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Purpose: This study was conducted to reexamine the question of whether children 
treated for anisometropic amblyopia have contour integration deficits. To do so, 
we used psychophysical methods that require global contour processing while 
minimizing the influence of low-level deficits: visibility, shape perception, and 
positional uncertainty.

Methods: Thirteen children with anisometropic amblyopia (age: 10.1  ±  1.8  years) 
and thirteen visually normal children (age: 10.8  ±  2.0  years) participated in this 
study. The stimuli were closed figures made up of Gabor patches either in noise 
or on a blank field. The contrast thresholds to detect a circular contour on a 
blank field, as well as the thresholds of aspect ratio and contour element number 
to discriminate a circular or elliptical contour in noise, were measured at Gabor 
spatial frequencies of 1.5, 3, and 6  cpd for amblyopic eyes (AEs), fellow eyes (FEs), 
and normal control eyes. Visual acuities and contrast sensitivity functions for AEs 
and FEs and the Randot stereoacuity were measured before testing.

Results: The AEs showed contrast deficits and degraded shape perception 
compared to the FEs at higher spatial frequencies (6  cpd). When the influence 
of abnormal contrast sensitivity and shape perception were minimized, the 
AEs showed contour integration deficits at spatial frequencies 3 and 6  cpd. 
These deficits were not related to basic losses in contrast sensitivity and acuity, 
stereoacuity, and visual crowding. Besides, no significant difference was found 
between the fellow eyes of the amblyopic children and the normal control eyes 
in the performance of contour integration.

Conclusion: After eliminating or compensating for the low-level deficits, 
children treated for anisometropic amblyopia still show contour integration 
deficits, primarily at higher spatial frequencies, which might reflect the deficits 
in global processing caused by amblyopia. Contour integration deficits are likely 
independent of spatial vision deficits. Refractive correction and/or occlusion 
therapies may not be sufficient to fully restore contour integration deficits, which 
indicates the need for the development of clinical treatments to recover these 
deficits.
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Introduction

Amblyopia is a developmental visual disorder due to the 
degradation of the retinal image that results from strabismus, 
anisometropia, or deprivation in early childhood (Holmes and Clarke, 
2006; Levi, 2013). It is accompanied by complex neural deficits in both 
the striate and extrastriate cortex (Kiorpes et al., 1998; Barnes et al., 
2001; Conner et al., 2007; El-Shamayleh et al., 2010; Bi et al., 2011; Tao 
et al., 2014; Shooner et al., 2015; Wang et al., 2017), even in subcortical 
pathways (Wen et al., 2021). Amblyopia is a major cause of unilateral 
visual loss, especially in children (Birch, 2013). It impairs a range of 
visual functions, such as decreased visual acuity (Birch and Swanson, 
2000; Levi et al., 2011), reduced spatial contrast sensitivity (Hess and 
Howell, 1977; Levi and Harwerth, 1977; Bradley and Freeman, 1981), 
impaired stereopsis (McKee et al., 2003; Giaschi et al., 2013), increased 
positional uncertainty (Levi and Klein, 1986; Hess and Holliday, 1992; 
Demanins and Hess, 1996), and abnormal global shape perception 
(Hess et al., 1999; Dallala et al., 2010). So far, the most commonly used 
treatments for amblyopia include occlusion therapy and optical 
correction, both of which have been shown to improve visual acuity 
(Moseley et al., 2002; Clarke et al., 2003; Holmes et al., 2003; Repka 
et  al., 2003; Stewart et  al., 2004; Awan et  al., 2005) and can also 
improve stereoacuity to a certain extent (Lee and Isenberg, 2003; 
Wallace et  al., 2011). However, neither of them was sufficient to 
completely resolve the impairments in visual functions caused by 
amblyopia (Levi, 2020).

Contour integration is the process of integrating local fragments 
across the visual field into paths or shapes and it plays an important 
role in the perception of natural images in daily visual experience 
(Hamm et al., 2014). Using a “snake-like” contour path of Gabors 
embedded in a noise background, Field et al. (1993) found that the 
continuity of neighboring contour elements played a primary role in 
the detection of contours and proposed that the long-range horizontal 
interactions between V1 neurons constitute the underlying 
mechanisms for contour integration, which was confirmed in later 
neurophysiological studies (Kapadia et  al., 1995, 2000; Bauer and 
Heinze, 2002; Li et al., 2006; Gilad et al., 2013). On the other hand, 
some neuroimaging studies showed that both the striate and 
extrastriate cortex were involved in contour integration (Altmann 
et  al., 2003; Kourtzi et  al., 2003; Kuai et  al., 2017). Moreover, 
accumulating evidence suggests that the feedback loops from higher 
to lower visual areas played an important role in contour integration 
(Chen et al., 2014; Mijovic et al., 2014; Liang et al., 2017; Li et al., 2019).

Previous studies on contour integration in amblyopia mainly 
assessed adults with amblyopia and found impairments in contour 
integration in their amblyopic eyes (AEs) with different tests (Hess 
et al., 1997; Kovács et al., 2000; Mussap and Levi, 2000; Levi et al., 
2007). Psychophysical deficits in contour detection in the noisy 
image are consistently observed in strabismic amblyopia (Hess 
and Howell, 1977; Hess et al., 1997, 1999; Kovács et al., 2000; Levi 
et al., 2007), but not always in anisometropic amblyopia (Hess and 
Demanins, 1998; Levi et  al., 2007). For example, Hess and 
Demanins (1998) found no contour integration deficits in most 
adults with anisometropic amblyopia with a contour detection 
task. Yet, Levi et al. (2007) found a mild degree of genuine contour 
integration deficits in adults with anisometropic amblyopia with 
a contour discrimination test. These contradictory findings 
suggest that different contour integration tests may produce 

inconsistent results. Likely, the task in Hess and Demanins (1998) 
was not sensitive enough to detect the deficits in 
anisometropic amblyopia.

