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Purroskt. To assess interocular delays in amblyopes with stereopsis and to evaluate the
relationship between interocular delays and the clinical characteristics.

MerHops. Twenty amblyopes with stereopsis (median, 400 arcseconds) and 20 controls
with normal or corrected to normal visual acuity (<0 logMAR) and normal stereopsis (<60
arcseconds) participated. Using a rotating cylinder defined by horizontally moving Gabor
patches, we produced a spontaneous Pulfrich phenomenon in order to determine the
interocular delays, that is, the interocular phase difference at which ambiguous motion
in plane was perceived. Two spatial frequencies—a low (0.95 cycles/degree [c/d]) and a
medium (2.85 c¢/d) spatial frequency—were tested.

Resutrs. The absolute interocular delays of the amblyopic group was significantly longer
than that of the controls at both low or medium spatial frequencies (P < 0.01). However,
the interocular delays was not always in favor of the fellow eye: 35% of the amblyopes
(7/20) showed a faster processing of the amblyopic eye than that of the fellow eye at
0.95 ¢/d and 29.5% (5/17) at 2.85 c¢/d. No significant correlation was found between
interocular delays and the clinical characteristics (e.g., age, treatment history, stereoacuity,
and magnitude of anisometropia) in this amblyopic cohort.

Concrusions. The interocular delays in amblyopes with stereopsis might result from either
a faster or slower processing of the amblyopic eye relative to the fellow eye. This work
provides important additional information for binocular processing of dynamic visual
stimuli in amblyopia. However, the special role between this form of interocular delays
and patients’ clinical characteristics remains unknown.
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A pendulum swinging laterally back and forth across the
observer’s visual field (in a coronal plane) is perceived
to follow a curved trajectory in depth (in a transverse plane)
when seen binocularly with a neutral density filter in front of
one eye. This phenomenon, first described by Carl Pulfrich,’
is explained as the result of a processing delay between
the two eyes induced by the luminance decrement. Possi-
ble mechanisms might involve either changes in the pure
disparities over time for disparity sensors*~> or changes to
sensors that encode motion/disparity conjointly.®~®
Amblyopes who developed rudimentary stereopsis (e.g.,
550 arcseconds) may experience a spontaneous Pulfrich
phenomenon.!® Similarly, this phenomenon has been
assumed to be due to a processing delay of the information
coming from the amblyopic eye.!®"!> Reynaud and Hess’s
work!? aimed to assess this form of interocular delay and
determine whether this form of interocular delay can be
modulated by stimuli’s spatiotemporal properties. Surpris-
ingly, they found that the spontaneous motion-in-depth
Pulfrich phenomenon seemed to be in favor of the ambly-

Copyright 2020 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

opic eye in five of eight amblyopes, which indicated that
the processing concerned with amblyopic eye stimulation
may be faster than that associated with fellow eye stimu-
lation under conditions of binocular viewing. A definitive
conclusion, however, could not be made because only eight
amblyopes were tested in their study and for most of the
patients, their magnitude of the interocular delay was not
that different from that of controls (six of eight amblyopes
within the range of mean £ 3 SD of controls).

Here, using a similar structure-from-motion defined cylin-
der as that used by Reynaud and Hess,'> we reexamine this
issue as to there being different patterns of interocular delays
in a larger amblyopic cohort and control group. Consider-
ing that the amblyopic eye is generally impaired more seri-
ously (i.e., the two eyes are more imbalanced) at higher
spatial frequency,'*'> we selected a relatively low spatial
frequency (LSF; 0.95 cycles/degree [c/d]) and a medium
spatial frequency (MSF; 2.85 c¢/d) as test stimuli. We also
evaluated the relationship between the form of the interoc-
ular delay and the clinical characteristics of the amblyopes.
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METHODS
Participants

