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PURPOSE. Contour integration, the process of combining local visual fragments into coher-
ent paths or shapes, is essential for visual perception. Although prior research on ambly-
opia has focused primarily on spatial domain deficits in contour integration, this study
investigates how amblyopia affects contour integration over time and examines the rela-
tionship between temporal contour integration deficits and visual functions.

METHODS. Nineteen amblyopic children (mean age, 10.9 ± 2.4 years; 17 anisometropic, 2
anisometropic/strabismic mixed) and 26 visually normal children (mean age, 10.5 ± 1.8
years) participated in this study. Temporal contour integration was assessed by measur-
ing the accuracy of detecting tilted contour paths, formed by collinear Gabor elements
with similar orientations, under slit-viewing conditions. Performance was evaluated for
amblyopic eyes (AEs) and fellow eyes (FEs) at two spatial frequencies (1.5 cpd and 3 cpd).
The slit width, orientation jitter of contour elements, and stimulus movement speed were
systematically varied across separate runs. Visual acuity and Randot stereoacuity were
assessed before testing.

RESULTS. AEs exhibited significant deficits in temporal contour processing compared with
FEs. Specifically, AEs required larger slit widths to achieve performance levels comparable
to FEs, with more severe amblyopia (i.e., worse AE visual acuity) necessitating even larger
slit widths for temporal contour integration. Temporal contour integration deficits in AEs
were most pronounced under conditions of complete Gabor collinearity or moderate
stimulus movement speeds (6.4°/s). No significant differences were observed between
FEs and control eyes. Notably, the temporal contour integration ability between the two
eyes quantified as the AE/FE ratio of slit width thresholds showed no correlation with
interocular acuity differences, stereoacuity, or spatial contour integration deficits.

CONCLUSIONS. Amblyopic children demonstrate significant deficits in temporal contour
integration in AEs, which seem to be independent of spatial contour integration deficits.
The severity of these temporal deficits increases with worse AE visual acuity. These find-
ings suggest that amblyopia is associated with temporal deficits in visual integration,
in addition to the well-documented spatial deficits, highlighting the need for a more
comprehensive understanding of amblyopic visual processing.

Keywords: amblyopia, anisometropia, contour integration, temporal integration, slit view-
ing

Amblyopia is a developmental visual disorder typi-
cally caused by strabismus, anisometropia, or selec-

tive deprivation of vision during early childhood. It is
attributed to complex neural deficits in both the striate
and extrastriate cortices,1 resulting in significant unilat-
eral visual loss, particularly in children. Amblyopia is asso-
ciated with deficits in multiple spatial visual functions,
including reduced visual acuity,2 impaired contrast sensi-
tivity,3,4 diminished stereopsis,5,6 and compromised global
shape perception.7,8 Although most research has focused on
visual function deficits in the amblyopic eye (AE), emerging
evidence suggests that the fellow eye (FE) may also exhibit
visual function impairments compared with normal control
eyes.9,10

Amblyopia not only impairs spatial processing, but also
affects temporal processing. These temporal deficits include
reduced temporal contrast sensitivity,11,12 abnormal motion-
defined form perception,13,14 impaired global motion
perception,13,15,16 temporal instability,17,18 and deficits in
temporal synchrony.19,20 Research has shown that temporal
deficits are not confined only to AEs, but are also present in
FEs, albeit to a lesser degree.14–16,19 For example, children
with unilateral amblyopia exhibit motion processing impair-
ments in their FEs, even when the measures of visual acuity
are within the normal range.21,22 Although some studies have
reported correlations between temporal deficits and spatial
deficits in amblyopia,17,18,23,24 others suggest that certain
temporal deficits exist independent of spatial vision impair-
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ments.16,19,20,25,26 For instance, Kiorpes et al.26 demonstrated
in amblyopic monkeys that motion sensitivity losses were
uncorrelated with spatial contrast sensitivity losses.

Contour integration, the process of integrating physically
discontinuous visual fragments into a perceived contour, is
a fundamental aspect of higher-level visual processing.27 In
a seminal study, Field et al.28 used a snake-like contour
path composed of Gabor elements embedded in a noise
background to demonstrate the critical role of continuity
among neighboring elements in contour integration. Both
spatial and temporal parameters of contour integration are
frequently examined through local mechanisms, such as
collinear facilitation, where the contrast sensitivity to a low-
contrast Gabor target is enhanced by spatially separated
collinear flankers.29–31 These findings suggest that local
interactions between neighboring elements underlie contour
integration. Similar to collinear facilitation, contour integra-
tion is thought to involve excitatory horizontal connections
between cells with similar orientation preferences within the
primary visual cortex (V1),28,32–36 supported by neurophys-
iological evidence.37–43 Neuroimaging studies have further
implicated both striate and extrastriate cortices, including
V2, V4v, and the lateral occipital complex, contributing
to contour integration.44,45 Recent research indicates that
contour integration involves both bottom-up and top-down
(reentrant) processes.46–49

