only showed gains in the amblyopic eye (although

there was less room for improvement in the fellow eye) (Figure 4). In partial agreement with the qCSF, both

groups showed similar improvement in amblyopic eye Pelli-Robson contrast sensitivity for letters, with less

improvement for the fellow eye (Figure 4 & Table 3).

Improvements in logMar visual acuity

Amblyopic observers often experience concomitant improvements in visual acuity regardless of the VPL

training task (reviews: Levi and Li, 2009; Astle et al., 2011; Hess and Thompson, 2015; Levi, 2020; Rodán

et al., 2022), but show the largest gains after training on contrast sensitivity-dependent tasks (review:

Levi and Li, 2009). Given that visual acuity deficits are a classic diagnostic marker of amblyopia, we were

particularly interested in measuring the interocular difference in observers’ visual acuity at the fovea. A

VPL review of studies in amblyopic adults found an average amblyopic eye mean improvement of 0.17 log-

Mar, with a third of participants achieving gains >0.2 (Tsirlin et al., 2015). Notably, most of our observers,

even those who may not have improved on the main task, improved in visual acuity: Almost two lines in the

amblyopic eye in both groups, with smaller improvements for the fellow eye (less than half a line for the

Neutral group and a little less than one line for the Attention group), which had less room for improvement

(Figure 4 & Table 3). The magnitude of these gains is similar to those found by other VPL studies that have
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directly trained amblyopic adults’ contrast-sensitivity (e.g., Polat et al., 2004; Zhou et al., 2006; Zhang et al.,

2014). Remarkably, training reduced the interocular visual acuity difference, or amblyopic depth, by �50%

across both groups. Whereas we do not have an explanation for this pattern of results, in agreement with

(Liu et al., 2011), our findings suggest that the time-course or VPL is faster for acuity than contrast sensitivity

in the amblyopic brain.

Improvements in stereoacuity. Given the controversy that monocular training while patching the fellow

eye may promote interocular suppression over binocularity (Hess and Thompson, 2015), it is encouraging

that stereoacuity thresholds improved (decreased) in both groups (Figures 4 and S11; Table 3 for individual

scatterplots). This finding reflects changes to observers’ typical binocular vision even when not wearing an

eye patch, consistent with evidence that latent binocularity remains in the amblyopic brain, and can be at

least partially recovered given the right conditions (e.g., Gu et al., 2020; review: Hess and Thompson, 2015).

PL studies in amblyopia have found incidental improvements in stereoacuity (e.g., Zhang et al., 2014; re-

views: Levi and Li, 2009; Hess and Thompson, 2015; Levi, 2020; Rodán et al., 2022). Relevant to our study,

‘push-pull’ training protocols involve ‘‘exciting’’ the under responsive amblyopic eye with transient cues

which actively inhibit the overbearing fellow eye, in attempts to restore the proper interocular weighting

of visual processing for each eye (reviews: Hess and Thompson, 2015; Levi et al., 2015). It is possible that

our training protocol, and the use of transient precues, helped recover residual binocular functioning by

simultaneously increasing the signal strength in the amblyopic eye and reducing the suppressive drive

from the fellow eye to yield more optimal levels of binocular summation.

No meaningful changes in crowding. In contrast to the other tasks, the average critical spacing of

crowding did not reliably change in either eye of both groups (Figures 4 and S12, Table 3 for individual scat-

terplots). This helps rule out that improvements on other tasks in our study were simply because of proce-

dural or motor learning, in which observers improve because they get more comfortable with the motor

demands of the task, rather than attaining the longer-lasting changes in perceptual sensitivity or discrim-

inability that define VPL (review: Sagi, 2011). We observed a significant correlation between observers’ im-

provements in crowding and stereoacuity, further support for the relation between these two visual tasks in

amblyopic individuals (Song et al., 2014). We also found a correlation between improvements in crowding

and visual acuity, although crowding and visual acuity are weakly linked in amblyopia (Pelli and Yiltiz, 2017);

some observers may suffer from worse crowding but have near normal acuity, and vice versa (Song et al.,

2014).

The mechanisms underlying crowding in amblyopic foveal vision may be more similar to crowding in

the periphery of neurotypical adults, which has been proposed to result from an extended pooling

stage following the feature detection stage (Hariharan et al., 2005). Critical spacing may be indicative

of neural density (active neurons per square degree; Strappini et al., 2017). Thus, sparse neural density

may underlie amblyopic crowding deficits, and may help explain why we did not see changes. Percep-

tual learning studies with amblyopes have shown that crowding can be reduced after practicing

directly on a crowding task (e.g., Hussain et al., 2012), but training on our contrast sensitivity task

did not transfer to crowding.
Promoting transfer over specificity

A goal of visual training in amblyopia and other visual disorders is to maximize improvement in every way –

across spatial locations, features, tasks, visual dimensions and eyes. Thus, our design included several as-

pects known to promote greater transfer of learning over specificity:

(i) simply having exposed stimuli at the untrained diagonal in the main task during the practice, adap-

tive staircase and pre-test blocks may have facilitated transfer (e.g., Wang et al., 2012).

(ii) training at two locations along one diagonal, rather than at one location, likely promoted general-

ization (e.g., Donovan et al., 2015; Donovan and Carrasco, 2018; Donovan et al., 2020).