Twenty amblyopes (mean age: 22.75 + 6.1 years old; mean
+ SD; 14 males) with stereopsis (median, 400 arcseconds;
range, 100-800 arcseconds; Yan’s randot test'®) and 20
normal controls (mean age, 23.90 + 1.7 years old; eight
males) with normal or corrected to normal visual acuity
(<0 logMAR) and normal stereopsis (<60 arcseconds, Yan’s
randot test) participated in this experiment. The eye domi-
nances of the normal controls were defined by the hole-
in-the-card test.!” The clinical details of the amblyopes are
reported in the Table. One control was excluded from data
analysis because his psychometric function was abnormal
(i.e., inverted—see Data analysis). Written informed consent
was obtained from all participants or from the parents or
legal guardian of participants aged less than 18 years old.
This research has been approved by the ethical committee
of Eye Hospital affiliated to Wenzhou Medical University and
conformed to the Declaration of Helsinki.

Apparatus

The experiments were programmed and controlled on
a Macmini computer A1347 (Apple, Cupertino, CA)
with Matlab R2014a (MathWorks, Natick, MA) using the
Psychophysics toolbox.'82° A 27-inch 3D-Ready LED moni-
tor LG D2792PB (LG Life Science, Seoul, South Korea) was
used to achieve dichoptic presentation, placed at a viewing
distance of 90 cm. The monitor was gamma corrected with a
maximal luminance of 250 cd/m?. It had a resolution of 1920
x 1080 and a refresh rate of 60 Hz. The participant viewed
the stimuli in a dim lit room, wearing passive polarized 3D
glasses, which had the effect of decreasing the luminance to
approximately 43% and a crosstalk of 1%.

Stimuli

The paradigm was the same as in Reynaud and Hess’ stud-
ies.!>?! The stimulus was a structure-from-motion defined
cylinder of 18° width and 12° height, consisting of Gabor
patches oscillating horizontally with a sinusoidal speed of
18°/s (Fig. 1A). The stimulus was presented dichoptically
for 800 ms. The interocular phase of the oscillation was
consistent between all trajectories of Gabor patches and was
varied from trial to trial to generate strong to ambiguous
percepts of the cylinder rotating in depth.?*>* We tested
two sizes of Gabor patches, namely, 0.15° and 0.45°, corre-
sponding to spatial frequencies of MSF (2.85 ¢/d) and LSF
(0.95 ¢/d), respectively. Gabor patches were presented at a
fixed contrast of 80% and had the same aspect ratio in both
conditions, with a bandwidth of 1.36 octaves. The number
of Gabor patches was set to 200 in the MSF condition and
66 in the LSF condition.

Procedures

Participants were asked to report to whether they saw
the cylinder rotating clockwise or counterclockwise in a
block design paradigm (Figs. 1A and 1B). A constant stim-
uli method was used to measure the proportion of perceived
direction as a function of the interocular spatial phase differ-
ence. Interocular phase difference was picked within (-1.5°,
-0.75°, —0.375°, —-0.1875°, —-0.0938°, —0.0469°, —0.0234°, 0°,
0.0234°, 0.0469°, 0.0938°, 0.1875°, 0.375°, 0.75°, and 1.5°),
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in which a negative value would generate perception of
a counterclockwise rotating cylinder and a positive value
would generate perception of a clockwise rotating cylinder
(Fig. 1B). These 15 interocular phase difference values were
repeated 10 times in a block; different interocular phase
configurations were randomized in different trials. Each
observer performed three blocks for each spatial frequency
condition in a randomized order.