Amblyopic individuals exhibit abnormal performance in
both lateral interactions50–54 and spatial contour integra-
tion.55–61 For example, Polat et al.50 found that collinear
flankers facilitated the detection of low-contrast Gabor
targets in control subjects, whereas this facilitatory effect
was absent or even reversed in individuals with strabismic
and/or anisometropic amblyopia. Similarly, studies inves-
tigating contour detection in noise revealed that contour
visibility in strabismic amblyopia was degraded by random
orientation offset from the contour path, confirming the crit-
ical role of collinearity in contour integration.55,61 Interest-
ingly, Hess and Demanins62 reported no contour integra-
tion deficits in most adults with anisometropic amblyopia
using a contour detection task. In contrast, Levi et al.57 iden-
tified mild but genuine contour integration deficits in adults
with anisometropic amblyopia using a contour discrimina-
tion test. Recently, we demonstrated that children treated for
anisometropic amblyopia still exhibited contour integration
deficits, particularly at higher spatial frequencies, even after
compensating for low-level deficits such as reduced contrast
sensitivity and degraded shape perception in AEs.60 These
findings suggest that contour integration deficits in ambly-
opia may arise from impairments in both low-level and high-
level visual processing.

Visual systems can integrate information over time to
perceive an object’s shape, even when it moves behind a
narrow slit.63 Although most studies have focused on spatial
contour integration, Kuai et al.64 were the first to investigate
the mechanisms of temporal contour integration system-
atically. They developed a contour integration task under
slit viewing conditions, in which stimuli moved horizon-
tally behind a vertical slit, allowing only a small portion
of the stimuli to be visible at any given time. They found
that young adults with normal visual acuity demonstrated
robust contour detection, even when the slit permitted only
one viewable contour element. This finding suggests that,
unlike spatial contour integration, horizontal connections
in V1 may not be necessary for temporal contour integra-
tion.32,65 Using functional magnetic resonance imaging, Kuai

et al.64 further demonstrated that temporal contour process-
ing primarily involved higher dorsal visual areas (e.g., V3B
and MT) and higher ventral visual areas lateral occipital
complex, but not early visual areas (e.g., V1 and V2). These
findings suggest that the neural mechanisms underlying the
Gestalt rule of continuity in contour integration are at least
dissociated partially between spatial and temporal domains,
with temporal contour integration relying more heavily on
higher-order visual regions.

Despite extensive research on spatial contour integra-
tion in amblyopia, the impact of amblyopia on temporal
contour integration remains poorly understood, particularly
in children. Furthermore, it is unclear whether performance
differences exist between the FEs and normal control eyes
in temporal contour integration. In this study, we adopted
the slit-viewing task developed by Kuai et al.64 to examine
temporal contour integration in 19 amblyopic children. We
compared the performance of detecting tilted contour paths
composed of collinear Gabor elements under slit viewing
conditions among the AEs, FEs, and normal control eyes.
Additionally, we investigated the influence of Gabor orien-
tation collinearity and stimulus movement speed on tempo-
ral contour integration in amblyopic and normal vision chil-
dren. We also explored the relationships between tempo-
ral contour integration deficits and other visual functions,
including monocular visual acuity, binocular stereoacuity,
and spatial contour integration.

METHODS

Participants

Amblyopia was defined as a best-corrected visual acuity in
the AE of less than 0.1 logMAR and an interocular acuity
difference of no less than 0.1 logMAR.66 This clinical defini-
tion of amblyopia was adopted as part of our inclusion and
exclusion criteria. Anisometropia was defined as a difference
of 1.00 diopters (D) or more in the myopic, hyperopic, or
astigmatic refractive error between the observer’s two eyes.
Strabismus was defined as a 5 to 50 prism diopter angular
deviation between two eyes at either near or far viewing
distances.

Nineteen amblyopic children aged 8.0 to 16.5 years
(13 boys and 6 girls; mean age, 10.9 ± 2.4 years; 17
anisometropic and 2 anisometropic/strabismic mixed) met
the inclusion criteria, and their data were included in the
analysis (detailed clinical information is provided in Table).
Three additional children participated in the study but were
excluded from the analysis because they did not meet the
inclusion criteria: one was a successfully treated patient with
refractive amblyopia (<0.1 logMAR best-corrected visual
acuity in the weak eye after treatment), and the other two
were strabismic patients with 0.1 logMAR best-corrected
visual acuity in the weak eye and a 0.1 logMAR interoc-
ular acuity difference. All participants underwent ophthal-
mological examinations and were refracted by a regis-
tered optometrist before testing. Participants who had been
prescribed refractive correction were required to wear their
glasses throughout the experiment.

Twenty-six children aged 8 to 13 years (12 boys and 14
girls; mean age, 10.5 ± 1.8 years) with normal or corrected-
to-normal visual acuity and normal stereoacuity (mean, 33.2
± 11.7 arcsec) participated as control groups (n = 11, n =
10, and n = 7 for experiments 1, 2, and 3, respectively; 1
observer participated in all 3 experiments).
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The study adhered to the tenets of the Declaration of
Helsinki and was approved by the ethics committees of
Tengzhou Central People’s Hospital and Peking Univer-
sity. Informed consent was obtained from each participant’s
parent or guardian after a detailed explanation of the nature
and potential consequences of the study.