On the other hand, as spatial integration develops throughout 
childhood and matures late (Kovacs et al., 1999; Hadad et al., 2010), 
contour integration could be affected differently in amblyopic children 
and adults. So far, only a few studies examined contour integration in 
amblyopic children and they were based on a single task (Chandna 
et al., 2001, 2004). Chandna et al. (2001) used a contour detection test 
and reported deficits in most children with newly diagnosed 
anisometropic amblyopia at a Gabor spatial frequency of 5 cpd (cycles 
per degree). Chandna et  al. (2004) further reported that contour 
detection deficits in amblyopic children could almost recover with 
8 weeks of treatment (refractive correction alone or in combination 
with occlusion therapy). The recovery of contour integration deficits 
was even more significant than the recovery of visual acuity. The 
authors explained that contour integration could be  less severely 
disrupted and retain a greater degree of plasticity due to its longer 
developmental period and late maturation (Chandna et al., 2004).

However, if contour integration deficits in amblyopic children 
could recover with conventional treatments, one could reasonably 
assume that adults with amblyopia who were treated at an early age 
would no longer have impairments in contour integration. Yet, this is 
not the case as mentioned before. We note that the test Chandna et al. 
(2004) used was based on a limited number of cards, which might not 
be  as accurate as computer-based tests in detecting deficits in 
amblyopia, especially in those who have received treatments whose 
deficits might be less severe. Moreover, there is evidence indicating 
visual function impairments in the fellow eyes (FEs) compared to 
normal control eyes (Meier and Giaschi, 2017; Birch et al., 2019), 
including in contour integration in adult amblyopia (Kovács et al., 
2000). Thus, the findings of Chandna et al. (2004), which were based 
solely on interocular differences without comparisons with normal 
control eyes, might not be sufficient to support the conclusion that 
contour integration impairments could be  corrected by refractive 
correction and/or occlusion therapy. Also, since the losses in visual 
functions caused by amblyopia are mainly at middle and high spatial 
frequencies (Levi, 2013), contour integration deficits may vary at 
different spatial frequencies for amblyopic children. Taken together, it 
is necessary to further investigate contour integration at different 
spatial frequencies in amblyopic children who have had conventional 
treatments using more rigorous methods.

The current study aimed to comprehensively investigate contour 
integration deficits in children treated for anisometropic amblyopia. 
We adopted contour tasks from Levi et al. (2007) to systematically 
evaluate the performance in contour integration at spatial frequencies 
of 1.5, 3, and 6 cpd in children with anisometropic amblyopia and a 
group of age-matched controls. In separate experiments, we measured 
the threshold of contour contrast detection and shape perception. 
After compensating for the low-level deficits of decreased contrast 
sensitivity and degraded shape perception in the AEs, we measured 
the threshold in a contour discrimination task. Moreover, 
we  investigated the relationship between contour integration 
performance and visual functions, such as contrast sensitivity 
function, visual acuity, stereoacuity. These results might help us to 
create a more comprehensive understanding of contour integration 
deficits in amblyopic children and to develop possible treatments 
as well.
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Methods

Participants

Thirteen children with unilateral anisometropic amblyopia (age 
range, 8.0–12.9 years, mean ± SD = 10.1 ± 1.8 years, 9 boys and 4 girls) 
participated in this study. The other thirteen children aged 8 to 
13 years (4 boys and 9 girls, mean ± SD = 10.8 ± 2.0 years) with normal 
or correct-to-normal visual acuity and normal steroacuity 
(mean ± SD = 31.54 ± 10.49 arcsec) also participated in this study as a 
control group. Each observer’s vision was best corrected with a 
tumbling E acuity chart at the designated viewing distance of 5 meters. 
Testing was performed with the observers wearing the best optical 
correction, and the visual acuity values reported throughout the paper 
were for best-corrected acuity.

All amblyopic observers had ophthalmological examinations, 
and detailed clinical information was given in Table 1. Amblyopia 
was defined as a difference in best-corrected visual acuity of two 
or more logMAR lines between the two eyes with better acuity in 
the fellow eye (FE). Anisometropia was defined as ≥1.50 D 
difference between eyes in spherical power or ≥1.00 D difference 
between eyes in cylindrical power in any meridian. All amblyopic 

observers had received refractive correction and/or occlusion 
therapy, starting at the age of 7.5  ±  2.9 years, with a treatment 
length ranging from 2 to 73.1 months. Their visual acuity had 
improved by 0.32 ± 0.22 log units on a logarithmic visual acuity 
chart after treatment. 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 University. 
Informed consent was obtained from each observer’s parent or 
guardian after an explanation of the nature and possible 
consequences of the study.

Apparatus and stimuli

The stimuli were generated with MATLAB-based Psychtoolbox-3 
(Pelli, 1997) and presented on a 21-in. Sony G520 CRT monitor with 
a display resolution of 1,024 × 768 pixels and a frame rate of 60 Hz. 
The luminance of the monitor was linearized by an 8-bit look-up 
table (58.2 cd/m2 mean luminance). Observers viewed the displays 
monocularly with the non-tested eye patched. The normal controls 
were measured in one eye which was randomly selected before 
testing (7 observers used their dominant eyes and the other 6 

TABLE 1 The characteristics of children with anisometropic amblyopia.