Data Analysis

As illustrated in Figure 1C, participant’s psychometric func-
tion was fitted with a logistic function forced between
0 and 1. The estimated midpoint of the logistic func-
tion defines the point of subjective equality (PSE), that
is, the point at which participants perceived the cylinder
with a report of 0.5 clockwise and 0.5 counterclockwise.
The PSE value was taken to indicate the processing delay
of the left eye relative to the right eye. To simplify the
comparisons between groups and between spatial frequen-
cies, we computed two derivative measures of the fitted
PSE: (i) the rectified PSE (+PSE), which is indicative of the
processing delay of the amblyopic/nondominant eye rela-
tive to the fellow/dominant eye. For individuals whose left
eye was the amblyopic/nondominant eye, the rPSE equals
the PSE; for individuals whose right eye was the ambly-
opic/nondominant eye, the rPSE equals the —PSE. Hence, a
negative rPSE indicates that the amblyopic eye/nondominant
eye is delayed and a positive rPSE indicates that the ambly-
opic eye/nondominant is in advance; (ii) the absolute value
of PSE (i.e., |PSE|) is indicative of the absolute interocular
processing delay for individuals.

RESsuULTS

Spontaneous Motion-in-Depth Pulfrich
Phenomenon Tested at LSF

Observers’ rPSE and absolute value of PSE (|PSE|) at LSF
are plotted in Figures 2A and 2B, respectively. One control
participant was excluded from data analysis for LSF condi-
tion because the fitting of his psychometric function did not
converge. The average rPSE of the controls was —-0.001 +
0.052° (95% confidence interval [CI], -0.027 to 0.025°) and
was —0.077 £+ 0.475° (95% CI, -0.299 to 0.146°) for ambly-
opes. For most controls, the rPSEs were slightly offset from
0°, whereas the rPSEs were much more variable in ambly-
opes. Accordingly, 13 of 20 (65%) amblyopes had a nega-
tive rPSE. This means that 65% of the patients (13/20) had
a slower processing of the amblyopic eye than that of the
fellow eye, whereas 35% of the patients (7/20) had a faster
processing of the amblyopic eye than that of the fellow eye.
The average value of the |PSE| was 0.038 £ 0.035° (95%
CI, 0.021-0.055°) in controls and 0.303 =+ 0.368° (95% CI,
0.130-0.475°) in amblyopes. The |PSE| of the amblyopes
was significantly larger than that of controls (P < 0.01; two-
sided Mann-Whitney U test), indicating a much longer inte-
rocular delay in patients with amblyopia. The larger SD of
the amblyopic group also indicates much more variability in
this group. Figure 2C shows the slope of the fitted psycho-
metric function. The slope of the amblyopes is significantly
shallower than that of controls (P < 0.01; two-sided Mann-—
Whitney U test). This means that the performance of the
controls is more consistent than that of amblyopes in the
motion-in-depth Pulfrich task.
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TasLe. Clinical Details of the Amblyopic Participants
Visual Acuity
Refraction (logMAR) Strabismus RDS rPSE rPSE
Sex/Age Type OD/OS OD/OS (pd) (Arc Seconds) History at LSF at MSF
Al M/26 anis +4.00/—1.00 x 100 0.40 (%)} 200 Detected at 6 years old, —0.011  0.069
+1.50/-0.75 x 135 —0.08 patched for 1 year
A2 M/21 anis Plano —0.18 (%) 100 Detected at 10 years old, 0.170 0.138
+4.00/—-1.50 x 175 0.10 patched occasionally until
13
A3 M/12  depr +3.00/—1.00 x 180 0.70 (%] 400 Detected capsular cataract at —0.082 —0.058
+0.50 0 11 years old, then
underwent surgery and
patched until now and has
received vision therapy for
3 months
A4 F/19 anis —0.50 —0.08 (%] 600 Detected at 13 years old, no  0.162 —0.058
+5.00/—1.00 x 180 0.82 treatment
A5 M/23 mix —3.50/—1.50 x 105 0.52 HP L/R 4 400 Detected at 7 years old, —1.374 2.604
—6.00 —0.08 patched until 9 years old
A6 M/28 anis  —1.00/—0.50 x 30 —0.08 (%) 200 Detected at 15 years old, no  0.891 —1.727
+3.50/—0.75 x 180 0.22 treatment
A7 M/27 anis +0.50 0 (%] 100 Detected at 9 years old, —0.010 —0.032
+2.50 0.22 patched for 1 month
A8 F/22 anis  —6.00/—3.00 x 75 0.22 XP 10 100 Detected at 13 years old, —0.604 —0.180
—6.00 —0.08 patched occasionally for 1
year
A9 F/19 mix —1.50/—4.50 x 180 0.10 X(T) 15 100 Detected at 12 years old, then —0.074 —0.163
+1.00/—6.50 x 175 0.22 received strabismus surgery
for X(T) and patched
occasionally for 6 months
A10 M/21 anis  +4.50/—1.00 x 21 1 (%] 800 Detected at 18, no treatment —0.252 -
—-1.75 0
All M/37 anis +2.5/—0.50 x 90 0 (%) 200 Detected at 17 years old, no  0.210 0.551
+3.50/—-3.25 x 81 0.22 treatment
Al12 M/10 anis Plano —0.18 (%] 400 Detected at 9 years old, —0.844 —2.673
+3.75/—0.75 x 180 0.10 patched occasionally till
now
Al13 F/21 anis  —0.50/—0.50 x 180 0 (%] 400 Detected at 16 years old, no  0.293 —1.085
+3.25/-1.00 x 180 0.70 treatment
Al4 M/23 anis  —3.25/—0.50 x 11 —0.08 (%)} 400 Detected at 6 years old, 0.502  2.232
+2.50/-1.50 x 10 0.22 patched for 1 year
A15 M/25 anis —0.50 0 9] 400 Detected at 18 years old, no —0.162 -
+5.00/—3.00 x 178 0.70 treatment
Al6 F/32 anis  +6.50/—1.00 x 80 0.82 (%) 600 Detected at 15 years old, —0.334 -
—2.50/—0.50 x 90 0 patched occasionally for 6
months
A17 M/24 anis —14.25/—1.00 x 180 0.70 %) 400 Detected at 18 years old, no  0.028 —0.074
—7.75/—0.75 x 10 0 treatment
A18 M/20 anis  +0.25/—1.25 x 70 0.10 %) 200 Detected at 20 years old, no —0.014 —0.017
—0.75/—0.75 x 180 —0.08 treatment
A19 F/20 anis  40.50/—0.50 x 180 0.10 (%] 400 Detected at 20 years old, no —0.027 —0.251
—2.75/—0.5 x 180 0 treatment
A20 M/27 anis  —5.00/—1.50 x 20 —0.08 (%] 400 Detected at 18 years old, —0.008 —0.297
+0.50 0.40 patched for 3 months