(iii) training on stimuli of differing difficulty (a higher and lower contrast) that were randomly intermixed

within each block. Including some easier trials promotes location and orientation transfer (e.g.,

Ahissar and Hochstein, 1997; review: Seitz, 2017). Likewise, blocks consisting of several short stair-

cases, which contain a higher proportion of easier trials, have shown to facilitate VPL transfer in neu-

rotypical adults (e.g., Hung and Seitz, 2014).
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(iv) training on contrast-based tasks leads to greater degrees of improvement and transfer than training

on acuity-based tasks in adults with amblyopia (reviews: Levi and Li, 2009; Astle et al., 2011).

There are many other known factors to influence VPL transfer, including sensory adaptation (Harris et al.,

2012), task precision (Jeter et al., 2009), length of training (Jeter et al., 2010), sensory uncertainty of stimulus

features in visual search (Yashar and Denison, 2017), and feature-based attention (Hung and Carrasco,

2021). As all of those factors were kept constant across the two training groups, they cannot explain

different patterns of VPL transfer.
Individual variability in VPL

As often the case with perceptual learning studies (reviews: Hou et al., 2016a; 2016b; Dosher and Lu, 2017;

Seitz, 2017; Maniglia and Seitz, 2018) and particularly with amblyopia (reviews: Levi and Li, 2009; Astle et al.,

2011; Sengpiel, 2014; Tsirlin et al., 2015; Levi, 2020; Rodán et al., 2022), there was a substantial degree of

individual variability in the magnitude of learning at the trained and untrained conditions. Among those

who improved at the trained diagonal, there was variability in the degree of transfer to the untrained diag-

onal, whether none, partial or complete (i.e., equal learning at the trained and untrained diagonals), in both

groups. Critically, the percentage of those observers that exhibited partial or complete transfer of VPL was

significantly greater in the Attention group than the Neutral group. There was also significant variability in

the degree of concomitant improvement to the complementary series of untrained tasks. The present find-

ings are similar to other studies that have reported notable intra-individual variability in both the magni-

tude of overall VPL and degree of transfer, but find that reliable patterns emerge at the group level

(e.g., Donovan et al., 2015, reviews: Levi and Li, 2009; Levi, 2020; Rodán et al., 2022).

Optimal amount of training

There is evidence that the number of training hours that it takes for an observer to achieve asymptotic per-

formance directly scales with the severity of their deficit (Li et al., 2008). Thus, an observer with mild ambly-

opia may asymptote within ten training sessions, whereas a more severe observer may barely start perform-

ing above chance within the same number of sessions and practice blocks. Thus, a standard number of

training sessions would not likely capture the full learning curves for each individual observer. This

mismatch between an individual’s optimal number of training sessions and our standard of ten training ses-

sions may partially explain why most observers exhibited significant VPL while a minority did not.

Training protocol

Our visual training task was relatively demanding; observers were required to discriminate a peripheral

target while maintaining fixation within a relatively tight fixation window. If their eye moved outside of

the window, the trial would be canceled, and they would have to redo the trial at the end of the block.

As some observers suffered from greater fixational instability, especially those with the strabismic (‘‘lazy

eye’’) or mixed subtypes of amblyopia, not all could complete the same number of training blocks each

day before becoming fatigued. In these few cases (5 out of 20), we had to spread the 80 training blocks

across more than ten sessions. Importantly, the average number of training sessions per group did not

significantly differ from each other.

Another source of variability was the different number of days that passed between training sessions. We

strongly recommended that no more than two days pass between training sessions, as sleep consolidation

and consistency have been shown to be critical factors in PL (Yotsumoto et al., 2009), but occasionally there

were unavoidable scheduling conflicts. Fortunately, the average number of days that both groups of ob-

servers took to complete training did not significantly differ from each other (Neutral group: M = 10.8 G

0.49 sessions, Attention group: M = 10.1 G 0.10 sessions; t(18) = 1.40, p = 0.18, spread across 21.3 G

1.10 days and 18.0 G 1.56 days, respectively; t(18) = 1.30, p = 0.21). Other human factors out of the exper-

imenters’ control, such as observers’ quality of sleep (common sources of variability in all VPL studies), may

have contributed to the individual differences in VPL.

Modulatory role of amblyopic severity

Previous studies have found initial severity to be the biggest predictor of overall improvement (e.g., Yehez-

kel et al., 2016; reviews: Astle et al., 2011; Tsirlin et al., 2015; Rodán et al., 2022). Importantly, there were no

pronounced differences in the composition of amblyopic severity (amblyopic eye visual acuity), and depth
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(interocular acuity difference) between the two groups (see Table 1). Across all visual tasks and observers,

the amblyopic eye was worse than the fellow eye, providing confirmatory evidence for observers’ ambly-

opia diagnosis, and that the amblyopic contrast sensitivity deficit extends into the parafovea. As expected,

all observers requiredmore contrast in their amblyopic eye than fellow eye to complete the task with similar

performance; but most importantly, the required stimulus contrast for each eye did not significantly differ

between groups.

