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PURPOSE. To investigate the temporal characteristics of visual processing at the fovea and
the periphery in high myopia.

METHODS. Eighteen low (LM, ≤ −0.50 and > −6.00 D) and 18 high myopic (HM,
≤ −6.00 D) participants took part in this study. The contrast thresholds in an orientation
discrimination task under various stimulus onset asynchrony (SOA) masking conditions
were measured at the fovea and a more peripheral area (7°) for the two groups. An
elaborated perceptual template model (ePTM) was fit to the behavioral data for each
participant.

RESULTS. An analysis of variance with three factors (SOA, degree of myopia and eccen-
tricity) was performed on the threshold data. The interaction between SOA and degree
of myopia in the fovea was significant (F (4, 128) = 2.66, P = 0.036), suggesting that the
masking effect had different temporal patterns between the two groups. The temporal
profiles for the two groups were derived based on the ePTM model. The peak and the
spread of the temporal window in the fovea were much lower and wider, respectively,
in the HM group than that in the LM group (both Ps < 0.05). There was no significant
difference in the peripheral temporal window between the two groups.

CONCLUSIONS. High myopia is associated with defective temporal processing in the fovea,
captured by a flattened temporal window.

Keywords: eccentricity, external noise, high myopia, perceptual template model, temporal
processing

Myopia, a common refractive error primarily caused
by excessive axial elongation of the vitreous cham-

ber, is one of the most prevalent eye diseases world-
wide, especially in Asia.1–3 With the significant increase in
prevalence, Holden et al.1 predicted that by 2050 myopia
will affect nearly 48 billion people (49.8% of the world
population). The visual impairments of myopia can be
mostly corrected with spectacles, contact lenses, or refrac-
tive surgery. However, high myopia, characterized by more
exaggerated axial elongation and thinning of the sclera,4 is
usually accompanied by a variety of abnormal functional and
structural changes.5–10

The spatial aspects of visual deficits in high myopia
have been demostrated in many studies.6,9,11–16 Living in a
dynamic environment requires our visual system to process
visual information over extended intervals of time to main-
tain a stable and reliable performance.17–20 It has been
reported recently that myopes showed significantly reduced
performance when viewing dynamic stimuli.21–23 However,
the temporal properties of visual information processing in
high myopia have not received as much attention as spatial
processing and are still not well understood.

Kuo et al.22 found that the minimum displacement detec-
tion threshold (Dmin) for random dot stimuli was 25%
higher in high myopes (spherical equivalent refraction <

−5.00 D) than in emmetropes. More importantly, Dmin

correlated well with refractive error and axial length over
a wide range of myopia. Simlarly, the disparity threshold
for flickering stimuli at 4 Hz was negatively correlated with
refractive error.23 On the basis of these results, we might
infer that high myopes may suffer difficulties when process-
ing dynamic information. However, using a backward mask-
ing paradigm,24,25 Kuo et al.21 reported that although
myopes showed significantly decreased performance under
the masking condition compared with emmetropes, there
was no significant difference in performance between low
and high myopes (although they noticed a trend for an effect
of magnitude of myopia on task performance).

A possible reason why Kuo et al.21 did not find any statis-
tically significant difference between low and high myopia
might be the large individual differences in visual perfor-
mance within each group. Although individual performance
in the no-mask condition was treated as a covariate in their
analysis,21 including covariates is not as statistically power-
ful as controlling the variable directly.26 Thus a strict control
of spatial vision could help differentiate possible temporal
differences between low and high myopia. On the other
hand, there was one interesting finding worth noting in the
backward masking study of Kuo et al.21 By performing an
analysis of variance (ANOVA) on the location masking data,
Kuo et al.21 found there was a significant interaction between
myopia group and stimulus onset asynchrony (SOA). This
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result indicated that performance changes as a function of
SOA were different between groups. Given that performance
in the no-masking condition varied a lot among subjects,
in this article, we focus on the shape of the performance
curve in the temporal domain instead of absolute perfor-
mance at a single time point to make an informative compar-
ison between low and high myopic groups. To complete this
analysis, we directly estimate and compare the full temporal
characteristics of visual processing.