Observer
Age 

(years)
Gender Eye Correction

Visual Acuity 
Pre-experiment 

(LogMAR)

Stereoacuity 
(arcsec)

Treatment

Type
Starting 

age
Starting 
acuity

Length 
(months)

S1 12.1 M AE (L) +5.50/−1.00 × 10 0.3
30

Patch and 

glasses

7.5 0.52
9.2

FE (R) −2.50 −0.08 0

S2 8.3 M AE (R) +5.25/−0.75 × 152 0.1
20

Patch and 

glasses

3 0.4
73.1

FE (L) +3.50/−1.25 × 8 −0.08 0.22

S3 10.1 F AE (L) +2.00 0.1
20

Patch and 

glasses

7.1 0.4
36.6

FE (R) Plano −0.18 0

S4 12.3 F AE (L) +2.00 0.22
200

Patch and 

glasses

9.8 0.7
29.5

FE (R) Plano 0 0

S5 8 M AE (L) +3.25/−0.50 × 25 0.1
70 Glasses

6 0.52
18.5

FE (R) Plano −0.08 0

S6 9.9 M AE (R) +7.00 0.22
40 Glasses

4.1 0.92
71.3

FE (L) +7.50/−1.25 × 160 0 0.82

S7 8.6 M AE (L) +6.50 0.4
200

Patch and 

glasses

7.9 1
8.4

FE (R) Plano −0.08 0

S8 8.4 M AE (R) +5.00/−0.25 × 115 0.3
F

Patch and 

glasses

7.5 0.3
13.8

FE (L) +1.50/−0.75 × 175 0 0

S9 8.9 M AE (L) +6.50/−1.00 × 175 0.22
F

Patch and 

glasses

3 0.6
72.5

FE (R) +2.75/−0.25 × 155 0 0.22

S10 12.9 M AE (R) +3.50/−0.75 × 5 0.4
F

Patch and 

glasses

12.7 0.4
2

FE (L) −0.50/−0.75 × 170 0 0

S11 11.9 M AE (R) +6.00/−1.25 × 176 0.52
F

Patch and 

glasses

10.8 0.82
12.2

FE (L) +1.75/−0.50 × 167 0 0

S12 9 F AE (R) +4.50/−1.25 × 170 0.82
F

Patch and 

glasses

8.8 0.82
2.7

FE (L) Plano 0 0

S13 11 F AE (R) +5.00/−1.00 × 135 0.4
70

Patch and 

glasses

9 0.82
12.4

FE (L) −1.25 0 0

All children with anisometropic amblyopia had received conventional treatments of occlusion therapy and/or refractive correction. Gender: F, female; M, male. Eye: AE, amblyopic eye; FE, 
fellow eye; R, right; L, left. Stereoacuity: F, failed (unable to see stereopsis at the largest test disparity 500 arcsec).
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FIGURE 1

Contrast detection of contour in amblyopic children and children with normal vision. (A) Circular contours in a blank field were used for contour 
detection experiments. (B) Mean contrast thresholds of AEs (red bars), FEs (blue bars), and normal control eyes (gray bars) across different spatial 
frequencies. (C) Contrast thresholds of FEs and AEs. Data points below the diagonal line indicate a trend of higher thresholds in AEs than in FEs. Gabor 
spatial frequency is coded by different symbols and colors. The larger dots show mean thresholds and the smaller ones show individuals’ data for each 
amblyopic observer. (D) The AE/FE ratio of contrast threshold as a function of Gabor spatial frequency (lower abscissa). The radius (top abscissa) 
decreased proportionally as the Gabor spatial frequency increased. Data points above the dashed line indicate higher thresholds in the AEs than the 
FEs. The larger dots show mean thresholds and the smaller ones show individuals’ data for each amblyopic observer. Error bars indicate one standard 
error of the mean.

observers used their non-dominant eyes). A chin-and-head rest help 
stabilize the head of the observer. The experiments were run in a 
dimly lit room.

The stimuli were a full-screen field consisting of a contour of 
equally spaced Gabor elements in the shape of a circle or ellipse 
against a blank field (Figure 1A) or embedded in a field of noise 
Gabor patches (Figures  2A, 3A). The center of the contour was 
positioned at the center of the stimulus. The screen was divided into 
24 × 18 invisible square grids (432 in total), with a grid size of 1 deg. 
at a viewing distance of 1 meter. The noise Gabor was distributed in 
each grid with random orientations and positional jitter within ±0.5 
grid size in both horizontal and vertical directions from the grid 
center. A contour Gabor element replaced a noise Gabor in the 
same grid to avoid density cues. The stimulus was regenerated in 
each interval. The spatial frequencies of Gabor elements were 1.5, 
3, and 6 cpd at a viewing distance of 0.5, 1, and 2 meters, and the 
corresponding radii of the contour circle were 4, 2, and 1 degree. 

The standard deviation of the Gaussian envelope (σ) was 0.15°. The 
phases of neighboring contour Gabor patches alternated at 0 and 
180 deg, while the phases of the noise Gabor patches were 
randomized at 0 or 180 deg. All contour and noise Gabor elements 
were physically identical except for their phases, locations, 
and orientations.

Procedures

For amblyopic children, we  measured contrast thresholds, 
aspect ratio thresholds, and contour element number thresholds 
for the AEs and FEs separately with a two-interval forced-choice 
(2IFC) staircase procedure in three experiments, respectively. In 
Experiment 1, the contrast detection thresholds were measured in 
a contour detection task. The two stimulus intervals were a circular 
contour made up of 10 Gabor patches (Figure 1A) and a blank field. 
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The observers’ task was to judge which interval contained a 
contour. A staircase varied the contrast of Gabor trial by trial. In 
Experiment 2, the aspect ratio thresholds were measured in a 
contour discrimination task (Figure 2A). The number of contour 
elements was fixed at 15 and the aspect ratio of the elliptical 
contour was varied with a staircase to determine the aspect ratio 
thresholds. In Experiment 3, the thresholds of contour element 
numbers were measured with a staircase in a contour 
discrimination task (Figure 3A). The aspect ratio of the ellipse was 
held twice the aspect ratio threshold to minimize the effect of 
degraded shape perception of the AEs. In Experiments 2 and 3, the 
two stimulus intervals were circular and elliptical contours 
embedded in a field of the noise background. The observers’ task 
was to judge which interval contained an elliptical contour. The 
contrast of Gabor for the AEs was always equal to 90%, and that for 
the FEs was set to be an equal multiple of the contrast threshold to 
that of the AE. This was to make sure that the stimuli presented to 
the AEs and FEs had the same visibility. The contour was centered 
on the screen. The contour radius was fixed to 4, 2, and 1 degree, 

respectively, in different blocks to minimize the positional and 
shape uncertainty. For the elliptical contour, the axis of elongation 
was varied in each trial to make sure that the observers attend to 
the entire figure.