Amblyopia subtypes

It has been proposed that the various subtypes of amblyopia (i.e., anisometropic (refractive), strabismic

(‘‘lazy eye’’), deprivational, or mixed) actually represent different visual populations, whose unique etiol-

ogies result in distinct constellations of visual deficits (McKee et al., 2003; Levi, 2006; 2013; 2020; Levi

et al., 2015). For example, strabismic amblyopes are thought to have better contrast sensitivity but worse

visual acuity than anisometropic amblyopes. However, a complementary statistical analysis (see role of

amblyopic subtype on main task performance) revealed that the pattern of results for the main training

task did not differ according to amblyopic subtype.

Differences in number of fixation breaks

Given their known issues with fixation stability, particularly for strabismic and mixed observers, one may

wonder whether fixation breaks during the main task significantly affected observers’ performance (Vergh-

ese et al., 2019; Levi, 2020), as a higher preponderance would have taxed the system by extending the

length of each training block. We did not observe a clear relation between the total number of times

an observer broke fixation during a block and their overall performance (see Role of fixation ability on

main task performance under results). Further, observers’ total number of fixation breaks neither consis-

tently changed across training, nor differed between the pre-test and post-test. The fact that we did not

observe significant changes in all tasks, i.e., no reductions in the critical spacing of crowding, also sup-

ports the idea that task improvements were not attributed to alternative explanations such as improved

gaze stability or accommodation. Together, the results indicate that individual differences in the ability to

consistently fixate on the central cross cannot explain the observed variability in VPL across conditions and

tasks.
Selective attention in amblyopia

Some researchers have attributed differences in performance between amblyopic and neurotypical adults

on a few higher-level psychophysical tasks–i.e., the attentional blink, numerosity estimation, and multiple

object tracking–to an attention deficit in amblyopia. Critically, most have only inferred the role of attention

in each of their tasks without directly manipulating it (see Roberts et al., 2016; Pham et al., 2018 for an

expanded discussion). Recently, it has been hypothesized that increased fixation instability (particularly

for strabismics) leads to higher rates of microsaccades, or fixational eye movements <1�, which results in

an amblyopic deficit in selective attention (Verghese et al., 2019). However, there is controversy as to

whether amblyopes reliably generate higher rates of microsaccades (see Discussion of Ramesh et al.,

2020). Further, there is not a direct or causal correspondence between eye movements at any scale and

voluntary or involuntary attention in neurotypical (review: Rolfs, 2009) or amblyopic observers (e.g., Roberts

et al., 2016; Ramesh et al., 2020), and neurotypical observers can selectively attend within the high-acuity

foveola without fixational eye movements and even with retinal stabilization (Poletti et al., 2017).

There is evidence that the neural mechanisms and correlates of voluntary attention differ in the amblyopic

brain (Hou et al., 2016a; 2016b; Pham et al., 2018; Mortazavi et al., 2020). A studymeasuring the full contrast-

response functions of amblyopic monkeys for a motion direction discrimination task found that, unlike the

fellow eyes which exhibited only contrast gain, the amblyopic eyes showed both contrast and response

gain, perhaps in a compensatory fashion (Pham et al., 2018). Steady-state visual evoked potentials while

strabismic adults were cued to voluntarily attend one of two hemifields to detect a contrast increment in

a peripheral grating revealed reduced attentional modulation of neural activity in striate and extrastriate

cortex corresponding to the amblyopic eye, but only in the extrastriate cortex corresponding to the fellow

eye (Hou et al., 2016a; 2016b). In a more recent study, amblyopic adults showed higher discriminability for

the cued than uncued hemifield, but event-related potentials corresponding to the amblyopic eye had de-

layed latencies and reduced peak amplitudes in components associated with various stages of the visual

processing hierarchy (Mortazavi et al., 2020).
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The few studies employing precues to directly manipulate covert attention in amblyopia show that ambly-

opic adults (Sharma et al., 2000; Hou et al., 2016a; 2016b; Roberts et al., 2016; Mortazavi et al., 2020), chil-

dren (Ramesh et al., 2020), and monkeys (Pham et al., 2018) benefit when spatially cued to voluntarily

(Sharma et al., 2000; Roberts et al., 2016; Pham et al., 2018; Ramesh et al., 2020) and involuntarily (Roberts

et al., 2016) attend to a task relevant spatial location and show a behavioral cost when their attention is

shifted elsewhere (Sharma et al., 2000; Roberts et al., 2016). Covert selective spatial attention is behaviorally

functionally intact in amblyopia, even if through alternative and potentially compensatory neural mecha-

nisms. Given that we found differences in VPL transfer at post-test between our two groups, whose training

only differed in training with or without attention, the current study provides further evidence that the adult

amblyopic brain can effectively use a spatial cue during perceptual training to induce meaningful changes

in perceptual processing.

In the present study we employed peripheral exogenous precues during an orientation discrimination task.