anis, anisometropic; depr, deprivation; HP, hypophoria; mix: strabismic 4+ anisometropic; OD, right eye; OS, left eye; pd: prism diopters;
RDS, randot stereoacuity; XP, exophroia; X(T), intermittent exotropia.

Spontaneous Motion-in-Depth Pulfrich
Phenomenon Tested at MSF

Three amblyopes failed to perform the test at MSF, proba-
bly because of visibility issues. Their results, therefore, were
excluded from analysis for the MSF condition.

In Figures 3A and 3B, we plotted observers’ rPSE and
absolute value of PSE (|PSE|) at MSF. The average rPSE was
-0.017 £ 0.071° (95% CI, —0.051 to 0.017°) for controls and —
0.060 % 1.213° (95% CI, -0.684 to 0.564°) for amblyopes. The
average |PSE| was 0.054 + 0.047° (95% CI, 0.031-0.077°)
for controls and 0.718 £ 0.963 ° (95% CI, 0.223-1.213°) for
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Ficure 1. Illustration of the stimuli. (A) The stimuli composed of Gabor patches was presented dichoptically. (B) The phase difference in

the oscillation of the Gabor patches between the two eyes generates a percept of a motion-defined cylinder rotating in depth. When the
interocular phase difference of less than 0°, the cylinder is seen rotating counterclockwise; when the interocular phase difference equals 0°,
the percept is ambiguous with Gabor patches moving to the left and to the right in the same plane; when the interocular phase difference
is greater than 0°, the cylinder is seen rotating clockwise. (C) The perceived direction as a function of the interocular phase difference was
fitted with a logistic function. The midpoint of the logistic function at 0.5 performance defines the PSE. A negative value of PSE means the
left eye was delayed and a positive value of PSE means the right eye was delayed.