We also examine temporal visual processing in the
periphery for high myopia. Although Chui et al.5 reported
that with increased refractive error, the retina stretching was
locally uniform over the central ±15° of visual field, the
extent of the impairmens in myopia has been found to be
uneven across the visual field in other studies. Using multifo-
cal electroretinograms, Kawabata and Adachi-Usami15 found
that the amplitude reduction between the central region and
the peripheral annuli (up to 25° horizontal or 20° vertical
from the center) was greater in the high myopic group than
in the emmetropic/low myopic group. There are also signif-
icant differences in the intraretinal layer thicknesses in the
peripheral region (an anulus between 1.5 mm and 3 mm
radius circles concentric at the fovea) of high myopic eyes.27

It is therefore interesting to examine whether the tempo-
ral characteristics in high myopia would differ between the
fovea and the periphery.

Taken together, in the study reported here, we aimed to
investigate the temporal characteristics of visual information
processing at the central and more peripheral visual fields in
low and high myopia. We measured the contrast thresholds
of an orientation discrimination task with white external
noise masks under different target-mask SOA conditions. By
presenting the noise masks at different SOAs, the temporal
dynamics of visual information processing can be mapped.
This paradigm has been previously used to investigate the
temporal profile under the effects of attention28 and aging.29

Both central (0°) and more peripheral (7°) visual fields were
examined in low and high myopia. The contrast threshold in
the condition without noise masks was used as the baseline
performance for spatial vision. The masking effects under
different SOA conditions were anlyzed, and an elaborated
perceptual template model (ePTM)28 was fit to the trial-by-
trial data. The temporal profiles of visual processing at the
two eccentricities derived from the best-fitting ePTM were
compared between the two groups.

MATERIAL AND METHODS

Participants

Thirty-six students from Wenzhou Medical University partic-
ipated in the study. All participants underwent general
ophthalmic and refractive examinations. They all had normal
or corrected-to-normal vision (≤0.0 log MAR, ETDRS chart),
astigmatism of less than 1.50 diopter in both eyes, and
anisometropia of less than 1.50 D. Some highly myopic
participants exhibited fundus tessellation. Participants with
pathologic complications were excluded. None of the partic-
ipants had history of refractive surgery, trauma, or systemic
diseases.

Participants were assigned to one of two groups compris-
ing low myopes (LM) and high myopes (HM), based on their
spherical equivalent refraction (SEQ). There were 18 partic-
ipants in the LM group (≤−0.50 and >−6.00 D; mean ± SD
SEQ: −2.09 ± 1.12 D; SEQ range: −4.25 ∼ −0.75 D; mean

± SD age: 25.0 ± 2.57 years; 10 females) and 18 partici-
pants in the HM group (≤−6.00 D; −7.65 ± 1.23 D; −10.00
∼ −6.25 D; 25.3 ± 2.63 years old; 12 females). Participants
wore the best optical corrections for the test distance during
the experiment.

The research was approved by the ethical committee of
Eye Hospital affiliated to Wenzhou Medical University and
adhered to the tenets of the Declaration of Helsinki. Written
informed consent was obtained from each participant before
the experiment. All but one participant (first author, H.Z.,
HM group) were naive to the purpose of the study.

Apparatus

The experiment was conducted in a dimly lit room. Custom
programs written in MATLAB (MathWorks Corp., Natick,
MA, USA) with Psychtoolbox extensions30 were used in the
experiment and run on a DELL OptiPlex 7050 computer
(Dell Inc., Landerock, TX, USA). Stimuli were displayed on
a gamma-corrected Asus flat panel monitor (PG278QR; Asus
Corp., Taipei, Taiwan). The display had a spatial resolution
of 2560 × 1440 pixels, a refresh rate of 120 Hz and a mean
luminance of 70.4 cd/m2. Each pixel subtended 0.02° at the
viewing distance of 0.668 m. A chin rest was used to mini-
mize head movement during the experiment. The partici-
pants viewed the stimuli monocularly using their dominant
eye with best optical correction as appropriate. Eye domi-
nance was determined by the hole-in-card test31 for each
participant. The eye not being tested was occluded by an
opaque patch. Eye fixations were monitored by a desk-
top mount video-based eye tracker (Eyelink 1000 Plus; SR
Research Ltd., Mississauga, Ontario, Canada) to make sure
that the stimuli were presented to the required retinal loca-
tions throughout the experiment.