The two stimulus intervals were presented in a random order for 
200 ms each, with an inter-stimulus interval of 500 ms. A fixation 
cross preceded the first stimulus interval by 500 ms. Auditory 
feedback was given on incorrect responses. A classical 3-down-1-up 
staircase rule that resulted in a 79.4% convergence level was used. 
Each staircase consisted of four preliminary reversals and six 
experimental reversals. A reversal occurs if the stimulus value 
moves up when it was last moved down, or vice versa. The step size 
of the staircase was 0.05 log units. The geometric mean of the 
experimental reversals was taken as the threshold for each staircase 
run. We varied the Gabor spatial frequency (1.5, 3, and 6 cpd) in 
separate runs by varying the observer’s viewing distance for each 
experiment, which also varied the radii of the contour circle. Each 
test condition was repeated 2 ~ 3 times and the thresholds reported 
are the geometric mean of the separate estimates. All observers 
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FIGURE 2

Shape perception of contours in amblyopic children and children with normal vision. (A) Circular or elliptical contours embedded in a noise 
background were used for a contour discrimination task. The aspect ratio thresholds were measured. (B) Mean aspect ratio thresholds of AEs (red bars), 
FEs (blue bars), and normal control eyes (gray bars) across different spatial frequencies. (C) Aspect ratio thresholds of FEs and AEs. Data points below 
the diagonal line indicate a trend of higher thresholds in AEs than in FEs. Gabor spatial frequency is coded by different symbols and colors. The larger 
dots show mean thresholds and the smaller ones show individuals’ data for each amblyopic observer. (D) The AE/FE ratio of aspect ratio threshold as a 
function of Gabor spatial frequency (lower abscissa). The radius (top abscissa) decreased proportionally as the Gabor spatial frequency increased. Data 
points above the dashed line indicate higher thresholds in the AEs than the FEs. The larger dots show mean thresholds and the smaller ones show 
individuals’ data for each amblyopic observer. Error bars indicate one standard error of the mean.
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FIGURE 3

Contour integration in amblyopic children and children with normal vision. (A) Circular or elliptical contours embedded with a few elements in a noise 
background were used for contour discrimination experiments. The number of contour elements was measured as the thresholds of contour element 
number. (B) Mean element number thresholds of AEs (red bars), FEs (blue bars), and normal control eyes (gray bars) across different spatial frequencies. 
(C) Element number thresholds of FEs and AEs. Data points below the diagonal line indicate a trend of higher thresholds in AEs than in FEs. Gabor 
spatial frequency is coded by different symbols and colors. The larger dots show mean thresholds and the smaller ones show individuals’ data for each 
amblyopic observer. (D) The AE/FE ratio of element number threshold as a function of Gabor spatial frequency (lower abscissa). The radius (top 
abscissa) decreased proportionally as the Gabor spatial frequency increased. Data points above the dashed line indicate higher thresholds in the AEs 
than the FEs. The larger dots show mean thresholds and the smaller ones show individuals’ data for each amblyopic observer. Error bars indicate one 
standard error of the mean.

participated in all experiments, except for two observers who 
missed several test conditions (Experiment 3: 6 cpd for S4, 3 cpd 
for S13).

The normal controls had the same procedure as the amblyopic 
group. In Experiments 2 and 3, the contrast of Gabor was set to 
be multiplied (the mean times of certain spatial frequency in FEs) by 
the contrast threshold of the normal control eyes. This was to make 
sure the stimuli presented to the FEs and normal control eyes had the 
same visibility.

Visual function assessment

Visual acuities and contrast sensitivity functions for both eyes and 
the Randot stereoacuity were measured before contour 
integration testing.

Visual acuity
Visual acuity was assessed with the Chinese Tumbling E Chart 

(Mou, 1966), which has 14 lines, with the size of the optotypes ranging 
from 1 to 0.3 logMAR and changing by 0.1 log unit from line to line. 
Observers were required to report the orientation (the opening) of the 
letter E. Visual acuity is defined as the logMAR associated with 75% 
correct identification.

The visual crowding effect, which means visual acuity test 
results with a single optotype better than those with an array or a 
full chart of symbols, is marked in amblyopic eyes (Levi, 2008). To 
evaluate the crowding effects, we  also measured single-E and 
crowded-E acuities with a custom computerized program at a 
viewing distance of 4 m as our previous studies used (Zhang et al., 
2014; Liu and Zhang, 2018, 2019; Liu et al., 2021). Single-E acuity 
was measured with a tumbling letter E (a minimal luminance black 
letter on a full luminance white background). Crowded-E acuity was 
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tested with a tumbling E letter target surrounded by four same-sized 
tumbling E flankers in the four cardinal directions, with an edge-to-
edge gap of one letter size. The stroke and opening width of the E 
letter was one-fifth of the letter height. Note that S13 missed the data 
of single-E acuity and crowded-E acuity. The E acuities were all 
measured with a single-interval staircase procedure. The stimulus 
stayed on until a keypress by the observer. The task was to judge the 
orientation of the tumbling E (left, right, up, or down). All 
thresholds were estimated following a 3-down-1-up staircase rule. 
For efficient clinical testing, each staircase consisted of two 
preliminary reversals and four experimental reversals. The step size 
of the staircase was 0.05 log units. The geometric mean of the 
experimental reversals was taken as the threshold for each staircase 
run. Three staircases were run to determine single-E or 
crowded-E acuities.