Apparatus and Stimuli

The stimuli were generated with MATLAB-based
Psychtoolbox-367 and presented on a 21-inch Sony G520
CRT monitor with a display resolution of 1024 × 768 pixels
and a frame rate of 75 Hz. The luminance of the monitor
was linearized by an 8-bit look-up table (mean luminance,
58.2 cd/m2). Observers viewed the displays monocularly,
with the nontested eye patched. A chin-and-head rest was
used to stabilize the observer’s head. The experiments were
conducted in a dimly lit room.

The stimuli used in this study were similar to those in
Kuai et al. (2017).64 They consisted of 256 Gabor patches
(Gaussian-windowed sinusoidal gratings) presented within

256 squares of a 16 × 16 invisible grid. Each square
subtended 1.650° or 0.825° at viewing distances of 0.5 or
1.0 meter, respectively. The spatial frequency of the Gabor
elements was set to 1.5 and 3.0 cycles per degree (cpd)
for viewing distances of 0.5 and 1.0 meter. The contrast
of the Gabor elements was fixed at 90% and their phases
were randomized between 0° and 315° in a step of 45°.
The standard deviation of the Gabor Gaussian envelope (σ )
was always equal to 0.45 times the Gabor wavelength (λ).
All Gabor elements, whether part of contour or noise, were
physically identical except for their phases, locations, and
orientations.

A straight contour path formed by nine collinear Gabor
elements was embedded in a field of noise Gabor patches
(Fig. 1A, left). The stimulus images moved horizontally
behind a vertical slit, either from left to right or vice versa
(Figs. 1B, 1C). The center of the contour path was positioned
at the stimulus center with a positional jitter within ±2.5°,
and the orientation of the contour path varied between 15°
to 60° or 120° to 165°. Each noise Gabor was positioned in a
square with random orientations and positional jitter within

B C

A

2s

0.5s

2s
Which interval 

contains a contour?

FIGURE 1. Stimuli used in temporal contour integration experiments. (A) (Left) A straight contour without position or orientation jitter,
embedded in a field of randomly positioned Gabor patches. (Middle) Random Gabor patches with no contour path. (Right) Contour Gabor
elements with orientations jittered within ±20° from the contour path orientation (stimuli used in experiment 2). Red arrows are included
for illustrative purposes and were not present in the actual stimuli. (B) An example frame of stimuli moving behind a vertical slit with an
AIED of 4. (C) Trial structure: Two stimulus images, one containing a contour and the other without, moved behind a vertical slit for 2
seconds, either left to right or right to left, separated by a 0.5-second interstimulus interval. Observers were instructed to identify the interval
containing the contour. Arrows are shown here for clarity and were not included in the actual stimuli.
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±0.25 square size in both horizontal and vertical directions
from the grid center. To avoid density cues, the center-
to-center horizontal distance between neighboring contour
Gabor elements was randomized between 0.9 and 1.1 times
the average interelement distance (AIED), which was equal
to the size of the square. The stimulus pattern was regen-
erated for each trial. Within the same trial, a random stim-
ulus image (without any contour path) was generated by
randomly shuffling the positions of all Gabors in the contour
stimulus image (Fig. 1A, middle).

Procedures

For amblyopic children, we measured contour detection
performance for AEs and FEs separately using a two-interval
forced-choice method of constant stimuli. In experiment 1,
two stimulus images were presented in each trial: one image
contained a contour (Fig. 1A, left) and the other image did
not contain a contour (Fig. 1A, middle). The images moved
behind a vertical slit of varying widths (0.4, 0.8, 1.0, 2.0,
and 4.0 times the AIED) from left to right or vice versa at a
speed of 6.4°/s for 2 seconds. The two intervals were sepa-
rated by an interstimulus interval of 500 ms (Figs. 1B, 1C).
A black fixation dot, serving as a reference point for the
center of the stimulus, remained visible throughout the trial.
Fixation accuracy was not explicitly controlled during the
experiment. Observers were permitted to freely view the
stimulus, and their responses were based on their percep-
tion of the contour. Auditory feedback was given on incor-
rect responses.

Five slit width conditions (0.4, 0.8, 1.0, 2.0, and 4.0 times
the AIED) were tested. The observer can see only one
contour element or part of it when the slit width was 0.4
AIED, parts of two neighboring contour elements for the
slit width of 0.8 AIED, two neighboring contour elements at
the same time for 1 AIED, and more than two neighboring
contour elements at any given moment for 2 and 4 AIEDs.
Each condition was tested in separate blocks, with 50 trials
per block. Each condition was measured two to four times.

The spatial frequency of Gabor elements was set at 1.5
or 3.0 cpd, achieved by adjusting the viewing distance to 0.5
or 1.0 meter, respectively. To measure spatial contour inte-
gration in amblyopia, contour detection performance was
assessed using a static screen (i.e., without an aperture or
slit). Two static stimulus images were presented: one image
contained a contour and the other image did not contain a
contour. Each image was displayed for 200 ms each, sepa-
rated by an interstimulus interval of 500 ms. Observers were
asked to judge which interval contained a contour.