Stimuli

The orientation discrimination task used Gabor stimuli
oriented ±45° from vertical. The spatial frequency and
spatial constant (standard deviation [SD]) of the Gabor stim-
uli were 1.0 cycle per degree (c/°) and 1.0°, respectively. The
external noise images had a size of 200 × 200 pixels and
consisted of 40 × 40 square noise elements. The normalized
luminance of each noise element of every external noise
image was independently sampled from a Gaussian distri-
bution with a mean of 0.5 and a standard deviation of 0.16.
The Gabor signal and external noise frames were presented
at the same location, either the center or 7° from the center
of the screen (supratemporal field; 45° meridian) depend-
ing on the testing location (Fig. 1a). This eccentricity was
determined based on the results of the pilot study. As the
contrast threshold increased significantly with eccentricity,
7° from the center was the most eccentric location where
the contrast threshold could be reliably measured.

The stimulus in each trial consisted of 17 successive
image frames and lasted 283.3 ms. The ninth image frame
was the Gabor signal. There were five masking conditions in
the experiment according to their SOA: SOA 16.7 ms, 33.3
ms, 50.0 ms, 83.3 ms, and SOA ∞ (no noise mask) (Fig.
1b).28 The noise masks were presented at ±1, ±2, ±3 & 4,
and ±5, 6, 7 & 8 frame positions relative to the signal (at
frame 0) in SOA 16.7 ms, 33.3 ms, 50.0 ms, and 83.3 ms
conditions, respectively. The symmetrical noise masks were
used to estimate the joint effects of both the forward and
backward masking.
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FIGURE 1. Illustrations of the paradigm. (a) Image sequence of stimuli in the foveal and peripheral (7°) conditions. (b) Five external noise
configurations used in the current study. The noise masks were presented at ±1, ±2, ±3 & 4, and ±5, 6, 7, & 8 frame positions relatively to
the signal (at frame 0) in conditions SOA 16.7 ms, SOA 33.3 ms, SOA 50 ms, and SOA 83.3 ms. The no-noise condition was noted as SOA ∞.

Because the temporal curve of the masking effect
changes rapidly at short SOA and slowly at long SOA,24

the noise mask had a shorter duration for conditions SOA
16.7 ms and 33.4 ms, and a longer duration for conditions
SOA 50 ms and 83.4 ms. This allowed us to use five tempo-
ral conditions to cover the whole temporal range of “inte-
gration masking” (SOA ± 150 ms)32–34 without sacrificing
precision in a single test. The shorter noise duration at short
SOA conditions could keep the threshold within the measur-
able range (<1.0), whereas the average temporal weight over
multiple noise frames could still provide good approxima-
tion of the “true” temporal profile at long SOA conditions.

Design

Each participant completed the fovea and periphery tests in
two separate sessions. The order of tests was counterbal-
anced across participants. There were five noise conditions
in each test session. The trials of different conditions were
interleaved randomly. The Psi method35 was used to measure
the monocular contrast thresholds in each condition.

The eye fixation was monitored in each trial. When the
gaze deviated more than 1.5° from the center of the screen
or eye blinked during stimulus presentation, a warning
message “Fail” appeared and the trial was repeated later
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FIGURE 2. Illustration of the ePTM model. It consists of five major components: a perceptual template, a nonlinear transducer function, a
multiplicative internal noise source Nm, an additive internal noise source Na, and a decision process.

in the test session to guarantee there were 100 effective
trials tested in each noise condition. The participants were
encouraged to take breaks after each 100-trial block. Each
test session lasted about an hour.

Procedure

Before each test session started, the participants were given
at least five minutes to adapt to the dim test environment
and a practice session of about 100 trials to ensure they
fully understood the task. At the beginning of each block,
a calibration procedure and a validation procedure, both
with default settings from the eye tracker, were conducted
successively to ensure the accuracy of eye position record-
ing. Within each block, the participants were asked not to
move their head.

Each trial began with a brief tone signaling its onset.
In the foveal testing session, a crosshair fixation was then
displayed for 250 ms at the center of the screen, and after
a blank screen (125 ms) with background luminance, the
17-frame stimulus sequence (283.3 ms) was presented. The
participants were asked to judge the orientation of the Gabor
signal and respond via the computer keyboard. The screen
was then kept blank until the response was received. Audi-
tory feedback was provided after each correct response. A
new trial started 500 ms after the response was made.

In the peripheral testing session, a fixation-cross was
always presented at the center of the screen throughout a
trial. The 17-frame stimulus sequence was presented at the
eccentricity of 7° (supratemporal field; 45° meridian). The
participants were asked to fixate at the center of the screen.
The rest of the settings were the same as those used in the
fovea testing session.