All but one of the studies isolating the role of attention in amblyopia have explicitly manipulated voluntary

attention. The only study with exogenous attention found that cues adjacent to the target location

benefited orientation discrimination whereas those far away disadvantaged performance. These effects

were as pronounced when observers used their amblyopic eye as when they used their fellow eye, and

also as pronounced as the corresponding effects of neurotypical age- and gender-matched controls (Rob-

erts et al., 2016). The effectiveness of transient cues presented exclusively to the weaker eye during push-

pull binocular training programs for re-calibrating interocular balance (Levi et al., 2015) also suggests that

the amblyopic eye robustly responds to bottom-up or stimulus-driven (exogenous attention) cues. More

research should be done to better characterize the behavioral effects and largely unknown neural corre-

lates of exogenous and endogenous attention in amblyopia using different visual tasks (e.g., visual search,

the attentional blink paradigm, motion object tracking), and under conditions of increasing task difficulty

and/or greater attentional load.
How attention may generalize learning to untrained locations

From a mechanistic standpoint, modeling studies have revealed substantial signal attenuation, increased

additive internal noise, and weaker perceptual templates in the amblyopic brain (reviews: Levi, 2013; Hess

and Thompson, 2015; Levi, 2020). Thus, as in other amblyopia VPL studies (e.g., Levi and Li, 2009), visual

training may have acted to reduce this elevated internal noise and retune observer’s perceptual templates.

There are several conceptual (e.g., Maniglia and Seitz, 2018) and computational models of VPL (review:

Dosher and Lu, 2017). Researchers have speculated that attention plays a critical role, but most have dis-

cussed it in terms of task relevance or in selectively ‘‘gating’’ what gets learned (Dosher and Lu, 2017; Man-

iglia and Seitz, 2018), and none has explicitly modeled the role of spatial attention on VPL. Although no

current theory or model of VPL can explain why or how exogenous attention generalizes VPL to untrained

spatial locations in the amblyopic brain, below we highlight how some models may relate to our findings:

A rule-based learning model suggests that VPL primarily involves learning rules for performing the task effi-

ciently, and that specificity is a consequence of an inability to link signals from early visual cortex that repre-

sent untrained stimuli to the learned rule scheme (e.g., Zhang et al., 2014). This model cannot account for

our findings, as the model predicts that: (a) for transfer to occur, the rule scheme must be learned before

exposure to untrained locations or features. But for both groups, we exposed the untrained diagonal only

during the pre-test, not during training; (b) transfer is prevented at unstimulated locations because they are

suppressed. Accordingly, the Attention group should show more specificity, not transfer as we observed,

because exogenous spatial attention decreases neural activity at unattended locations (e.g., Herrmann

et al., 2010; Wang et al., 2015; Dugué et al., 2020; Fernández and Carrasco, 2020).

The Reverse Hierarchy Theory postulates that VPL is a top-down guided process that begins with higher-

level regions and progresses to lower-level sensory regions with more stimulus repetitions and/or chal-

lenging perceptual tasks; location-specific learning is associated with plasticity in early visual regions

and is more likely to occur for difficult tasks with noisy sensory signals (Ahissar et al., 2009). According to

this framework, we speculate that location transfer in the Attention group could have resulted from exog-

enous attention improving the target’s signal-to-noise ratio and increasing its visibility, thereby making the

task easier during training. Attention-induced modification would thus be more likely to occur in higher-

level decision-making areas, e.g., lateral intraparietal cortex (LIP), which contain broadly tuned, bilateral
iScience 25, 103839, March 18, 2022 19



ll
OPEN ACCESS

iScience
Article
receptive fields, enabling learning effects to transfer to untrained locations as far as in the opposite hemi-

field (Sagi, 2011; Dosher and Lu, 2017).

The Integrated Reweighting Theory explains transfer across retinotopic locations by incorporating higher-

level, location-independent representations with lower-level, location-specific representations that are

both dynamically modified in VPL (review: Dosher and Lu, 2017). According to this theory, specificity of

VPL to the trained diagonal in the Neutral group would likely be due to the reweighting, or enhanced

readout, of the lower-level, location-specific representations. Transfer in the Attention group would likely

be due to reweighting of higher-level, location-invariant representations of the decision stage. Currently,

the role of selective attention is not explicitly modeled in any VPL reweighting model. Future computa-

tional modeling studies may illuminate the specific mechanism(s) through which attention may promote

location transfer.

Where are the neural correlates of VPL in amblyopia?

VPL that is specific to locations and features is often considered to take place in primary visual cortex (re-

views: Sagi, 2011; Seitz, 2017), as V1 neurons respond to precise retinal locations and simple visual features.

The finding that our observers demonstrated complete interocular transfer of VPL suggests that the

neuronal correlates of this learning most likely reside in visual cortex, where binocular convergence first oc-

curs. But given that there are fewer binocularly driven neurons (reviews: Kiorpes and Daw, 2018; Levi, 2020)

and abnormal patterns of binocular interactions in amblyopic V1 (reviews: Joly and Franko, 2014; Hess and

Thompson, 2015; Levi et al., 2015), VPL could have occurred either at primary visual cortex or downstream in

higher-order vision or decision-making areas. Our findings suggest that attending to the target location

during training may have increased neural activity in occipital cortex (e.g., Liu et al., 2005; Herrmann

et al., 2010; Wang et al., 2015; Dugué et al., 2020; Fernández and Carrasco, 2020) and altered the distribu-

tion of VPL changes to be biased toward higher brain areas whose responses are less tuned to specific

spatial locations, features and/or eyes. VPL for any task is widespread, likely involving several areas, and

the pattern of VPL changes and their neural correlates may differ according to the training protocol and

task type and difficulty (e.g., Jia et al., 2020; reviews: Gilbert and Li, 2012; Dosher and Lu, 2017; Seitz,

2017; Maniglia and Seitz, 2018).