The procedures in experiments 2 and 3 were nearly iden-
tical to experiment 1, except for changes in specific stimulus
parameters. In experiment 2, the orientations of individual
contour Gabor elements were jittered within a range of 0°,
±10°, ±20°, ±30°, or ±45° from the contour path (Fig. 1A,
right). The slit width was fixed at 1 AIED, and the speed of
stimulus movement was 6.4°/s. In experiment 3, the speed
of stimulus movement was varied within a range of 1.6°/s,
3.2°/s, 6.4°/s, 12.8°/s, or 25.6°/s. The slit width was fixed at
1 AIED and only 1.5 cpd Gabors were used in experiment 3.

Twenty-six visually normal children participated as the
control groups and were tested in experiments 1 and 2 at
3 cpd and experiment 3 at 1.5 cpd Gabors. The contour
detection performance for dominant and nondominant eyes
was measured separately for the control group in experi-
ment 1. Because the performances between the dominant

and FEs in the control group had no significant difference
in experiment 1 (see the detail in Results), only one eye of
the observers in control groups in experiments 2 and 3 was
tested, which was randomly chosen at the beginning of the
test. Each block consisted of 30 trials and was repeated two
to four times. The viewing distance was 0.5 or 1.0 meter
when the tested spatial frequency of Gabor elements was
set at 1.5 or 3.0 cpd, respectively.

Assessment of Visual Acuity and Stereoacuity

Before conducting the temporal contour integration tests,
visual acuity and stereoacuity were assessed for all
observers. Visual acuity was assessed with the Chinese
Tumbling E Chart,68 which has 14 lines, with the size of the
optotypes ranging from 1.0 to −0.3 logMAR in 0.1-logMAR
steps. Testing was performed monocularly at a distance of
5 meters from the chart, with the nontested eye occluded.
Observers were required to report the orientation of the
opening of the tumbling E. Visual acuity was recorded as
the logMAR.

Stereoacuity was assessed using the Randot Stereo Test
(Stereo Optical Co., Inc., Chicago, IL) under normal room
lighting conditions. Observers wore a pair of polarizer
glasses and were asked to identify which of the three circles
in a line appeared to stand in front. The test included ten
three-circle lines with binocular disparities ranging from 400
to 20 arcsec. Testing was conducted at a viewing distance of
40 cm. For observers who failed to identify the circle with
the largest disparity (400 arcsec), stereoacuity was set to 500
arcsec for the convenience of data analysis.

Data Analysis

In experiment 1, a Weibull function was used to fit the
psychometric function for each observer. The fitting was
conducted using the Matlab version of the Psignifit toolbox
(version 2.5.6), developed by Psignifit Wichmann lab of the
University of Tübingen.69

To explore the factors influencing temporal contour inte-
gration in amblyopic observers, we first analyzed the effects
of the AE visual acuity and stereoacuity on performance.
Amblyopic observers were divided into three groups based
on their AE visual acuities measured before testing: mild
amblyopia (AE acuity < 0.3 logMAR), moderate amblyopia
(0.3 ≤ AE acuity ≤ 0.6 logMAR), and severe amblyopia
(AE acuity > 0.6 logMAR).70 ANOVA revealed no significant
differences in temporal contour integration among the three
AE severity groups (Ps > 0.05) across all three experiments.
Amblyopic observers were also divided into two groups
based on their stereoacuity measurements: those who failed
the Randot Stereo Test (assigned 500 arcsec, no stereopsis
group), and those who had measurable stereoacuity (stere-
opsis group). Again, ANOVA found no significant differences
in temporal contour integration between the no stereopsis
and stereopsis groups (Ps > 0.05) across all three experi-
ments. Given the lack of significant differences based on AE
visual acuity or stereoacuity, we combined temporal contour
integration data from all amblyopic children for analysis in
experiments 1, 2, and 3, unless otherwise specified.

All analyses were conducted using open-source JASP
software (version 16.3). A one-sample t test was used to
compare AE/FE ratios of contour detection accuracy and
slit width thresholds with the value of 1.0, which indicates
equal performance between AEs and FEs. Paired t tests
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or repeated-measures ANOVA were employed for within-
group comparisons (e.g., AEs vs. FEs). One-way ANOVA was
used to compare performance between the amblyopic group
and the normal control group. Pearson’s r correlation was
applied to assess the potential influence of visual functions
(e.g., visual acuity, stereoacuity) on temporal contour inte-
gration deficits in amblyopic children.

RESULTS

Temporal Contour Integration in Amblyopic
Children and Children With Normal Vision

In experiment 1, we investigated the temporal contour inte-
gration ability of amblyopic children using Gabor element
arrays moving at a speed of 6.4°/s behind five slit widths
(0.4, 0.8, 1.0, 2.0, and 4.0 times the AIED). To assess perfor-
mance across different spatial scales, Gabor elements with
spatial frequencies of 1.5 and 3 cpd were used, achieved by
setting the viewing distance to 0.5 and 1.0 meter, respec-
tively.