Analysis

A Weibull psychometric function was fit to the raw trial-
by-trial response data in each SOA and eccentricity condi-
tion using a maximum likelihood procedure .36 The contrast
thresholds derived from the best fitting psychometric func-
tions were used to analyze masking effects. Repeated
measures ANOVA was used to analyze the effects of different
factors, as well as their interactions.

To quantitatively estimate the characteristics of tempo-
ral processing, the ePTM37 was used to fit the entire set
of raw trial-by-trial response data of each individual. The
ePTM, developed by Lu et al.,28 has been used previously
to investigate the temporal profile and the effects of atten-
tion28 and aging.29 A schematic diagram of the ePTM is
shown in Figure 2. The visual input stream consists of both

signal and noise, and enters the visual system through a
perceptual template. The perceptual template is essentially
a spatiotemporal filter with a total gain value of β to the
signal relative to the external noise,38,39 and weight Wt at
different time t, which selectively processes task-relevant
information and excludes task-irrelevant information. After
filtering, the information goes through a nonlinear trans-
ducer, characterized by a power function with an exponent
of γ , then gets contaminated by an internal additive noise
source Na and a multiplicative noise source Nm. The latter
noise source mimics the contrast-gain control mechanism of
neurons. Finally, the noisy information is sent to the decision
unit. For more details about the ePTM, please see Appendix
A and elsewhere.29,37

In the analysis, data from two participants, one in the
LM group and the other in the HM group, were excluded
because their peak and full width at half maximum (FWHM)
of the temporal profile exceeded ±2 SDs of the range about
the mean. The data of the remaining 34 participants are
presented in this article.

RESULTS

Masking Effects

The contrast thresholds at two different eccentricities for
the LM and HM groups are plotted against the noise SOA
in Figures 3a and 3b. A repeated measures ANOVA was
performed to test the effects of SOA, degree of myopia
and eccentricity on the contrast threshold in the orientation
discrimination task. There were significant effects of SOA (F
(3.14, 128) = 372, Greenhouse-Geisser corrected, P = 4.75
× 10−55), eccentricity (F (1, 32) = 80.5, P = 3.01 × 10−10)
and SOA × eccentricity interaction (F (4, 128) = 63.4, P =
1.95 × 10−29). As the SOA increased, the contrast thresh-
old decreased. The threshold decreased more rapidly in the
fovea than in the periphery. Contrast thresholds were greater
in the periphery (7°) than in the fovea in the two groups
(one-tailed paired t-test, all Ps < 0.05, at all SOA conditions
except SOA 33.3 ms in the LM group and SOA 50 ms in the
HM group).

Neither myopia degree (F (1, 32) = 0.021, P = 0.885)
nor the interaction between myopia degree and eccentric-
ity (F (1, 32) = 0.175, P = 0.678) was significant. These
results indicated that there was no difference in the aver-
age performance between the two groups at either the fovea
or the periphery. However, the interaction between SOA
and degree of myopia was significant (F (4, 128) = 2.66,
P = 0.036), which suggests that the masking effect had
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FIGURE 3. The top row shows the contrast thresholds of the HM and LM groups as a function of SOA in the fovea (a) and in the periphery
(b). The bottom row shows the threshold elevations of the HM and LM groups as a function of SOA in the fovea (c) and in the periphery
(d). Blue: the LM group; Red: the HM group. Error bars: ±1 SE. Asterisks: statistical significance with P < 0.05.

different temporal patterns across SOA between the LM and
HM groups (Figs. 3a, 3b).

To better demonstrate the difference in the pattern of
masking effects between the two groups, the threshold
elevations (difference in log threshold between the mask-
ing and no masking conditions) were calculated and plotted
in Figures 3c and 3d. Again, a repeated measures ANOVA
with three factors (SOA, degree of myopia and eccentric-
ity) was performed on the threshold elevations. Significant
effects of SOA (F (3, 96) = 249, P = 3.68 × 10−45) and
eccentricity (F (1, 32) = 143, P = 2.46 × 10−13) were found.
The noise mask induced larger masking effects in the fovea
than in the periphery (one-tailed paired t-test, all Ps < 0.05,
Figs. 3c, 3d).

There was no significant difference in the threshold eleva-
tion between the LM and HM groups (F (1, 32) = 0.466, P
= 0.500), but there was a significant interaction between
SOA and degree of myopia (F (3, 96) = 4.07, P = 0.009).
It again indicated that the masking effect across SOA had
different patterns between the two groups. A post hoc anal-
ysis showed that at the fovea, the masking effect at SOA 16.7
ms was weaker in the HM group than in the LM group (one-

tailed two sample t-test, t (32) = 1.79, P = 0.041). There was
no significant difference in the masking effect at other SOAs
between the two groups.