Translational implications for rehabilitation of visual disorders

With early detection and compliance, there are several treatments for children with amblyopia (e.g., refrac-

tive correction, surgical realignment of the eyes, patching) that largely mitigate the most severe symptoms

from persisting into adulthood (reviews: Astle et al., 2011; Sengpiel, 2014; Levi, 2020). In contrast, treatment

options for adults have been more limited. However, VPL studies have advanced our understanding of the

impressive remaining neuroplasticity in the (a)typically developed adult brain and identified visual training

as a promising rehabilitative tool. Perceptual training improves visual performance in individuals with

amblyopia (reviews: Levi and Li, 2009; Astle et al., 2011; Sengpiel, 2014; Levi et al., 2015; Tsirlin et al.,

2015; Levi, 2020; Rodán et al., 2022), visual acuity in presbyopia (Polat et al., 2012), visual acuity and contrast

sensitivity in individuals with optical aberrations (Schoups and Orban, 1996), and visual motion discrimina-

tion in people with V1 damage (Cavanaugh et al., 2015; 2019). But the prognoses for most visual disorders

remain poor and achieving any improvements in daily vision takes a long time.

Most current VPL protocols that promote location transfer in neurotypical adults (e.g., Szpiro et al., 2014;

Wang et al., 2014; Hung and Seitz, 2014) are limited in their practicality for clinical populations; they would

demand a lot of effort from an already bioenergetically taxed system, and patients would have to practice

more than one task to achieve maximal transfer. Here we present a simple and elegant possibility for

improving visual training efficiency –training with exogenous attention (Donovan et al., 2015; 2020; Szpiro

and Carrasco, 2015; Nguyen et al., 2020). Exogenous attention cues could easily be incorporated into many

types of training treatments currently being offered to individuals with amblyopia, from relatively simple

perceptual learning tasks while patching to more complex dichoptically presented videogames. These

attention cues would enhance VPL at little-to-no monetary cost or additional effort from the patients by

facilitating its generalization to untrained spatial locations, which would be amajor benefit. This study com-

plements studies that have shown the practical benefits of videogame play for improving amblyopic and

neurotypical vision on a broad range of dimensions (Levi et al., 2015; Tsirlin et al., 2015; Bavelier and Green,

2019; Levi, 2020), as it provides insight into the specific role involuntary spatial attention likely plays in facil-

itating more generalized learning, including across visual space.
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Conclusions

This study reveals that training on a discrimination task in the parafovea leads to improvements in foveal

contrast sensitivity, acuity and stereoacuity in adults with amblyopia. Notably, exogenous attention gener-

alizes the effects of perceptual training to untrained spatial locations.

Limitations of the study

Because of the COVID lockdown, we were unable to collect the post-test data for one observer in the

Attention group for all tasks in the visual battery, nor add more observers per group. We were also unable

to bring observers back for a 6-month follow-up to see how much of the learning was retained after an

extended period, as we had originally planned. Given our relatively modest effect sizes and high individual

variability, future replications of our study with more observers will be important to verify the robustness of

our findings.
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d All data files for the trained and untrained tasks are freely available onMendeley (Mendeley Data: https://

doi.org/10.17632/g2fnm9fv3h.1).

d All original experimental code is freely available via an open-access repository (Database: https://github.

com/CarrascoLab/Exo-Att-PL-Amblyopia).

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The observers who had been prescribed refractive correction from their personal eye doctor were required

to wear either the exact same pair of glasses or contacts that they would typically wear throughout the

entire study. Before training, we confirmed that observers exhibited a R two-line interocular difference

in EDTRS logMar acuity (also known as amblyopic depth), in which each letter on the eye chart equals

.02 and a full line equals 0.1, 0 is equivalent to 20/20 Snellen acuity, and a higher score is worse (amblyopic

depth: Neutral group M = .546 G .062, Attention group M = .594 G .088; t(18)= -.462, p = .650). Five ob-

servers who qualified decided not to participate and complete the pre-training phase (days 1-4), and one

observer per group completed less than half of the training days. Ultimately, twenty adults with amblyopia

and no other visual disorder or disease were included in the study (see Table 1 for demographic and clinical

information). All experimental procedures were in agreement with the Helsinki declaration and approved
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by theNew York University Institutional Review Board. All observers were naı̈ve to the experimental hypoth-

eses and signed a written consent.
METHOD DETAILS

Apparatus & setup

All computer-based tasks shared the same setup. Experiments were run from a 21.5’’ Apple iMac 3.06 GHz

Intel Core 2 Duo Desktop using MATLAB R2014b (MathWorks, USA) in conjunction with the MGL toolbox

(http://justingardner.net/mgl). They were presented at a viewing distance of 114 cm on a 40x30 cm IBM-

P260 CRT monitor (1280x960 pix resolution, 90-Hz refresh rate), calibrated and linearized using a Photo

Research PR-650 SpectraScan Colorimeter.