Contrast sensitivity
Contrast sensitivity (i.e., the reciprocal of contrast threshold) for 

each eye was measured for amblyopic observers. The stimulus was a 
Gabor patch with a standard deviation of the Gaussian envelope (σ) 
of 0.9° and an orientation tilted ±45° from vertical. The spatial 
frequencies of the Gabor were 1, 3/4, 1/2, 1/4, and 1/16 times the 
cutoff spatial frequency, which was measured with a stimulus of a 
0.29° × 0.29° sharp-edged full-contrast square-wave grating tilted ±45° 
from vertical. Both the contrast threshold and the cutoff frequency 
were established with a single-interval staircase procedure at a viewing 
distance of 4 meters. The observers were asked to judge the orientation 
of the stimulus (tilted to the left or right from vertical). Each staircase 
consisted of two preliminary reversals and six experimental reversals. 
The step size of the staircase was 0.05 log units for contrast threshold 
measurements and 0.03 log units for cutoff frequency measurements. 
For each measurement, three staircases were run consecutively for one 
eye before switching to the other. The order of all staircases followed 
a randomly permuted table, which was different for each observer’s 
AE and FE. The mean contrast sensitivity functions (CSFs) were fitted 

with a difference of Gaussians function: y A e A e
x x

= −
−( ) −( )

1 2
1

2
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σ σ ,  
where y is the contrast sensitivity, x is the spatial frequency, A1 and A2 
are the amplitudes, and σ1 and σ2 are the standard deviations.

Stereoacuity
Stereoacuity was tested with the Randot Stereo Test (Stereo Optical 

Co, Inc., Chicago, IL) under normal room lighting. Contoured circles 
at 10 levels of disparity ranging from 400 to 20 arcsec provide a graded 
sequence for testing. Observers wore polarizing glasses and looked at 
the test material at a viewing distance of 40 cm. Note that the stereoacuity 
for those who failed the Randot Stereo Test was set at 500 arcsec, a value 
below the lowest measurable score, for the convenience of data analysis.

Results

In three experiments, we measured the contrast thresholds, the 
aspect ratio thresholds, and the contour element number thresholds for 
the AEs and FEs at Gabor spatial frequencies of 1.5, 3, and 6 cpd in 13 
anisometropic amblyopic children and investigated the contrast deficits, 
degraded shape perception, and contour integration deficits, respectively. 
A group of 13 children with normal vision participated as a control.

Contrast detection of contour in amblyopic 
children and children with normal vision

In Experiment 1, a contour detection experiment was conducted 
to measure the contrast thresholds for the contour stimuli (circles 
comprised of 10 Gabor patches without noise, Figure 1A) at Gabor 
spatial frequencies of 1.5, 3, and 6 cpd. The average contrast thresholds 
of AEs, FEs, and normal control eyes were shown in 
Figure  1B. We  conducted a two-way ANOVA with Gabor spatial 
frequency (1.5, 3, and 6 cpd) and eye (AEs vs. normal control eyes) as 
the repeated measures. The significant main effect on the eye 
[F(1,12) = 5.24, p = 0.04, ηp

2 = 0.30] was found, indicating a significant 
difference in contrast thresholds between AEs and normal control 
eyes (Figure 1B). We also conducted a two-way ANOVA to examine 
the difference in the contrast thresholds between FEs and normal 
control eyes with Gabor spatial frequency (1.5, 3, and 6 cpd) and eye 
(FEs vs. normal control eyes) as the repeated measures. No significant 
main effect was found on the eye (p = 0.58), which indicated no 
significant difference between the FEs and normal control eyes 
(Figure 1B).

Figure 1C shows the contrast detection thresholds of AEs and FEs 
for each amblyopic observer. To analyze the contrast deficits in 
amblyopic children between AEs and FEs, the contrast thresholds 
were entered into a two-way ANOVA with Gabor spatial frequency 
(1.5, 3, and 6 cpd) and eye (AEs vs. FEs) as the repeated measures. A 
significant difference in contrast thresholds between AEs and FEs 
[F(1,12) = 7.89, p = 0.02, ηp

2 = 0.40] was found, with higher contrast 
thresholds in the AEs (8.67% ± 3.53% at 1.5 cpd, 11.19% ± 5.15% at 
3 cpd, 26.58% ± 20.24% at 6 cpd) than that in FEs (6.01% ± 1.95% at 
1.5 cpd, 8.45% ± 3.21% at 3 cpd, 14.99% ± 5.21% at 6 cpd). A significant 
interaction effect between spatial frequency and the eye was also 
found [F(2,24) = 3.64, p = 0.04, ηp

2 = 0.23]. Pairwise comparisons 
indicated that this interaction was mainly due to the significant 
difference at different spatial frequencies between AEs and FEs 
(p = 0.01 at 1.5 cpd and p = 0.04 at 6 cpd).

To further analyze the contrast deficits in the AEs, we calculated 
the AE/FE ratio of contrast thresholds for each amblyopic observer 
(Figure 1D). A value of AE/FE ratio greater than one implies that the 
AE may have contrast deficits compared to the FE. We conducted 
one-sample t-tests at each spatial frequency (one-sample t-tests were 
used in the later analysis unless specified) and found that the average 
values of the AE/FE ratio were significantly greater than one at all 
spatial frequencies (p = 0.03 at 1.5 cpd, p = 0.03 at 3 cpd and p = 0.02 on 
6 cpd), which indicates that there were contrast deficits in the AEs at 
both lower and higher spatial frequencies.

Shape perception of contours in amblyopic 
children and children with normal vision

In Experiment 2, a contour discrimination task was performed to 
measure the aspect ratio thresholds of AEs, FEs, and normal control 
eyes. The observers were required to judge which interval contained 
an elliptical contour (Figure 2A). The number of contour elements was 
fixed at 15 and the aspect ratio of the elliptical contour was varied. The 
stimulus visibility was matched for AEs, FEs, and normal control eyes 
with the contrast thresholds measured in the first experiment 
(see Methods).
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To examine shape perception deficits in the AEs, we conducted a 
two-way ANOVA with Gabor spatial frequency (1.5, 3, and 6 cpd) and 
eye (AEs vs. normal control eyes) as the repeated measures. The 
significant main effect on the eye [F(1,10) = 5.03, p = 0.04, ηp

2 = 0.34] 
was found, indicating a significant difference in the aspect ratio 
thresholds between AEs and normal control eyes. We also conducted 
a two-way ANOVA to examine the difference in the aspect ratio 
thresholds between FEs and normal control eyes with Gabor spatial 
frequency (1.5, 3, and 6 cpd) as a within-subject factor and eye (FEs 
vs. normal control eyes) as a between-subject factor. No significant 
main effect was found on the eye (p = 0.12), which indicated no 
significant difference between the FEs and normal control eyes 
(Figure 2B).