Model Fitting

To further investigate the temporal difference between the
LM and HM groups, we characterized the temporal profile of
visual processing at the central and peripheral visual field in
the two myopia groups using the ePTM analysis. The ePTM
was fitted to the trial-by-trial response data for each partici-
pant using a maximum likelihood procedure. The goodness
of fit was determined by the χ2 test.36

For all participants, the ePTM fitted the behavioral data
well (all Ps > 0.05). The internal additive noise and template
gain at different eccentricities in the two groups are shown
in Figure 4. No statistical difference in the internal additive
noise Na or the template gain β was found between the
two groups in either eccentricity (two sample t-test, all Ps
> 0.1). The internal additive noise was significantly lower
in the fovea than that in the periphery for both LM (−3.76
± 0.223 vs. −2.97 ± 0.178, paired t-test, t (16) = 7.76,
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FIGURE 4. The internal additive noise Na and the template gain β

of the best fitting ePTM at different eccentricities for the two groups.
Blue: the fovea of the LM group; Red: the fovea of the HM group;
Yellow: the periphery (7°) of the LM group; Purple: the periphery
(7°) of the HM group. Error bars: ± 1 SE. Asterisks: statistical signif-
icance with P < 0.05.

P = 8.18 × 10−7) and HM (−3.67 ± 0.314 vs. −2.88 ± 0.276,
paired t-test, t (16) = 7.36, P = 1.60 × 10−6) groups. In the
LM group, the template gain in the fovea was significantly
higher than that in the periphery (0.684 ± 0.028 vs. 0.570
± 0.028, paired t-test, t (16) = 3.32, P = 0.004). In the HM
group, there was no significant difference in β between the
two retinal locations (0.697 ± 0.029 vs. 0.610 ± 0.028, paired
t-test, t (16) = 2.05, P = 0.057). The multiplicative noise
Nm and non-linearity of the transducer function γ were not
significantly different between the two groups (two sample
t-test, all Ps > 0.1).

Temporal Window

The best fitting temporal weights (Wt) of the ePTM for
the two groups in the fovea and the periphery are plot-
ted as a function of SOA in Figure 5. As we can see, the

temporal weighting functions are bell-shaped. The temporal
weight decreased as the noise mask was presented further
(in time) away from the onset of the target. Thus, we refer
to this weighting function as the temporal window of visual
processing. A repeated measures ANOVA with three factors
(SOA, degree of myopia and eccentricity) was performed.
As SOA increased, the weight decreased (F (2.25,96) = 807,
Greenhouse-Geisser corrected, P = 1.52 × 10−51). The effect
of myopia degree on the temporal weights was not signifi-
cant (F (1,32) = 0.535, P = 0.470); however, the interaction
between SOA and myopia degree was significant (F (3,96)
= 2.78, P = 0.045). These results indicate that the tempo-
ral profiles of the LM and HM groups have different shapes.
There was a significant effect of eccentricity (F (1,32) = 19.9,
P = 9.5 × 10−5), and a significant interaction between SOA
and eccentricity (F (3,96) = 6.51, P = 4.68 × 10−4), suggest-
ing that the weight profiles were also different between
different retinal locations.

In the fovea, the post hoc analysis showed that the tempo-
ral weight in the HM group was significantly lower at SOA
16.7 ms than in the LM group (one-tailed two sample t-test, t
(32) = 2.44, P = 0.010), but was higher at SOA 83.3 ms (one-
tailed two sample t-test, t (32) = 1.77, P = 0.043) than in the
LM group. No significant difference in the temporal weight
was found at the fovea between the two myopia groups at
any other SOA conditions (two sample t-test, all Ps > 0.05).
In the periphery, there was no significant difference in the
temporal weight between the two groups at any SOA condi-
tions (two sample t-test, all Ps > 0.05).

To quantify the shape of the temporal window, a Gaus-
sian function, g(t ) = peak · exp(−( t2

2σ2 )), was used to fit the
temporal weights at different SOAs. To guarantee the data
derived from each configuration contributed equally to the
entire fitting, the weight of each data point (Wt) to the
sum of the residuals was adjusted. The peak amplitude and
FWHM, computed as 2

√
2ln(2)σ ) of the temporal window,

were calculated at each retinal location for each participant.
The average temporal windows at the fovea and periphery
of the two groups are shown in Figure 5.

