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Purroske. Neural selectivity of orientation is a fundamental property of visual system. We
aim to investigate whether and how the orientation selectivity changes in amblyopia.

MEeTtHoDS. Seventeen patients with amblyopia (27.1 £ 7.1 years) and 18 healthy partici-
pants (25.1 + 2.7 years) took part in this study. They were asked to continuously detect
vertical gratings embedded in a stream of randomly oriented gratings. Using a technique
of subspace reverse correlation, the orientation-time perceptive field (PF) for the atypical
grating detection task was derived for each participant. Detailed comparisons were made
between the PFs measured with the amblyopic and healthy eyes.

Resurts. The PF of the amblyopic eyes showed significant differences in orientation and
time domain compared with that of the normal eyes (cluster-based permutation test,
ps < 0.05), with broader bandwidth of orientation tuning (31.41 £ 10.59 degrees [mean
+ SD] vs. 24.76 + 6.85 degrees, P = 0.039) and delayed temporal dynamics (483 + 68 ms
vs. 425 + 58 ms, P = 0.015). None of the altered PF properties correlated with the contrast
sensitivity at 1 cycle per degree (c¢/deg) in amblyopia. No difference in PFs between the
dominant and non-dominant eyes in the healthy group was found.

Concrusions. The altered orientation-time PF to the low spatial frequency and high
contrast stimuli suggests amblyopes had coarser orientation selectivity and prolonged
reaction time. The broader orientation tuning probably reflects the abnormal lateral inter-
action in the primary visual cortex, whereas the temporal delay might indicate a high
level deficit.
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mblyopia, also called lazy eye, is clinically charac-
terized by reduced best-corrected visual acuity with-
out detectable structural or pathological abnormalities.!~> It
causes not only reduced visual acuity,>~> but also a variety
of deficits in spatial vision, including deterioration of spatial
stereoscopic vision,
integration.'>'* Aside from refractive error, it is the most
frequent cause of vision loss in infants and children.?
Amblyopia is not only clinically important but also theo-
retically intriguing. It is believed to be a visual devel-
opmental disease where the abnormal visual experience
caused by monocular strabismus, anisometropia, high refrac-
tive error, and/or form deprivation'>~!7 disrupted the devel-
opment of cortical functions during a sensitive period in
visual development.'®-2 Amblyopia has been intensively
studied in vision science because it reflects the neural conse-
quences that occur when visual development is disrupted
and can provide insights for understanding normal visual

contrast sensitivity,*~1°

processing.
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Neural selectivity of orientation is a fundamental prop-
erty of the visual system,?'~2* and is commonly believed to
emerge in the primary visual cortex.”>~* The neural mecha-
nism that determines the sharpness of the orientation tuning
has received lots of attention, because the sharpness of
tuning cannot be accounted by the thalamocortical feed-
forward connections??:243%31 and must involve intracorti-
cal lateral interactions.?®32-3> However, whether and how
the sharpness of tuning is affected in amblyopia is still on
debate.

The result from single cell recording suggested that
amblyopia induced by nonselective visual blur or eye
misalignment did not change the bandwidth of the orien-
tation tuning of the V1 neurons in the cat’*=3® or in the
macaque monkey.**% On the other hand, the result from
human studies showed that amblyopes exhibited impaired
performance in orientation discrimination tasks. For exam-
ple, patients with amblyopia had greater angular thresh-
olds in discriminating the orientation of a narrowband
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Top row: Reverse correlation in a typical electrophysiological experiment. The white noise images were presented to the animal and

the neural spikes were recorded. Via reverse correlation, one can derive the receptive field of a particular neuron. Bottom row: Psychophysical
reverse correlation in our experiment. Using reverse correlation, one can derive the weighting function of the visual system in the orientation-

time domain for the task.

grating,*#? of the central grating with a surrounding back-

ground grating presented,”® as well as of arrays consisting
of randomly positioned Gabors.* As orientation discrimina-
tion involves decoding the population responses of a bank
of orientation selective neurons, the increased orientation
threshold could have reflected a broader tuning width in
patients with amblyopia. Thus, it is difficult to exclude the
potential contribution of the sensitivity loss to the abnormal
orientation discrimination threshold.?®-%5-% With a different
approach, Levi, Waugh, and Beard?” measured the contrast
threshold elevation of line detection as a function of mask
orientation at the optimal spatial frequency in amblyopia.
The orientation tuning estimated in the amblyopic eyes was
found to be qualitatively similar in some participants but
broader in others compared to the control eyes. No defini-
tive conclusion was made.