Figure 2C shows the aspect ratio thresholds of AEs and FEs for 
each amblyopic observer. The aspect ratio thresholds were entered 
into a two-way ANOVA with Gabor spatial frequency (1.5, 3, and 
6 cpd) and eye (AEs vs. FEs) as the repeated measures. The significant 
interaction effect between spatial frequency and the eye was also 
found [F(2,20) = 5.27, p = 0.02, ηp

2 = 0.36] in aspect ratio thresholds. 
Pairwise comparisons indicated that this interaction was mainly due 
to the significant difference at 6 cpd between AEs (1.25 ± 0.16) and FEs 
(1.16 ± 0.09) (p = 0.03). These results suggest the AEs had degraded 
shape perception at the higher spatial frequencies (6 cpd) even when 
the contrast deficits were compensated for.

To further analyze the degraded shape perception in the AEs, 
we  calculated the AE/FE ratio of aspect ratio thresholds for each 
amblyopic observer (Figure 2D). A value of AE/FE ratio greater than 
one implies that the AE may have degraded shape perception 
compared to the FE. We found that the average value of AE/FE ratio 
was significantly greater than one at the spatial frequency of 6 cpd 
(AE/FE ratio = 1.08 ± 0.10, t10 = 2.68, p = 0.02, Cohen’s d = 0.81), but not 
at 1.5 cpd (AE/FE ratio = 1.00 ± 0.08, t12 = −0.01, p = 0.99, Cohen’s 
d = −0.05) and 3 cpd (AE/FE ratio = 1.02 ± 0.08, t12 = 0.94, p = 0.37, 
Cohen’s d = 0.26). These results suggest the AEs had degraded shape 
perception at higher spatial frequencies (e.g., 6 cpd) even when the 
contrast deficits were compensated for. Note that two observers (S5 
and S12) were exempted from the two contour discrimination tasks at 
the spatial frequency of 6 cpd due to their remarkably high contrast 
thresholds in the AEs. This was to make sure that the contrast of the 
stimuli used in the contour discrimination tasks for the AEs was at 
least 2.5 times the contrast thresholds measured in the contour 
detection task.

Contour integration in amblyopic children 
and children with normal vision

In Experiment 3, we measured the element number thresholds of 
AEs, FEs, and normal control eyes in a contour discrimination task while 
compensating for the low-level deficits of decreased contrast sensitivity 
and degraded shape perception in the AEs (Figure 3A). The stimulus 
visibility was equalized for AEs and FEs, and the aspect ratio of the 
elliptical contour was set to twice the aspect ratio threshold to eliminate 
the influence of abnormal shape perception of the AEs (see Methods).

To investigate contour integration deficits in the AEs, 
We conducted a two-way ANOVA with Gabor spatial frequency (1.5, 
3, and 6 cpd) and eye (AEs vs. normal control eyes) the repeated 
measures. The significant main effect on the eye [F(1,8) = 7.76, p = 0.02, 

ηp
2 = 0.49] was found, indicating a significant difference in the element 

number thresholds between AEs and normal control eyes. We also 
conducted a two-way ANOVA to examine the difference in the 
element number thresholds between FEs and normal control eyes 
with Gabor spatial frequency (1.5, 3, and 6 cpd) and eye (FEs vs. 
normal control eyes) as the repeated measures. No significant main 
effect was found in the eye (p = 0.23), which indicated no significant 
difference between the FEs and normal control eyes (Figure 3B).

Figure 3C shows the element number thresholds of AEs and FEs. 
The element number thresholds were entered into a two-way ANOVA 
with Gabor spatial frequency (1.5, 3, and 6 cpd) and eye (AEs vs. FEs) 
as the repeated measures. We found a significant main effect on the 
eye [F(1,8) = 6.25, p = 0.04, ηp

2 = 0.44] and a significant interaction 
effect between spatial frequency and the eye [F(1,16) = 4.32, p = 0.03, 
ηp

2 = 0.35]. Pairwise comparisons indicated that this interaction was 
mainly due to the significant difference at different spatial frequencies 
between AEs and FEs (p = 0.04 at 3 cpd and p = 0.01 at 6 cpd).

To further analyze the contour integration deficits in the AEs, 
we calculated the AE/FE ratio of element number thresholds for each 
amblyopic observer to see the deficits after matching the contrast 
threshold and the aspect ratio thresholds (Figure 3D). A value of the 
AE/FE ratio greater than one implies that the AE may have contour 
integration deficits compared to the FE. We found that the average 
values of AE/FE ratio were significantly greater than one at the spatial 
frequency of 3 cpd (AE/FE ratio = 1.09 ± 0.14, t11 = 2.33, p = 0.04, 
Cohen’s d = 0.67) and 6 cpd (AE/FE ratio = 1.15 ± 0.17, t9 = 2.99, 
p = 0.02, Cohen’s d = 0.95), but not at 1.5 cpd (AE/FE ratio = 1.07 ± 0.15, 
t12 = 1.58, p = 0.14, Cohen’s d = 0.44). These results showed that there 
existed impairments in contour integration at higher Gabor spatial 
frequencies (3 and 6 cpd) in amblyopic children, even after the 
low-level deficits of degraded visibility and abnormal shape perception 
in the AEs were compensated for.