In the fovea, the peak amplitude was significantly lower
in the HM group than in the LM group (0.446 ± 0.008 vs.

FIGURE 5. The temporal weights (W16.7,W33.3,W50.0, and W83.3) of the two groups in the fovea (left) and the periphery (right). The contin-
uous curves are the best-fitting Gaussians. Blue: the LM group; Red: the HM group. Error bar: ±1 SE. Asterisks: statistical significance with
P < 0.05.
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FIGURE 6. The peak and FWHM of the temporal window at the two eccentricities for the two groups. Blue: the fovea of the LM group; Red:
the fovea of the HM group; Yellow: the periphery of the LM group; Purple: the periphery of the HM group. Error bar: ±1 SE. Asterisks:
statistical significance with P < 0.05.

0.483 ± 0.011, two sample t-test, t (32) = 2.71, P = 0.011),
and the FWHM was wider in the HM group than in the LM
group (136 ± 4.49 ms vs. 119 ± 4.66 ms, two sample t-test,
t (32) = 2.67, P = 0.012). Compared with the LM group, the
HM group had a flatter (7.7% lower and 14.5% wider) tempo-
ral window in the fovea (Fig. 6). However, in the periphery,
neither the peak amplitude nor the FWHM was significantly
different between the two groups (two sample t-test, both
Ps > 0.1, Fig. 6).

We also compared the shape of the temporal window
between the two eccentricities for each myopic group. In
the LM group, no significant difference in either the peak
amplitude or the FWHM between the two eccentricities was
found (paired t-test, both Ps > 0.1). In the HM group, the
peak amplitude in the fovea was significantly lower than in
the periphery (0.446 ± 0.008 vs. 0.477 ± 0.012, paired t-test,
t (16) = 2.30, P = 0.035). No significant difference in the
FWHM between the fovea and the periphery was found (136
± 4.49 vs. 122 ± 5.58, paired t-test, t (16) = 2.08, P = 0.054).
Taken together, the results indicate that high myopes have a
defective temporal window in the fovea, not the periphery.

DISCUSSION

In this study, we aimed to test if there was any tempo-
ral deficit in high myopes. We measured contrast thresh-
olds in an orientation discrimination task across a variety of
target-mask SOA conditions at two eccentricities for low and
high myopic participants. There was no significant differ-
ence in performance between the LM and HM groups in a
spatial condition without temporal noise masks for each reti-
nal location, which indicated that the visibility of the target
was similar for both LM and HM groups. This allowed us
to attribute the differences revealed in the later analysis to
a deficit in the temporal domain. There was a significant
interaction between SOA and the degree of myopia in the
fovea which suggests that the temporal pattern of the mask-

ing effect was significantly different between the LM and HM
groups. With the ePTM analysis, we estimated the temporal
window of visual processing in the fovea and the periphery
for all participants. The HM participants showed a flattened
temporal window (lower peak and wider spread) than the
LM participants at the fovea. There was no difference in the
peripheral temporal window between the two groups.

To some extent, our result is consistent with that reported
in Kuo et al.21 They found that myopic observers performed
significantly worse than emmetropes in a location task
when masks were presented after the stimuli. The difference
between groups was still evident when the performance in
a no mask condition (baseline) was considered. Besides the
temporal deficits revealed by masking, other groups have
also found differences in binocular temporal visual process-
ing between myopic and emmetropic groups. Vera-Diaz et
al.23 found that when the stimuli were temporally modulated,
binocular functions such as disparity threshold and interoc-
ular balance were different between the two groups. More
myopic observers tended to have worse disparity thresh-
olds to the flickering stimuli at 4 Hz.23 Neither of these
effects could be attributed to differences in their monocu-
lar spatiotemporal contrast sensitivity functions. Despite the
differences among the three studies, these results together
suggest that high myopia may be associated with multiple
temporal deficits that involve different visual mechanisms,
and the temporal deficit in high myopia can be independent
of spatial visual processing.