The mean accuracy of amblyopic observers is shown
in Figures 2A and 2D. Contour detection accuracy increased
with larger slit widths for both AE and FE. High accuracy
levels (≥0.8) were achieved at a slit width of 4 times the
AIED, comparable with the performance observed when no
aperture or slit was present (i.e. the entire Gabor array was
visible). A three-way repeated measures ANOVA, with Gabor
spatial frequency (1.5 and 3 cpd), eye (AEs vs. FEs), and slit
width (0.4, 0.8, 1.0, 2.0, and 4.0 times the AIED) as factors,
revealed significant main effects of the eye, F(1, 11) = 20.60,
P < 0.001, ηp

2 = 0.65, and slit width, F(4, 44) = 54.04, P
< 0.001, ηp

2 = 0.65, indicating pronounced differences in
contour detection accuracy between AEs and FEs. Notably,
at the 0.4 AIED slit width, where only one Gabor element
or part of it was visible at any time, AEs demonstrated accu-
racy significantly above chance level (0.5) for both spatial
frequencies: 1.5 cpd (accuracy = 0.61 ± 0.08, t14 = 5.95, P
< 0.001, Cohen’s d = 1.54) and 3 cpd (accuracy = 0.61 ±
0.08, t12 = 5.08, P < 0.001, Cohen’s d = 1.41, one sample t
test).

To quantify interocular performance differences, we
calculated the AE/FE ratio of accuracy for each slit width
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FIGURE 2. Temporal contour integration performance in amblyopic children. (A and D) Mean accuracy of contour detection as a function
of slit width for AEs and FEs at Gabor spatial frequency of 1.5 cpd (A) and 3 cpd (D). Smooth curves represent Weibull function fits (1.5
cpd: R2 = 0.996 for AE, R2 = 0.997 for FE; 3 cpd: R2 = 0.997 for AE, R2 = 0.996 for FE). Dots to the right of the curve indicate accuracy
under no aperture/slit conditions (i.e., the entire Gabor array was visible). (B and E) AE/FE ratio of accuracy at five slit widths for 1.5 cpd
(B) and 3 cpd (E). Data points below the dashed line indicate lower accuracy in AEs compared with FEs. Large dots, mean thresholds; small
dots, individual thresholds. (C and F) Slit width thresholds for AEs and FEs at 1.5 cpd (C) and 3 cpd (F). Data points below the diagonal line
indicate higher thresholds in AEs compared with FEs. Symbols represent amblyopia severity: triangles, mild amblyopia; circles, moderate
amblyopia; inverted triangles, severe amblyopia. Large symbols: mean thresholds for each group; small symbols: individual thresholds. Error
bars represent ±1 SEM.
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(Figs. 2B, 2E). An AE/FE ratio of less than 1.0 indicates worse
performance in AEs compared with FEs, reflecting tempo-
ral contour integration deficits in AEs. Significant interocular
differences were observed at slit widths of 0.8, 1.0, 2.0, and
4.0 AIED for 1.5 cpd (Ps < 0.05), but not at 0.4 AIED. For
3 cpd, significant differences were found at slit widths of 0.8
and 1.0 AIED (Ps < 0.05) but not at 0.4, 2.0, or 4.0 AIED (Ps
> 0.05).

To further compare temporal contour integration abili-
ties, we fitted psychometric functions using a Weibull func-
tion for each observer. The smooth curves in Figures 2A
and 2D represent examples of the fitting for the mean data.
From these fits, we estimated the slit width threshold at
75% accuracy for each observer (Figs. 2C, 2F). Amblyopic
observers were stratified into three groups based on AE
logMAR acuity before testing: mild (<0.3 logMAR), moderate
(0.3 ≤ AE acuity ≤ 0.6 logMAR), and severe (>0.6 logMAR).
Data points below the diagonal line in Figures 2C and 2F
indicate higher thresholds in AEs compared with FEs. Signif-
icant differences in slit width thresholds between AEs and
FEs were observed for all observers (1.5 cpd: t14 = 4.08,
P = 0.001, Cohen’s d = 1.05; 3 cpd: t12 = 4.13, P = 0.001,
Cohen’s d = 1.15; paired-sample t test). A trend toward
higher AE slit width thresholds with worse AE visual acuity
was evident. Specifically, 13 of 15 observers at 1.5 cpd and 11
of 13 observers at 3 cpd exhibited AE/FE ratios of greater
than 1. The average AE/FE ratios of slit width thresholds
for the three groups were consistent at more than 1 (mild
amblyopia, 1.27 at 1.5 cpd; 1.15 at 3 cpd; moderate ambly-
opia, 1.44 at 1.5 cpd, 2.16 at 3 cpd; severe amblyopia, 1.50
at 1.5 cpd and 1.38 at 3 cpd). These results demonstrate
significant temporal contour integration deficits in AEs, with
the severity of deficits increasing with worse AE visual
acuity.