amblyopes. Similarly, the absolute value of PSE (| PSE|) was
larger for amblyopes than for controls (Fig. 3B; two-sided
Mann-Whitney U test, P < 0.01), indicating a much longer
interocular delay in patients with amblyopia. Five of the 17
amblyopes (29.5%) exhibited a positive rPSE (Fig. 3B), indi-
cating that the amblyopic eye was faster than the fellow
eye in processing the motion-in-depth Pulfrich task at MSF.

In addition, |PSE| of amblyopes was significantly larger
at MSF than that at LSF (two-tailed Wilcoxon signed rank
test, P = 0.02). This means that the amblyopes’ interocular
delays were much longer at MSF. Also, there were larger SD
and wider CI of rPSE in amblyopic group at MSF compared
with LSF, suggesting much more variability at higher spatial
frequency. For the control group, no statistical difference of
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Ficure 2. Interocular delay at LSF: controls vs. amblyopes. (A) The rPSE at LSF. Data points falling in the shaded area indicate that the

amblyopic eye/nondominant eye was slower than the fellow eye. (B) The absolute value of the PSE at LSF. A larger value indicates a longer
interocular delay. (C) The slope of the fitted psychometric function at LSF. Each point represents one individual observer: circle, control;
triangle, amblyope. ***P < 0.01, two-sided Mann-Whitney U test. Error bars represent SEs.
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Ficure 3. Interocular delay at MSF: controls vs. amblyopes. (A) The rPSE at MSF. Data points falling in the shaded area represent that the

amblyopic eye/nondominate eye was slower than the fellow eye. (B) The absolute value of the PSE at MSF. A larger value indicates longer
interocular delay. (C) The slope of the fitted psychometric function at MSF. Each point represents one observer: circle, control; triangle,
amblyope. Error bars represent SEs. ***P < 0.01, two-sided Mann—Whitney U test.

| PSE | was found between the two tested spatial frequencies
(P = 0.38; two-tailed Wilcoxon signed rank test). Among 17
amblyopes who completed the task at MSF, the polarity of
the rPSE of 2 participants changed from negative to posi-
tive and of 4 participants changed from positive to negative
compared with the LSF condition.

In Figure 3C, we plotted the slope of the fitted psychomet-
ric function at MSF. Consistent with the previously described
data at LSF, the controls performed more consistently than
the amblyopes (two-sided Mann-Whitney U test, P < 0.01).
Moreover, the slope at MSF was strongly correlated with
the slope at LSF for both controls (Spearman correlation,
r = 0.759; P < 0.01) and amblyopes (Spearman correla-
tion, r = 0.929, P < 0.01). Compared with the slope at
LSF, the slope at MSF was significantly steeper in normal
controls (two-tailed Wilcoxon signed rank test, P < 0.01) and
was marginally shallower in amblyopes (two-tailed Wilcoxon
signed rank test, P = 0.076). These results indicated that the
controls performed more consistently, whereas the ambly-
opes tended to perform more inconsistently at MSF than at
LSF in the motion-in-depth Pulfrich task.

Spontaneous Motion-in-Depth Pulfrich
Phenomenon: MSF vs. LSF

Figures 4A and 4B show the relationship of rPSE at the
two tested spatial frequencies for controls (Fig. 4A) and

amblyopes (Fig. 4B). For both controls and amblyopes, no
significant correlation was found between their rPSE at LSF
and MSF (Pearson correlation, r = 0.220, P = 0.38; Spear-
man correlation, r = 0.056, P = 0.83). However, the rPSEs
of the controls (Fig. 4A) generally fall around the iden-
tity line, whereas the rPSEs of the amblyopes (Fig. 4B) are
dispersed widely on either side of the identity line. These
results (Figs. 4A and 4B) may explain why there is differ-
ence on the |PSE| between the two spatial frequencies for
the amblyopic group, whereas no significant difference was
found on rPSE.