One important task of our visual system is to efficiently
pick up the signal-of-interest buried in the noisy spatiotem-
poral input. The bell-shaped temporal window estimated by
the ePTM analysis reflects the relative processing efficiency
function in the time domain, which represents how well the
visual system is tuned to the onset of the target or, equiva-
lently, how well it excludes external distraction.28 The flat-
tened temporal window at the fovea of the HM participants
indicates that they are more susceptible to the disturbance
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and less able to extract task-relevant information in the
time domain than low myopic participants. Furthermore, the
width of the temporal window can be regarded as the inte-
gration time within which the visual information would be
grouped and interpreted as a single event. This integration
time could limit the temporal processing capacity or resolu-
tion in processing successive events.40,41 Wutz and Melcher40

proposed that the integration of sensory information usually
occurs over a brief interval of around 100 ms. Landau
Ayelet and Fries42 observed a rhythmic temporal structure in
psychophysical performance with a period of approximately
125 ms. VanRullen and Koch43 suggested that the temporal
resolution of visual system in serial processing was about 10
Hz. The full width of the temporal window at the fovea of
the low myopic participants found in current study (119 ms)
was comparable with the time scales of visual processing
reported in the aforementioned studies. The wider temporal
window for the HM participants suggests a lower temporal
resolution for processing successive events.

The wider temporal window in high myopia may be
related to the changes in the retina. With the abnormal elon-
gation of the globe,4 high myopia is associated with a vari-
ety of anatomical changes in the retina,10,44–46 which have
been linked to retinal functional deficits,5,9,44,47–50 such as
the delayed mfERG responses15,50 and decreased macular
light sensitivity.9,44 Park et al.46 reported that the photore-
ceptor layer thickness in the foveola significantly decreased
with increasing myopia. Similarly, Wang et al.44 found that
the thickness of the myoid and ellipsoid zone within 2° from
the macular center was correlated with the axial length. The
thinning of the photoreceptor retina could be associated
with lower cone density.44 However, Wang et al.51 found
the angular (sampling) cone density increased with the axial
length and argued that the deficits in best-corrected foveal
vision in myopes cannot be explained by increased photore-
ceptor spacing caused by retinal stretching. Therefore the
temporal deficit observed in our HM group is possibly due
to the structural and functional changes at the postreceptoral
level in the retina.

On the other hand, the temporal deficits in the fovea
of high myopes could also be linked to changes in down-
stream cortical areas, as visual pattern masking involves
cortical processing.24 It has been hypothesized that abnor-
mal visual experience introduced by prolonged near work
could cause the attentional deficit in myopia.52 Kang et al.53

reported that myopic defocus stimulation could significantly
increase the attention-related changes in brain activity, and
these attention-related changes were less significant in their
myopic group than in their nonmyopic group. Other func-
tional magnetic resonance imaging studies have reported
that high myopes show cortical deficits involving attentionl
control.54,55 As corroborating evidence, it has been shown
that the temporal window became wider when a spatial
attention cue was absent.28 Taken together, the temporal
deficits found in the current study could also be due to an
attentional deficit in high myopia.52,54,55

We did not observe any difference in the temporal
window at the more peripheral location, between the LM
and HM groups. Typically, the periphery is more sensitive to
dynamic visual information input than the fovea.56-60 Several
studies have suggested that high myopic eyes show greater
changes in the periphery than in the fovea.15,27,61 For exam-
ple, Liu et al.27 found that the intraretinal layer thickness of
high myopic eye varied more significantly from emmetropic
controls in more peripheral regions (an annulus between

1.5 mm- and 3 mm-radius circles concentric at the fovea)
than in the foveal area. Kerber et al.62 reported that the
contrast detection thresholds for targets presented in the
far peripheral visual field (30° eccentricity) were impaired
in the myopic participants when attention was demanded
in central vision. However, other studies found no func-
tional differences between myopic and emmetropic partici-
pants. For example, Macedo et al.63 found that myopes and
emmetropes showed similar normal temporal integration in
different retinal locations (10°, 20°, and 30° in the temporal
and nasal retina).

The current study has several limitations. First, myopia
was classified by refractive error in the absence of axial
length data. Ideally, axial length should be measured to
provide information about the amount of excessive axial
elongation in high myopia. Second, there was no overlap
in the SEQ values of high and low myopic participants.
Therefore the relationship between the temporal window
and the myopia degree could not be fully explored. Last,
emmetropes were not included in our study. This might have
led to an apparent underestimation of the observed tempo-
ral deficit in the HM group.