Eleven visually normal children participated in experi-
ment 1 as the control group and were only tested at a
Gabor spatial frequency of 3 cpd (Fig. 3A). Psychometric
functions for each observer in the control group were fitted
using a Weibull function, with the smooth curves in Figure
3A representing examples of the fitting for the mean data.
To assess interocular differences, five one-sample t tests

were performed to analyze the accuracy ratio between the
nondominant eye and dominant eye. No significant differ-
ence from 1.0 was found at any slit width (Ps > 0.05) (Fig.
3B), confirming the absence of interocular differences in the
control group. Consequently, the thresholds for the nondom-
inant eye and dominant eye were averaged to represent
the thresholds for normal control eyes (Fig. 3C). A one-way
ANOVA with eye (AEs vs. normal control eyes) as a between-
subject factor revealed a significant difference between AEs
and normal control eyes, F(1, 22) = 7.12, P = 0.01, ηp

2

= 0.25. In contrast, the same analysis comparing FEs and
normal control eyes showed no significant difference in
thresholds (P = 0.37). These findings demonstrate temporal
contour integration deficits in AEs compared with normal
control eyes, whereas no such deficits were observed in the
FEs of amblyopic children.

Relationships Between Temporal Contour
Integration Deficits and Spatial Vision

To assess the potential influence of visual functions on
temporal contour integration deficits in amblyopic children,
we conducted Pearson’s r correlation analyses. Amblyopic
children were stratified into three groups based on their AE
logMAR acuity: mild, moderate, and severe, as illustrated
in Figure 4. The AE/FE ratio of slit width thresholds was
not significantly correlated with the interocular difference in
visual acuity at either spatial frequency: 1.5 cpd (r = 0.51; P
= 0.052) (Fig. 4A) and 3 cpd (r = 0.25; P = 0.41) (Fig. 4D).
Similarly, no significant correlation was observed between
the AE/FE ratio of slit width thresholds and stereoacuity at
1.5 cpd (r = 0.39; P = 0.15) (Fig. 4B) or 3 cpd (r = 0.16; P =
0.61) (Fig. 4E). To explore the relationship between tempo-
ral and spatial contour integration deficits, we analyzed the
correlation between the AE/FE ratio of slit width thresh-
olds and the AE/FE ratio of static screen thresholds (no slit
condition). No significant correlation was observed at either
spatial frequency: 1.5 cpd (r = −0.23; P = 0.42) (Fig. 4C) or
3 cpd (r = −0.24; P = 0.44) (Fig. 4F). In summary, although
the temporal contour integration deficits were evident in
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FIGURE 4. Relationship between temporal contour integration deficits and visual functions, as well as spatial contour integration deficits. (A
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amblyopic children, these deficits were not significantly
correlated with interocular acuity differences, stereoacuity,
or spatial contour integration deficits.

The Effect of Gabor Orientation Collinearity in
Temporal Contour Integration in Amblyopic
Children

Previous studies on spatial contour integration have estab-
lished that regularities such as collinearity and co-circularity,
which align with the Gestalt grouping rule of good continu-
ity, occur frequently in natural scenes.28,71 In experiment 2,
we examined whether collinearity is also critical for tempo-
ral contour integration. Fifteen amblyopic observers (13
from experiment 1) performed the contour detection task
under five Gabor orientation jitter conditions (within 0°,
±10°, ±20°, ±30° or ±45° jitter from the contour path). The
slit width was fixed at 1 AIED, and the stimulus moved at a
speed of 6.4°/s. Gabor spatial frequencies of 1.5 and 3 cpd
were tested. Ten visually normal children participated as the
control group, tested only at 3 cpd.

The mean accuracy for each group is shown in Figures 5A
and 5C. Detection accuracy decreased as orientation jitter

increased, with performance barely above chance level at
±45° jitter, where collinearity was strongly disrupted. A
three-way ANOVA with Gabor spatial frequency (1.5 and
3 cpd), eye (AEs vs. FEs), and orientation jitter (0°, ±10°,
±20°, ±30°, and ±45°) as repeated measure revealed signif-
icant main effects of eye, F(1, 13) = 14.10, P = 0.002, ηp

2 =
0.52, and orientation jitter, F(4, 52) = 36.41, P < 0.001, ηp

2

= 0.74, indicating significant detection differences between
AEs and FEs. Further one-sample t tests on the AE/FE accu-
racy ratio (Figs. 5B, 5D) showed significant interocular differ-
ences only at 0° orientation jitter (1.5 cpd: AE/FE ratio =
0.94, t14 = −2.77, P = 0.015, Cohen’s d = −0.72; 3 cpd:
AE/FE ratio = 0.94, t13 = −2.49, P = 0.027, Cohen’s d =
−0.67). No significant differences were observed at other
jitter conditions (Ps > 0.05).

To compare AEs and normal control eyes, a one-way
ANOVA with orientation jitter as repeated measure and
group (amblyopic vs. control) as a between-subject factor
revealed a significant main effect of the group, F(1, 22)
= 8.02, P = 0.01, η2

p = 0.27, and a significant interaction
between orientation jitter and group, F(4, 88) = 7.50, p <

0.001, ηp
2 = 0.25. Pairwise comparisons indicated that this

interaction was primarily driven by significant differences
between AEs and normal control eyes at 0° and ±10° jitter
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FIGURE 5. Effects of Gabor orientation jitter on temporal contour integration. (A and C) Mean accuracy of AEs, FEs, and normal control eyes
as a function of the orientation jitter of individual contour elements from the contour path at 1.5 cpd (A) and 3 cpd (C). (B and D) AE/FE
ratio of accuracy as a function of the orientation jitter of individual contour elements from the contour path at 1.5 cpd (B) and 3 cpd (D).
Large dots, mean thresholds; small dots, individual thresholds. Error bars represent ±1 SEM.