Contrast sensitivity functions in amblyopic 
children

For amblyopic children, individuals’ contrast sensitivity functions 
(CSFs) fitted with a difference of Gaussians function were plotted in 
Figure 4. Because the loss of contrast sensitivity in amblyopes varies 
with spatial frequency, the severity of amblyopia cannot be captured 
by observing a single point on the curve, such as the peak or the cutoff 
frequency. A more inclusive measurement is required to account for 
the spatial frequencies to which the observer is sensitive. Therefore, 
we calculated the area under the log CSF (AULCSF) to estimate the 
overall contrast sensitivity for each amblyopic observer’s AE and 
FE. The AULCSF for the AE was then divided by the AULCSF of the 
FE to determine the interocular differences in AULCSF for each 
observer (abbreviated as ‘AE/FE ratio_AULCSF’). The values of AE/
FE ratio_AULCSF were significantly less than one (one sample t-test, 
t11 =  −14.23, p < 0.001, Cohen’s d = 4.11), indicating that the AEs have 
losses in contrast sensitivity. In addition, the values of AE/FE ratio_
AULCSF were significantly correlated to the interocular acuity 
difference in amblyopic children (r = 0.62, p = 0.003), suggesting that 
both indices may be useful in characterizing the severity of amblyopia. 
We also found that the AE/FE ratio_AULCSF and the interocular 
acuity difference significantly correlated with the AE/FE ratio of 
contrast thresholds at 6 cpd (r = −0.59, p = 0.042, and r = 0.62, p = 0.003, 
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respectively), but not at 1.5 cpd and 3 cpd (all ps > 0.05), demonstrating 
that AEs showed a loss of contrast sensitivity and spatial resolution at 
higher spatial frequencies.

Relationship between visual functions and 
contour integration deficits in amblyopic 
children

To assess the potential affecting factor of visual functions to 
contour integration deficits in amblyopic children, we used Pearson’s 
r correlation and found that the AE/FE ratio_AULCSF and the 
interocular acuity difference have no significant correlation with the 
AE/FE ratio of the element number threshold at any spatial frequency 
(Figures 5A,B, all ps > 0.05), suggesting that the contour integration 
deficits were not related to basic losses in contrast sensitivity and 
visual acuity after eliminating or compensating for the low-level 

deficits (reduced visibility, increased positional uncertainty, and 
abnormal shape perception). We  also examined the associations 
between binocularity (as indexed by stereopsis) and contour 
integration deficits in amblyopic children and found no significant 
correlations between the stereoacuity and the AE/FE ratio of the 
element number threshold at any spatial frequency (Figure 5C, all 
ps > 0.05), suggesting that contour integration deficits were not 
associated with binocularity in amblyopic children.

Since the viewing distance was changed, the size of the contour and 
the spacing of the contour elements were varied by different spatial 
frequencies, which may lead to potential crowding effects. We quantified 
crowding effects with a crowding index, which was defined as the ratio 
of crowded-E acuities to single-E acuities (see Methods). The crowding 
index was significantly greater than 1 (Mean ± SD = 1.21 ± 0.06, 
t11 = 3.619, p = 0.004, Cohen’s d = 4.11), indicating the existence of visual 
crowding in AEs. However, we  found no significant correlations 
between the crowding index and the AE/FE ratio of the element 
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FIGURE 4

Individual contrast sensitivity functions for AEs (red) and FEs (blue). Each curve is the best fitting of a Difference-of-Gaussian function (AE: solid line; FE: 
dashed line). One observer (S13) did not complete the contrast sensitivity assessment.
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The relationship between visual functions and contour integration deficits for amblyopic observers. AE/FE ratio_AULCSF (A), interocular acuity 
difference (B), stereoacuity (C), and crowding index of AEs (D) as a function of the AE/FE ratio of element number thresholds at three Gabor spatial 
frequencies. Gabor spatial frequency is coded by different symbols and colors. Note that the stereoacuity for those who failed the Randot Stereo Test 
was set at 500  arcsec, a value below the lowest measurable score, for the convenience of data analysis.

number threshold at any spatial frequency (Figure 5D, all ps > 0.05), 
suggesting that contour integration deficits at higher Gabor spatial 
frequencies might not be attributed to the effects of visual crowding.

All amblyopic children had received refractive correction and/or 
occlusion therapy before the testing, although the treatment length is 
variable in different observers. The results showed that there was no 
correlation of treatment length to the AE/FE ratio of the element 
number threshold at any spatial frequency (all ps > 0.05).

Discussion

The current study investigated contour integration deficits in 
children treated for anisometropic amblyopia. We found that the AEs 
showed reduced contrast sensitivity and degraded shape perception at 

higher spatial frequencies (e.g., 6 cpd). Even after compensating for 
reduced contrast sensitivity and decreased shape perception in the 
AEs, we still found contour integration deficits in the AEs compared 
to the FEs at spatial frequencies 3 and 6 cpd. These deficits were not 
related to basic losses in contrast sensitivity and acuity, stereoacuity, 
and visual crowding. Besides, no significant difference was found 
between the fellow eyes of the amblyopic children and the normal 
control eyes in the performance of contour integration.

The current study provides further evidence for contour 
integration deficits in the AEs compared to FEs, which is consistent 
with previous findings (Chandna et al., 2001, 2004). Here we used 
rigorous psychophysical methods that require global contour 
processing while minimizing the influence of low-level deficits 
(visibility, shape perception, and positional uncertainty), and we found 
contour integration deficits mainly present at higher frequencies (3 
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and 6 cpd), which is in line with the idea that most of the deficiency 
in the AEs occurs at mid to high spatial frequencies (Levi, 2020; Chen 
et al., 2021). The residual deficits found in the contour integration 
experiments were more likely to be impairments in contour processing 
(Hamm et al., 2014). These findings are consistent with the studies 
using other higher-order spatial stimuli such as glass patterns, which 
also found more impairments at higher spatial frequencies in 
amblyopia (Rislove et al., 2005, 2010). These results indicated deficits 
in processing global form at the finest spatial scale in amblyopia. 
Besides, our results showed that AEs have significant deficits in 
contrast detection, shape perception, and contour integration 
compared to the normal control eyes, which provides additional 
evidence for contour integration deficits in children treated for 
anisometropic amblyopia. However, we did not find visual function 
impairments in the fellow eyes (FEs) compared to normal control eyes 
(Meier and Giaschi, 2017; Birch et al., 2019), as the normal control 
eyes showed no significant difference between the fellow eyes of the 
amblyopic children in the performance of contrast detection, shape 
perception, and contour integration.