In summary, the current study revealed a temporal
processing deficit in the fovea of high myopes. Specifically,
they showed a flattened, albeit widened temporal window
in their fovea, compared to low myopes. The impact of this
deficit on daily visual functions represents an interesting
question to address in future studies.
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APPENDIX A: THE ELABORATED PERCEPTUAL

TEMPLATE MODEL (EPTM)

The ePTM, developed by Lu et al.28 has been used
previously to investigate the effect of attention and
aging29 on the temporal processing. It consists of an
additive internal noise source, a multiplicative noise
source, a nonlinear transducer function, a percep-
tual template and a decision unit. The visual infor-
mation stream consists of both signal and exter-
nal noises, that enters the visual system through
a perceptual template. The perceptual template is
essentially a spatiotemporal filter with a total gain
value of β to the signal relative to the external
noise, and weight Wt at different time t, which can
selectively pick up task-relevant information and
exclude task-irrelevant information. After filtering,
the information goes through a non-linear trans-
ducer, characterized by a power function with an
exponent of γ , then gets contaminated by an inter-
nal additive noise Na and multiplicative noise Nm,
which mimics the contrast-gain control mechanism
of neurons and finally is sent to the decision unit.
A schematic diagram of the ePTM is shown in
Figure 2.

We assign the temporal weightWt for each stimu-
lus frame (from −8 to 8 frames relative to the stimuli
onset) so that we can estimate the entire shape of
the template over time (Fig. 1b). As the total gain of
the perceptual template to external noise is normal-

ized to 1.0 in the PTM,38 we have the following:

8∑
t=−8

W 2
t = 1. (A1)

Recall that we have four different external noise
configurations, corresponding to ±1, ±2, ±3 & 4,
and ±5,6,7 & 8 image frame positions symmetri-
cally distributed around the signal frame 0. There
were two, two, four, and eight frames in SOA
16.7 ms, 33.3 ms, 50.0 ms, and 83.3 ms conditions,
respectively. It essentially allowed us to obtain the
average weight for the multi-frame external noise
conditions:

Wt =

⎧⎪⎨
⎪⎩
W16.7, i f t = −1, 1,
W33.4, i f t = −2, 2,
W50.0, i f t = −4,−3, 3, 4,
W83.4, i f t = −8,−7,−6,−5, 5, 6, 7, 8.

(A2)

So W16.7, W33.4, W50.0, and W83.4 are to be opti-
mized during model fitting process.

Assume the signal is represented by the contrast
c. For external noise images each with variance
σ 2, the total variance of external noise in a given
temporal configuration is summed over the entire
stimuli duration:

N 2
ext =

8∑
t=−8

(Wtσt )
2, (A3)

where t is the time in the unit of frame from −8
to 8, σ t = σ , when the noise presents, and σ t = 0,
when the blank frame presents (Fig. 1a). Combining
the Equation (A2) and the Equation (A3), we have

N 2
ext =

⎧⎪⎪⎨
⎪⎪⎩
2
(
W16.7σ

)2
, i f SOA = 16.7ms,

2(W33.4σ )2, i f SOA = 33.4ms,
4(W50.0σ )2, i f SOA = 50.0ms,
8(W83.4σ )2, i f SOA = 83.4ms.

(A4)

The noise duration in the number of frames in
each condition was used in the calculation of noise.
And the sensitivity of observer can be written as

d ′ = (βc)γ√(
(βc)2γ + N 2γ

ext

)
Nm2 + Na2

, (A5)

where the numerator represents the total signal
strength in the system, and the denominator repre-
sents the total noise after combining all the internal
and external noise sources.
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Then, the percent correct psychometric function
of the observer can be derived from the dʹ psycho-
metric function64:

P (c) =
+∞∫

−∞
φ

(
x − d ′ (c)

)
� (x)dx, (A6)

where c represents the contrast of the signal, x is
the variable of integration in the dʹ space, ϕ() is the
probability density function of the standard distri-
bution, and �() represents the cumulative proba-
bility density functions of the standard distribution,
respectively.

In our experiment, the same eye of each partic-
ipant was tested at both fovea and periphery.

According to previous research,28,65 multiplicative
noise Nm or nonlinear transducer γ of same
observer normally does not change across different
conditions. So we constructed a combined ePTM to
account for the behavioral data at fovea and periph-
ery at the same time. The combined ePTM assumes
that the fovea and the periphery have their own set
of Na, β, and temporal weights Wt, but share same
Nm, and γ . This leaves the model a total of 12 free
parameters, two Na, two β, one Nm, one γ , one set
of W16.7, W33.3, W50.0 for the fovea, and another set
of W16.7, W33.3, W50.0 for the periphery.

Finally, equation A6 was used to fit the raw trial-
by-trial response data.