(Ps < 0.05). A separate one-way ANOVA comparing FEs and
normal control eyes showed no significant main effect of
the group (P = 0.08), suggesting no performance difference
between FEs and normal control eyes as a function of orien-
tation jitter.

Our results demonstrate that Gabor orientation collinear-
ity, when available, contributes to temporal contour inte-
gration in both amblyopic and normal vision. Amblyopic
observers could detect temporal contours with complete
orientation collinearity but exhibited deficits, whereas

they failed to detect contours when collinearity was
disrupted.

The Effect of Moving Speed in Temporal Contour
Integration in Amblyopic Children

In experiment 3, we examined the dynamics of contour
integration by investigating the effect of moving speed on
temporal contour integration. Eight amblyopic observers
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(seven of whom also participated in experiments 1 and 2)
performed the contour detection task under five moving
speed conditions: 1.6°/s, 3.2°/s, 6.4°/s, 12.8°/s or 25.6°/s.
The slit width was fixed at 1 AIED, and the Gabor spatial
frequency was set at 1.5 cpd. Seven visually normal children
participated as the control group.

The mean accuracy of contour detection for each group
is shown in Figure 6A. A two-way ANOVA with the eye (AEs
vs. FEs) and moving speed (1.6°/s, 3.2°/s, 6.4°/s, 12.8°/s,
and 25.6°/s) as repeated measures revealed no significant
main effect on the eye (P = 0.24) but a significant main
effect of the moving speed, F(4, 28) = 18.48, P < 0.001,
ηp

2 = 0.73, indicating a significant decline in performance
of both AEs and FEs as the moving speed increased. At
25.6°/s, a speed too fast for contour identification, the accu-
racy of AEs, FEs, and normal control eyes was barely above
chance level. A one-way ANOVA with moving speed as a
repeated measure and group (amblyopic vs. control) as a
between-subject factor showed no significant main effect of
group (P = 0.99). Similarly, no significant difference in accu-
racy was observed between FEs and normal control eyes
(P = 0.57).

To examine the interocular difference in moving speed
for amblyopic children specifically, we conducted one-
sample t tests on the AE/FE accuracy ratio (Fig. 6B). A signif-
icant interocular difference was found at 6.4°/s (AE/FE ratio
= 0.96, t7 = −2.68, P = 0.031, Cohen’s d = −0.95), but not at
other moving speeds (Ps > 0.05). These findings suggest that
interocular differences in temporal contour integration for
amblyopic children are present at moderate moving speeds
but not at very slow or very fast speeds. Notably, seven
observers who performed the contour detection task under
the same condition three times (across experiments 1–3)
showed no significant improvement in performance (mean
improvement from test 1 to test 3 = −0.44% ± 2.96%).

DISCUSSION

In this study, we investigated spatial–temporal visual
integration in amblyopic children by exploring dynamic
contour integration under a slit viewing condition. Our
results showed significant temporal contour deficits in AEs
compared with FEs, whereas no differences were found
between FEs and normal control eyes. Notably, temporal
contour integration deficits in AEs were most pronounced
under conditions of complete collinearity and moderate
stimulus moving speeds. Furthermore, the temporal contour
integration ability between AEs and FEs, defined as the
AE/FE ratio of slit width thresholds, was uncorrelated
with interocular acuity differences, stereoacuity, and spatial
contour integration deficits.

Our study demonstrates that amblyopia exhibits deficits
in temporal contour processing. Specifically, AEs required
larger slit widths to achieve performance levels compara-
ble to FEs, and children with worse AE visual acuity exhib-
ited greater slit width requirements. These results align with
prior studies documenting temporal deficits in amblyopic
visual systems, including reduced temporal resolution,25,72

degraded temporal contrast sensitivity,11 increased tempo-
ral synchrony thresholds,19,20 and an expanded tempo-
ral binding window.73 Such spatiotemporal deficits may
arise from delayed information processing in the AE,74,75

as evidenced by reduced neural synchronization in the
amblyopic visual cortex.76 Additionally, these deficits likely
reflect reduced processing efficiency in the amblyopic visual
system, attributable partly to reduced template efficiency
but, to a greater extent, to a higher fraction of internal
noise.15,26,77

The lack of correlation between the AE/FE ratio of
slit width thresholds and interocular acuity differences,
stereoacuity, or spatial contour integration deficits supports
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the hypothesis that temporal deficits in amblyopia are
independent of spatial vision impairments.16,19–21,25,26 For
instance, Aaen-Stockdale and Hess16 demonstrated that the
global motion deficit in amblyopia persisted even after
accounting for low-level processing impairments, suggest-
ing that these deficits cannot be explained solely by local
motion input. Similarly, contour integration is often more
disrupted in amblyopia than predicted by acuity deficits
alone.57,58,60 For example, our recent work showed that chil-
dren treated for anisometropic amblyopia retain contour
integration deficits even after compensating for the low-level
deficits.60 Our results indicate that worse AE acuity corre-
lates with larger slit widths for temporal contour integration,
consistent with prior findings linking visual function deficits
to AE acuity.2 Although poor acuity in AEs likely contributes
to slower processing and reduced temporal integration effi-
ciency,74,75 acuity deficits alone cannot fully explain the
observed temporal contour integration deficits. By using
90% contrast Gabor elements at lower spatial frequencies
(1.5 and 3 cpd), where amblyopic spatial deficits are mini-
mal, we minimized the influence of acuity and contrast sensi-
tivity loss, which primarily occurs at high spatial frequen-
cies.3 These results suggest that, in addition to low-level
deficits, higher-level temporal processing mechanisms are
impaired in amblyopia.