We found that the severity of amblyopia was correlated to contour 
contrast detection, as the AE/FE ratio_AULCSF and the interocular 
acuity difference significantly correlated with the AE/FE ratio of 
contrast thresholds at 6 cpd. These results are consistent with previous 
studies that reported correlations between interocular differences in 
contour integration and contrast sensitivity (Benedek et al., 2010). 
However, we did not find significant correlations between contour 
integration deficits and the severity of amblyopia (Figures  5A,B), 
consistent with some previous studies that showed insignificant 
correlations between contour integration deficits with the basic losses 
in visual acuity and contrast sensitivity either (Kozma and Kiorpes, 
2003; Levi et  al., 2007). For example, Kozma and Kiorpes (2003) 
reported that the contour integration deficits were not related to acuity 
and contrast sensitivity for either anisometropic or strabismic 
amblyopic monkeys. Moreover, contour integration deficits did not 
relate to the stereoacuity nor to the visual crowding, which was 
consistent with the results of amblyopic adults (Levi et  al., 2007). 
These findings suggest that the abnormal contour integration in 
amblyopic children might reflect the impairments of contour 
processing per se. Therefore, further research in amblyopia needs 
thorough examinations of visual functions, especially those processed 
at the mid and high levels, and effective treatment and training 
methods should be developed to recover these deficits.

Chandna et al. (2004) found that contour integration deficits in 
amblyopic children could fully recover with several weeks of refractive 
correction alone or in combination with occlusion therapy, as they 
found that interocular differences in contour detection thresholds 
declined to normal levels in most of the patients within 8 weeks of the 
initiation of treatment. In contrast, in our group of amblyopic children, 
all of whom had received refractive correction and/or occlusion therapy 
with different ranges of treatment length (ranging from 2 to 
73.1 months), we  still found contour integration deficits, mainly at 
higher spatial frequencies. Indeed, there are some differences in the 
tasks and stimuli between ours and the study of Chandna et al. (2004). 
For example, we used a computer-based contour discrimination task 
and varied the number of contour elements while keeping the density 
of background noise constant, whereas Chandna et al. (2004) measured 
the contrast threshold with a contour detection task presented with 
cards and varied the density of background noise while keeping the 

contour element spacing constant. The stimuli we used were perfect 
circular and ellipse contours centered on the screen to minimize the 
positional and shape uncertainty, while those in Chandna et al. (2004) 
were nearly circular contours located near one of the four corners. 
These differences in the tasks and stimuli might result in different 
measuring sensitivity of contour integration (Mathes and Fahle, 2007).

On the other hand, there might exist some age-related changes in 
the ability of contour integration. We noticed that the mean age of the 
amblyopic children in Chandna et  al. (2004) (mean = 7.0 years) is 
smaller than ours (mean = 10.1 years). Though there is evidence 
showing a gradual improvement in contour integration throughout 
childhood in normal vision and the slow development of sensitivity 
to the statistics of natural scenes (Hadad et al., 2010), we still found 
contour integration deficits in older amblyopic children. We  also 
noticed that the age at which treatment was performed differed 
between children in Chandana’s study (mean = 7.0 years, all were 
children with previously untreated amblyopia) and children in our 
study (mean ± SD = 7.5 ± 2.9 years). The consequently reduced 
plasticity of contour integration is also a potential factor if the 
plasticity gradually decreases with age, this is indeed the case for many 
visual functions (Park and Fine, 2020; Mitchell and Maurer, 2022). 
Given the heterogeneous nature of amblyopia, these related factors 
might lead to differences between studies. Nevertheless, whether 
conventional treatments are sufficient to completely restore contour 
integration deficits in amblyopic children needs further investigation.

The contour integration deficits in amblyopia might be related 
to deficits in not only the striate cortex but also the higher visual 
areas. Neurophysiological studies in monkeys have identified that 
V1 is intimately involved in contour integration (Polat et al., 1998; 
Kapadia et al., 2000; Li and Gilbert, 2002; Li et al., 2006). On the 
other hand, neuroimaging studies have identified that both striate 
and extrastriate areas contribute to contour integration (Altmann 
et  al., 2003; Kourtzi et  al., 2003; Kuai et  al., 2017). Moreover, 
accumulating evidence suggests that contour processing is strongly 
dependent on top-down feedback influences (Chen et al., 2014; 
Mijovic et  al., 2014; Li et  al., 2019). Our results suggested the 
abnormal contour integration in amblyopes might reflect that the 
disruption of mechanisms is different from those that determine 
acuity and contrast sensitivity (Kozma and Kiorpes, 2003). Besides, 
there is evidence showing that the maturation of contour detection 
mechanisms depends at least in part on the presence of normal 
binocular interaction during a developmental critical period 
(Norcia et al., 2005). Given that the underlying neural mechanisms 
of both contour integration and the neural deficits of amblyopia 
involve multiple visual areas from lower to higher levels (Kiorpes 
and Daw, 2018), our findings suggest that contour processing 
deficits in amblyopia may involve impairments not only in the early 
but also in the high-level visual cortex.

Our current study has its limitation. First, our results are based on 
anisometropic amblyopic children. There is evidence showing that 
anisometropic amblyopia has less severe consequences for contour 
integration mechanisms than strabismic amblyopia, which produces 
a different pattern of loss and waveform abnormalities (Norcia et al., 
2005). Therefore, further evidence from strabismic amblyopes is 
necessary for a more balanced evaluation of contour integration and 
global processing in amblyopic children. Second, our findings may 
be specific to the task used in the current study, and the underlying 
mechanisms of this task are not well understood. Different tests on 
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contour integration were used in adults with amblyopia (Hess et al., 
1997; Hess and Demanins, 1998; Kovács et al., 2000; Levi et al., 2007). 
For the anisometropic amblyopic adults, while Hess and Demanins 
(1998) found no contour integration deficits in most observers with a 
contour detection task, Levi et  al. (2007) found genuine contour 
integration deficits in two of three observers with the same tasks in the 
current study. Further investigation into the mechanisms underlying 
different contour integration tasks and evaluation of the effectiveness 
of different tasks are needed.
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