Two Patterns of Spontaneous Motion-in-Depth
Pulfrich Phenomenon in Amblyopes: Relationship
With Patients’ Clinical Characteristics

So far, we have shown that the interocular delays in ambly-
opes are significantly longer than those in controls. However,
in amblyopes we found two patterns of spontaneous motion-
in-depth Pulfrich phenomenon in different patients, that is,
either a faster or a slower processing associated with ambly-
opic eye stimulation compared with fellow eye stimulation.
It is interesting to know whether these two patterns of inte-
rocular delay correlate with any clinical characteristics of
amblyopia. The Table shows the clinical details and the value
of rPSE of amblyopes. Similar to the findings from Reynaud
and Hess,'>?! several patients’ interocular delays were
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Ficure 4. Interocular delays: LSF vs. MSE. (A) Scatterplot between control individuals’ rPSEs at MSF and LSE. (B) Scatterplot between

amblyopic individuals’ rPSEs at MSF and LSF. An enlarged version of the central area of the plot is shown on the right. In A and B, data falling
on the diagonal line indicate that the processing delay of the nondominate/amblyopic eye relative to the dominate/fellow eye was consistent
at the two tested spatial frequencies; data points falling into the shaded area represent participants for whom the nondominate/amblyopic
eye was faster at MSE. Each point represents one observer: circle, control; triangle, amblyope. Error bars represent SEs.

equivalent to that of controls. We therefore only included
patients whose rPSEs were different from that of (mean =+
3S D) the normal controls in the following analysis, that is,
12 of 20 amblyopes (60%) were included in the LSF condi-
tion and 8 of 17 amblyopes (47%) were included in the MSF
condition.

In Figure 5, we plotted individual’s rPSEs (Fig. 5A at LSF
and Fig. 5B at MSF) or |PSE|s (Fig. 5C at LSF and Fig. 5D
at MSF) as a function of the interocular visual acuity differ-
ence. We found no significant correlation (P > 0.60) for any
of these conditions. In fact, whether at LSF or at MSF, an
amblyope with a greater interocular visual acuity difference
could exhibit either shorter or longer processing delay of the
amblyopic eye relative to the fellow eye (i.e., rPSE); also, the
absolute processing delay could be shorter or longer relative
to the fellow eye (i.e., |PSE|). We also analyzed the correla-
tion between rPSE or |PSE| and the patients’ age, treatment
history (i.e., had ever received treatment or not), stereoacuity
(measured by Yan’s randot testm), as well as the magnitude
of any associated anisometropia. No statistically significant
correlation was found in any of these cases (P > 0.11).

DISCUSSION

Using a paradigm that exploits the Pulfrich phenomenon,?!
we show that the interocular delay experienced by ambly-
opes with stereopsis can be interpreted as either a slowing
or a speeding up of visual processing associated with ambly-
opic eye stimulation relative to that of the fellow eye. These
“two patterns” of posited interocular delay revealed by the
spontaneous motion-in-depth Pulfrich phenomenon occur
for both LSF (0.95 ¢/d) and MSF (2.85 ¢/d) stimulation.
Similar to Reynaud and Hess’ study,'®> we found that the
interocular delays (i.e., rPSE) revealed by the spontaneous
Pulfrich phenomenon were close to 0 degrees in normal
controls (Figs. 2A and 3A). This indicates that the two eyes of
normal adults are temporally balanced. However, the rPSEs
of amblyopes showed a considerable variability compared
with that of controls. To clarify the different patterns of inte-
rocular delays in amblyopes, we classified those cases with
a rPSE outside the range of mean £ 3 SD of controls as
abnormal interocular delays. Reynaud and Hess'? report that

two of eight of their amblyopic participants were outside
the normal range for the MSF condition: one patient had a
faster processing associated with amblyopic eye stimulation
relative to that of the fellow eye and the other showed the
reverse pattern. Based on similar criteria, here we show that
8 of 17 amblyopes in the MSF condition and 12 of 20 ambly-
opes in the LSF conditions had abnormal interocular delays.
Our current study supports the proposal that there are two
patterns of interocular delay in amblyopes with stereopsis.