Eye movements were monocularly monitored using an EyeLink 1000 Desktop Mount eye tracker (SR

Research, Canada) with a 1000-Hz sampling rate. We used a 5-point display to calibrate the eyetracker

at the beginning of every block and within blocks as needed to minimize fixation breaks. Observers’ logMar

visual acuity was measured using the 2M Original Series EDTRS Chart R (Precision Optics Ltd., CO)(Bailey

and Lovie-Kitchin, 2013).
Procedure

There were three phases to the study which took place across at least 17 different sessions (Figure 1B). Dur-

ing the pre-training phase (Phase I; days 1-4), we prescreened observers for qualification in the study (see

Observers) and measured their abilities on a variety of visual tasks. During Phase II, observers performed

the same training task for �10 sessions while being presented with either a neutral (Neutral group) or valid

(Attention group) attention precue. The three final sessions of the post-training phase (Phase III; days 15-17)

were identical to those of Phase I, except these sessions did not include the adaptive staircase session for

measuring contrast thresholds from day 2 and were administered in reverse order.

Phases I & III: Pre-training & Post-training. Day 1 consisted of a prescreening session in which we deter-

mined whether observers fulfilled our inclusion criteria (seeObservers) and obtained a baseline measure of

their abilities on a curated selection of visual tests known to be impaired in amblyopia: foveal letter contrast

sensitivity using a Pelli-Robson chart, logMar visual acuity, crowding, and stereoacuity (see supplemental

information for details). After obtaining consent and having participants fill out a demographic survey, we

conducted a full oral interview of their visual history. The protocols for days 1 and 17 were identical from this

point on. Wemeasured observers’ foveal logMar visual acuity and Pelli-Robson letter contrast sensitivity by

having them read from eye charts (see Apparatus & setup) monocularly (fellow eye always first) with the

other eye patched, from 2m away in a consistently brightly lit room. All remaining tasks were administered

in a darkened and sound-attenuated room. Observers used a forehead and chin rest to ensure head sta-

bilization and a constant viewing distance. On average, the prescreening session on day 1 took 2 hours

and the post-training session on day 17 took 1.5 hours.

For all computer-based tasks administered during days 2 through 16, if observers moved their eyes R1�

from the fixation cross, the text ‘Please fixate’ would appear onscreen and that trial would be replaced

at the end of the block. On days 2 and 16, we estimated observers’ foveal broadband contrast sensitivity

in their fellow and amblyopic eyes separately using the quick Contrast Sensitivity Function (qCSF) proced-

ure (see supplemental information for details).

On day 3, to account for procedural learning, observers first performed a simple two-alternative forced-

choice (2AFC) orientation discrimination task (2-cpd, 64% contrast, 3.2�-wide Gabor tilted G5� from hori-

zontal) at the fovea forR40 trials. Next, they completed 1-2 practice blocks of 80 trials along each diagonal.

Two 3.2�-wide 6-cpd Gabors (64% contrast) simultaneously appeared at 4� eccentricity along one of the

diagonals. The observer had to report the orientation (G4� from horizontal) of the target indicated by a

central response cue.

Observers then completed an adaptive staircase procedure to estimate the monocular contrast thresholds

required for the amblyopic and fellow eye to perform the main training task with similar accuracy at pre-test

along the same diagonal to which they were randomly assigned to train (upper-right and lower-left quad-

rants or upper-left and lower-right quadrants). Observers first completed four 40-trial blocks with their
26 iScience 25, 103839, March 18, 2022
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fellow eye (with amblyopic eye patched), and after a break, they completed four blocks with their amblyopic

eye (with fellow eye patched). Each block contained two 20-trial interleaved staircases to estimate the

contrast thresholds corresponding to 75% and 88% accuracy. On each trial of a staircase, the contrast of

the Gabors adjusted according to best PEST—an adaptive staircase procedure as implemented in the Pal-

amedes toolbox (Prins and Kingdom, 2009). A uniform prior was used for the first block of each staircase,

and starting from the second block, the posterior of the previous block was used as the prior for the next.

The threshold estimates from the last three blocks were averaged to estimate the individual observers’

contrast thresholds for a given eye. Observers were only presented with neutral attention cues (see main

task stimuli) during the adaptive staircase procedure. On average this session took 1.5–2 hours.

Days 4 and 15 were the pre-test and post-test sessions for the main training task. Before running the main

task pre-test in each eye, we conducted one more block of the adaptive staircase procedure to assess

whether the two contrast threshold estimates were similar to those in the prior session. If there was a large

discrepancy (perhaps due to some short-term consolidation of learning), the experimenter would manually

adjust the stimulus contrast levels for each eye according to their best judgment to better capture the dy-

namic range of the observer andmake the task challenging enough that they would have plenty of room for

improvement with training (i.e., performed with a d’ around 1 overall in each eye). These stimulus contrast

levels were then held constant throughout the remainder of the study, including the post-test. Throughout

each block of the main task, the contrast of the stimuli randomly varied between these two levels so that

observers performed a mix of harder and easier trials. Given that we did not find significant differences

in the results between contrast levels, all data and analyses reported correspond to performance collapsed

across them.

During the pre-test and post-test sessions, we measured baseline performance on the main task in four

conditions while observers were only exposed to neutral cues, in this order: (1) fellow eye along the up-

per-right and lower-left diagonal, (2) amblyopic eye along the upper-right and lower-left diagonal, (3)

fellow eye along the upper-left and lower-right diagonal, and (4) amblyopic eye along the upper-left

and lower-right diagonal. On average these pre-test and post-test sessions took 1.5–2 hours.