Our results also highlight the role of element orienta-
tion collinearity in temporal contour integration for both
amblyopic and normal vision. This finding aligns with previ-
ous studies on spatial contour integration in individuals
with normal vision and amblyopia55,78 as well as tempo-
ral contour integration in normal adult vision.64 Collinear-
ity might help to reduce external noise by establishing a
predictable spatial structure, enabling efficient spatiotempo-
ral integration.79 Although FEs outperformed AEs in using
collinearity for temporal contour integration, this advan-
tage diminished when collinearity was disrupted by elevated
external noise. Although collinearity facilitates integration
by reducing external noise, AEs are less effective than FEs
in leveraging this benefit owing to significantly higher inter-
nal noise levels.15,26,77 Consequently, the higher internal
noise likely impairs the AE’s ability to process and integrate
collinear information effectively, leading to the observed
deficits in temporal contour integration.

Lateral connections are widely regarded as a primary
mechanism for integrating contour elements into spatially
extended contours.80 Strong parallels exist between the rules
governing collinear facilitation and contour integration,
because both processes depend critically on factors such
as orientation, spacing, and spatial frequency.81 Abnormal
lateral interactions in amblyopia, including reduced collinear
facilitation, impaired contour integration, and disrupted
spatial summation,50–54,82–84 may underlie the grouping
deficits and perceptual distortions commonly observed in
amblyopia. However, it remains unclear whether the same
neural mechanisms are responsible for both contour integra-
tion and collinear facilitation.43,85,86 Contour integration may
additionally involve higher-level visual regions that integrate
global shape information.44–49 Further research is needed to
elucidate the specific contributions of these mechanisms to
visual processing deficits in amblyopia.

We found no significant difference in temporal contour
integration performance between the FEs of amblyopic chil-
dren and normal control eyes, although there is proof of the
presence of temporal processing deficits in the FE.14–16,19

For example, Hayward et al.14 demonstrated that global

motion thresholds were elevated in the FEs of amblyopic
children, with deficit manifesting in a speed-dependent
manner. Specifically, abnormal visual input during childhood
adversely affected slow motion-defined form perception,
but not fast motion-defined form perception. In our study,
interocular differences between AEs and FEs in tempo-
ral contour integration were observed only at a moderate
moving speed (6.4°/s), but not at slower or faster speeds.
Previous studies have reported global motion processing
deficits in amblyopia.22,26,87 These studies suggest that two
independent speed-tuned systems mediate fast and slow
motion perception, in which the fast system becomes more
active as speed increases until an upper limit of about 80°/s,
while the slow system is active at speeds less than 3°/s.88–90

The speed-tuned results may not be independent across
tasks or limited to tasks involving noise.22 These findings
highlight the importance of using carefully designed stimuli
with appropriate sensitivity to evaluate global motion func-
tion in the clinical population.

Neuroimaging studies suggest that the temporal inte-
gration of successive visual information during slit view-
ing involves a distributed cortical network, including higher
visual areas and parietal association areas.91–93 Although
early ventral visual areas are found to play an important role
in spatial contour integration,44 temporal contour integra-
tion under slit viewing conditions primarily engages higher
dorsal visual areas such as V3B and MT, higher ventral visual
areas like lateral occipital complex that are responsible for
shape processing, and the posterior parietal cortex that is
involved in visual memory.64 Under the slit viewing condi-
tions, especially at slit widths smaller than 1 AIED (where
no more than two neighboring contour elements are visi-
ble simultaneously), the role of long-range horizontal inter-
actions between V1 neurons is minimized. We speculated
that deficits in temporal contour integration likely reflect
abnormalities in the extrastriate cortex caused by amblyopia,
consistent with prior reports of extrastriate network deficits
in amblyopia.94–96

Although our study provides valuable insights into
temporal contour integration in amblyopic children, it has
several limitations that warrant consideration. First, our find-
ings are based primarily on anisometropic amblyopes. The
patterns of visual loss might differ between strabismic and
anisometropic amblyopia.1 Future studies should include
other types of amblyopia for a more comprehensive under-
standing. Second, the average age of amblyopic children
and children with normal vision is approximately 11 years.
Although evidence suggests that visual temporal integra-
tion windows are adult-like in 5- to 7-year-old children,97

future studies should include observers from different age
groups to better understand the developmental character-
istics of temporal contour processing. Third, we did not
explore the potential for recovery of temporal processing in
older amblyopic children, although perceptual learning has
shown promise in improving visual function in amblyopia,
particularly in spatial vision.98,99 Further research is needed
to develop targeted rehabilitation methods for temporal
processing deficits in amblyopia.
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