We also show that the |PSE | at both the two tested spatial
frequencies were greater in amblyopes than in controls. This
finding indicates that the eyes of the amblyopes are gener-
ally more temporally imbalanced than that of the controls.
Additionally, the |PSE| at MSF was significantly larger than
that at LSF. This finding suggests that the eyes of ambly-
opes may be more temporally imbalanced at higher spatial
frequencies. In binocular spatial processes, there is evidence
that the two eyes of the amblyopes are generally more
imbalanced at higher spatial frequency for contrast thresh-
olds,***2° and suprathreshold contrasts.?’-?® In this study,
we show that the spatial frequency-dependent imbalance
of amblyopes is also applicable to the temporal aspect of
interocular processing. Our results thus provide additional
support for the current notion that amblyopes are more
binocularly imbalanced than controls, especially at higher
spatial frequencies.!® ">

For the cases whose interocular delay (in terms of rPSE)
were out of the range of mean + 3 SD of controls, we further
showed that the amounts of interocular delay, in either rPSE
or |PSE|, were not significantly correlated with patients’
clinical characteristics, including interocular visual acuity
difference, age, treatment history, stereoacuity and degree of
anisometropia. This finding was true for both of the spatial
frequencies that we tested in this study.

In the spatial domain, it has been suggested®-*° that the
interocular suppression is tightly linked to the severity of
amblyopia (e.g., the interocular visual acuity difference).
However, we showed that interocular delay is not correlated
with interocular visual acuity difference (Fig. 5). This finding
would indicate that an abnormal interocular delay in ambly-
opes might not result from the same mechanism as the visual
deficits in binocular spatial processes. Reynaud and Hess?!
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Ficure 5. Relationship between the interocular delay and the interocular visual acuity difference in amblyopes whose rPSE are outside the
range of mean + 3 SD of the controls. (A) The relationship between rPSE and interocular visual acuity difference at LSF. (B) The relationship
between rPSE and interocular visual acuity difference at MSE. (C) The relationship between the absolute value of the PSE and interocular
visual acuity difference at LSF. (D) The relationship between the absolute value of the PSE and interocular visual acuity difference at MSF.

found that, similar to binocular spatial processes,>*? the
spontaneous motion-in-depth Pulfrich phenomenon is also
contrast-gain controlled. Thus, it is likely that these differ-
ent binocular spatial and temporal processes might involve
similar interocular contrast-gain control stage and separate
additional visual processes later.33-3

Reynaud and Hess?! found that an interocular contrast
difference could generate a Pulfrich phenomenon in normal
people. In our study, because the stimuli were presented at
a fixed physical contrast, the relative visibility of the stim-
uli may have been different®® between the two eyes for
the observers with amblyopia. Hence, one might expect the
processing of the amblyopic eye to be slower because it
is likely to perceive a lower contrast. However, no mean-
ingful correlation between interocular contrast sensitivity
ratio and the interocular delay (tPSE) was found in ambly-
opia.!? By reducing the contrast of the Gabor patches seen
by the fellow eye by 60%, Reynaud and Hess'® found that
the fellow eye became relatively slower by a shift in PSE
of approximately 0.2°. This value is much smaller than
the average |PSE| of 0.7° reported here for amblyopes
in the same condition (MSF). These observations suggest
that the unmatched visibility between the eyes at supra-
threshold contrast level may not be responsible for the two
patterns of spontaneous Pulfrich phenomenon, but might

have contributed to the binocular temporal processing in
amblyopia.