Phase II: Training. Observers completed 6,400 trials total: approximately eight 80-trial blocks during

each of �10 training sessions. We hypothesized that this training protocol would be sufficient to result

in significant VPL for the majority of observers with amblyopia, but not so much that it would promote spec-

ificity, as has been shown in neurotypical adults (Jeter et al., 2010).

During each 1-hour training session, observers completed as many 80-trial blocks of the main 2AFC orien-

tation task (see main task trial sequence) as possible using their amblyopic eye with their fellow eye

patched. During training sessions, observers took 30-sec breaks halfway through each block (a neutral audi-

tory tone indicated when they should open their eyes), paused between blocks, and had a 5-min break

halfway through to minimize oculomotor fatigue and retinal adaptation. Each observer was randomly as-

signed to train along one of the two diagonals (five observers trained on each diagonal within each group)

while being exposed to only neutral cues (Neutral group; n = 10), which spread an observer’s attention

evenly across both potential target locations, or 100% valid peripheral cues (Attention group; n = 10), which

rapidly and automatically (i.e., requiring no additional effort or even awareness of the cue from the

observer) focuses their attention to the upcoming target location. We used only valid peripheral cues,

and not invalid cues, which would direct attention to the nontarget location and decrease performance

(e.g., Pestilli and Carrasco, 2005; Barbot et al., 2012, Fernández and Carrasco, 2020; Dugué et al., 2020).

Cue validity does not affect the magnitude of either the benefit or cost of exogenous attention on perfor-

mance during classic spatial cueing experiments (Giordano et al., 2009; review: Carrasco, 2011).
Main task stimuli

Observers were asked to fixate on a black cross (1� across) at the center of the screen throughout the trial

(Figure 1A). The target and distractor stimuli were both 3.2�-wide, 6-cpd Gabor patches (contrast-defined

sinusoidal gratings embedded in a Gaussian envelope, s=0.46�), randomly and independently tilted G4�

from horizontal, centered at 4� eccentricity along the diagonals, and with the same mean luminance as

the uniform grey background (26 cd/m2). The neutral precue consisted of four 0.16� white dots surround-

ing the fixation cross and centered 0.5� away from its edges. The peripheral exogenous attention precue

was identical to the neutral cue but centered around and placed 0.5� from the edge of the target in the
iScience 25, 103839, March 18, 2022 27
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periphery, to prevent masking. The response cue (a 0.8�-long white line starting 0.8� from the center of

the screen) indicated the target location by pointing to one stimulus location (matching the peripheral

attention precue with 100% validity). Similar central neutral and peripheral valid cues have been used

in several studies of exogenous attention (e.g., Barbot et al., 2012; Szpiro and Carrasco, 2015; Roberts

et al., 2016; Donovan et al., 2015,2020; Li et al., 2021). Furthermore, the magnitude of the effect is the

same with the central neutral cue employed here and with a distributed cue (cues adjacent to all poten-

tial target locations; e.g., Talgar et al., 2004; Carrasco et al., 2002).
Main task trial sequence

Observers monocularly (with the other eye patched) performed a 2AFC orientation discrimination task

while their exogenous spatial attention was manipulated via presentation of a brief valid peripheral precue

(Figure 1A). After centrally fixating (256 ms), the precue was presented (67 ms), after which there was a brief

interstimulus interval (ISI; 67 ms) during which the screen was blank. The target and distractor Gabor stimuli

then appeared at isoeccentric locations along one of the diagonals concurrently with the response cue for

123 ms. This 134-ms stimulus-onset-asynchrony between the onset of the precue and onset of the stimuli

enabled us to assess the attentional effects of the exogenous cue while preventing any voluntary deploy-

ment of attention (review: Carrasco, 2011). After the Gabors disappeared, the response cue stayed

throughout the remainder of the trial. 78-ms after the stimuli were removed, the fixation cross turned white

and an auditory tone indicated the beginning of the response window, in which observers had to report the

target orientation (counterclockwise or clockwise relative to horizontal) using one of two keyboard presses

(‘1’ for counterclockwise, ‘2’ for clockwise) with their right hand. On every trial, observers were encouraged

to respond as accurately as possible within a 5-s response window. Observer response terminated the trial,

after which there was a mandatory 1000-ms intertrial interval. Auditory feedback was provided at the end of

each trial and visual feedback indicating observers’ accuracy and number of fixation breaks was presented

at the end of each block.
Untrained task procedures

qCSF. We incorporated the qCSF into a 4AFC orientation discrimination task (Figure S6, left side). The

5.6�-wide target stimulus could be any combination of parameters from a 2D array of spatial frequencies (12

levels ranging from 0.25- to 20-cpd) and contrasts (60 levels ranging from 1% to 100%; Figure S6, right side).

After at least one practice block in which they binocularly performed the task above chance using an easier

(higher contrast range) stimulus set, observers completed three 70-trial blocks with each eye while the

other was patched. Observers always started with their fellow eye and alternated eyes every block. If ob-

servers moved their eyes more than 1� from the fixation cross, the text ‘Please fixate’ would appear

onscreen and that trial would be cancelled and added to the end of the block. On average the qCSF session

took 75 min.

Pelli-Robson contrast sensitivity. Log contrast sensitivity thresholds for letters were measured using

one of two versions of the Pelli-Robson Contrast Sensitivity Chart (Pelli et al., 1988). Participants monocu-

larly (with the other eye patched) read one version with their fellow eye and then the other version with their

amblyopic eye. Pelli-Robson scores were graded as the log contrast sensitivity threshold corresponding to

the last set of letter triplets in which they identified two letters correctly, reading from top left to bottom

right (Pelli et al., 1988), with higher scores indicating greater contrast sensitivity.

Stereoacuity thresholds. Stereoacuity thresholds were measured using the ASTEROID software pro-

gram (Vancleef et al., 2019). The task was presented on an Android 3D stereotablet presented at eye-level

and parallel to the observer’s head 25 cm away, held stable by a tablet stand whose base was clamped to

the table. Observers performed the task in a darkened and sound-attenuated room with their head in a

forehead and chin rest to ensure head stabilization. Observers were instructed to keep both eyes open

and detect an illusory 3D square among four possible locations, then tap the corresponding quadrant of

the screen. Observers first performed a short practice block of 20 trials, then completed two different adap-

tive Bayesian staircase blocks of 60 trials each. We averaged these two blocks to estimate an observer’s

stereoacuity threshold.

Critical spacing of crowding. Wemeasured observers’ critical spacing (degrees of visual angle required

to reliably and accurately discriminate a central number from two flanking distractor numbers to the left and
28 iScience 25, 103839, March 18, 2022
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right) at the fovea using the Pelli Critical Spacing toolbox (Pelli et al., 2016) for MATLAB. The task was pre-

sented on a 13-inch 2017 MacBook Air using MacOS Mojave in a dark and sound-attenuated room, with

observers’ heads stabilized by a forehead and chin rest. The stimulus display screen was flipped, then pre-

sented onto a mirror 114 cm away from the observer to simulate presenting the task at 228 cm, the neces-

sary distance for displaying letters of a sufficient range of sizes to measure small thresholds. The experi-

menter input the observer’s verbal responses manually using an external keyboard attached to the

laptop. After binocularly performing above chance in a 10-trial practice block, observers completed a

20-trial adaptive staircase three times in a row with each eye (with the other eye patched). We averaged

the estimates from all three staircases to estimate the critical spacing of crowding for each eye.
QUANTIFICATION AND STATISTICAL ANALYSIS

We measured changes in d’ as the primary dependent variable to index changes in observers’ perceptual

sensitivity independent of their response criterion. d’ was calculated as the z-score of the proportion of hits

(arbitrarily chosen as when target was counterclockwise (CCW), observer reported CCW) minus the z-score

of the proportion of false alarms (target was CCW, observer reported clockwise (CW); e.g., Herrmann et al.,

2010; Dugué et al., 2016; Pham et al., 2018; Dugué et al., 2020; Fernández and Carrasco, 2020; Jigo and

Carrasco, 2020). To avoid infinite values, we added 0.5 to the number of hits, misses, correct rejections

and false alarms and 1 to the number of ‘‘signal present’’ (i.e., CCW target) and ‘‘signal absent’’ (i.e., CW

target) trials prior to computing d’ (Brown and White, 2005). To account for between-subject differences

in pre-test performance (in spite of doing our best to equate initial performance by adjusting stimulus

contrast) and to more fairly compare learning across different tasks with different units of measurement,

we conducted complementary analyses for most tasks with our own performance measure–normalized

change–which we defined as the difference between post-test and pre-test performance divided by the

sum of their values (except for logMar acuity, for which we simply calculated pre-test minus post-test as

they are log values). A positive normalized change indicated improvement. Thus, for those tasks in which

a lower score is better (e.g., critical spacing of crowding), the change was calculated as pre-test minus post-

test performance.

We designed our task to evaluate changes in orientation sensitivity (d’). Observers were encouraged to be

as accurate as possible. Median RTs for correct trials served as a secondary variable to assess potential

speed-accuracy tradeoffs. RTs were measured relative to the simultaneous onset of the Gabor stimuli

and response cue (Figure 1A), which remained onscreen for 123 ms. The Gabors disappeared, leaving

only the response cue, and observers had to wait an additional 78 ms before they were allowed to respond

within a 5-s window, to further encourage observers to be as accurate rather than as fast as possible. In our

experimental design, as inmany tasks that measure RT as the primary dependent variable (e.g., Wang et al.,

2015), it was impossible to distinguish the degree to which reaction time (RT) differences reflected changes

in speed of processing, discriminability, response criterion, and/or motor learning (e.g., Carrasco and

McElree, 2001; Roberts et al., 2017).

We conducted all ANOVAs in R with ezANOVA using the Type-III sums of squares approach. We always

included Observer as a random factor, Eye (amblyopic, fellow), Diagonal (trained, untrained) and Session

(pre-test, post-test) as fixed within-subjects factors, and Group (Neutral, Attention) as a fixed between-sub-

jects factor. Planned comparisons were two-tailed paired t-tests, and the Benjamini-Hochberg adjustment

(Benjamini and Hochberg, 1995) was applied to correct for multiple comparisons as it controls for the false

discovery rate. All reports of variability represent G1 standard error of the mean.
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