Only two strabismic amblyopes were included in this
prospective study because most of the strabismic ambly-
opes were not able to perform the Pulfrich task, probably
owing to binocular misalignments.>” For the two amblyopes
with strabismus, that is, A5 and A9 (Table), only participant
A5’s rPSE was out of the range of mean + 3S D of controls.
We, thus, cannot make a clear conclusion on the difference
between different sub-types of amblyopia.

Amblyopia, as a neurodevelopmental disorder, is typi-
cally characterized by spatial processing deficits.'415:38-41
However, accumulating evidence shows that there are
temporal deficits within the visual pathway driven by the
amblyopic eye. Hamasaki and Flynn*? suggested that the
amblyopic eye shows longer reaction time to detect a
0.25° spot of light. Manny and Levi®® suggested that the
amblyopic eye performs poorly in detecting movement or
flicker at a temporal frequency of 0.5 to 8.0 Hz. Wesson
and Loop™ demonstrated decreased contrast sensitivity at
different temporal frequencies in the amblyopic eye. Spang
and Fahle® found that temporal resolution of the ambly-
opic eye decreased in a task of segregating time-defined
figure-ground stimulus. Huang et al.* found that the ambly-
opic eye exhibited a poorer ability to discriminate temporal
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asynchrony of a flickering target, suggesting a foveal low-
level temporal processing deficit. Additionally, the tempo-
ral deficits of amblyopes received support from both
electrophysiologic®®%’ and functional magnetic resonance
imaging work.®® Despite different visual tasks and experi-
mental methods, all of these studies revealed that the ambly-
opic eye was slower than the fellow eye in visual process-
ing. However, other electrophysiologic studies suggested the
opposite view. Greenstein et al.* reported that response
latencies of the amblyopic eye measured with multifocal
visual evoked potential were shorter than normal in strabis-
mic amblyopes. Using single-unit recording in anisometropic
amblyopic monkeys, Wang et al.>® found that the response
onset of the amblyopic eye was faster than normal, partic-
ularly in a high-contrast condition. These two studies indi-
cated that the processing time of the amblyopic eye might
be faster than that of the fellow eye in monocular stim-
ulation condition—which is different from our binocular
paradigm—and might explain why we also observed a faster
processing of the amblyopic eye in a subset of amblyopes.
Notably, most aforementioned temporal deficits were stud-
ied monocularly, whereas the interocular processing delay in
this study is based on dynamic stimuli in binocular viewing
condition.

Recently, Tao et a showed that there are temporal
synchrony deficits within the eye and between eyes in
amblyopia. They found that the temporal synchrony thresh-
olds of amblyopes under dichoptic viewing was significantly
higher than that under monocular configuration. These
results suggest that amblyopes’ temporal deficits in dichop-
tic viewing condition cannot be explained by the monocular
(amblyopic eye) deficits alone. Put differently, the temporal
processing delay within the amblyopic eye may not necessar-
ily result in an interocular temporal processing delay coming
from the amblyopic eye, but rather in more general disrup-
tions of temporal processing.**>? We, thus, do not believe
our findings could be fully explained by a temporal process-
ing deficit limited to the amblyopic eye. We suspect that the
two patterns of interocular delay observed in this study are
the consequence of abnormal interocular interaction.

In conclusion, we show that there are two patterns of inte-
rocular delay in amblyopes who have rudimentary stereopsis
when binocularly viewing dynamic visual stimuli, namely,
pattern 1—the processing associated with amblyopic eye
stimulation is slower than that of the fellow eye; and pattern
2—the processing associated with amblyopic eye stimula-
tion is faster than that of the fellow eye. Further studies are
needed to explore the underlying mechanisms and to evalu-
ate how this form of interocular processing delay affects the
binocular perception and real-world performance of ambly-
opes in daily life.3>° It would be also interesting to see
whether we can manipulate this delay precisely in combina-
tion with binocular treatments.”’~>
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