Therefore, we attempt to directly probe the orientation
tuning properties in both healthy and amblyopic participants
with a paradigm of subspace reverse correlation.2%-4-5 By
quantifying how random fluctuations of sensory stimuli
influence human behavior, the psychophysical reverse corre-
lation estimates how visual system weights the stimuli to
guide behaviors*®5951 (Fig. 1; see Materials and Methods
section for more details). The result of the psychophysi-
cal reverse correlation, termed as perceptive field (PF), is
the psychophysical analogue of a neuronal receptive field,
which depicts the weighting function of the visual system.
The PF can provide insights that help understand how the
visual system processes visual features.’!> By restricting
the stimulus fluctuation in the orientation and time domains,
we can derive the orientation-time PF of the observer for the
task.

In the experiment, we asked participants with ambly-
opia to watch a randomly orientated grating sequence and,
at the same time, to make the response as fast as possi-
ble whenever s/he saw a vertical grating. The responses
were recorded and used to construct the PF for each partic-
ipant. By comparing the PFs from amblyopic and normal

observers, we hope to answer whether and how the prop-
erty of orientation tuning is altered in amblyopia.

MATERIALS AND METHODS
Participants

Seventeen participants with amblyopia (A1-A17, 27.1 £ 7.1
years, 8 men) and 18 control participants (N1-N18, 25.1
+ 2.7 years, 4 men) took part in the experiments. All
participants with amblyopia had been previously diagnosed.
At the time of the experiment, all participants had gone
through detailed ophthalmologic and optometric examina-
tions performed by the authors (J.Z., C.L, and Y.Y.). All
participants, except A2, had astigmatism no more than 1.5
diopters (D), and showed no sign of any pathological abnor-
mality. Participant A2 had congenital cataract and intraocular
lens implantation in both eyes. A8 and A15 who had stra-
bismus had surgically corrected the eye alignment. All of
the control participants had normal or corrected-to-normal
vision (IogMAR < 0.0). The contrast sensitivity functions
(CSF) of the amblyopes (except A8 and A14) were measured
using a Bayesian adaptive procedure, the description of
which can be found elsewhere.>® There was one participant
in the control group and 11 participants in the amblyopic
group who had experiences of psychophysical experiments.
See the detailed information of the amblyopic participants
in Table Al, Appendix A.

All participants were naive to the purpose of the study.
They wore the best optical corrections at the test distance
during the experiments. Eye dominance was determined
with the hole-in-card method for each healthy subject.”> The
study adhered to the tenets of the Declaration of Helsinki
and was approved by the institutional review board of
human subject research of the Eye Hospital, Wenzhou Medi-
cal University. Written informed consent was obtained from
each subject before the experiment.
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Apparatus

The stimuli were generated using customized program writ-
ten in MATLAB (The MathWorks Corp., Natick, MA, USA)
with Psychtoolbox extension.’® The program was run on
an Intel NUC computer (Model: NUC6i7kYK; Intel Corpora-
tion, Santa Clara, CA, USA). The stimuli were displayed on a
gamma-corrected monitor (ASUS SWIFT PG278QR; Asustek
Computer Inc., Taipei, Taiwan). The monitor has been care-
fully tuned and calibrated so that the typical artifacts asso-
ciated with liquid crystal displays (LCDs)*"->® were minimal-
ized and had negligible effects on participants’ behavior. The
display had a spatial resolution of 2560 x 1440 pixels and a
refresh rate of 120 Hz. Each pixel subtended 0.009 degrees
at a viewing distance of 1.44 m. The mean luminance was
100.7 cd/m?. The key-pressing responses of subjects were
recorded by an RT Box with the temporal resolution less
than 26 ps™ that ensured precise collection of response time.
A chin/forehead rest was used to minimize head movement
during the experiment. Observers viewed the stimuli monoc-
ularly with their best correction, if any, in a dark room. The
eye not being tested was occluded by an opaque patch.

Stimuli

The stimulus used for measuring orientation tuning was a
sequence of sinusoidal gratings presented at 30 Hz (each
grating lasted 33.3 ms). The spatial frequency of the grat-
ings was fixed at 1 cycle per degree (c¢/deg) and the contrast
was 99%. The low spatial frequency and high contrast were
used to compensate the sensitivity loss in amblyopia.>3%45:46
We chose 30 Hz presentation rate because it has been
widely validated in previous researches’®>° and the orien-
tation tuning did not depend on temporal frequency.®® The
gratings had a circular aperture of 3.0-degree diameter and
were presented at the center of the display. The orientation
of each grating was chosen randomly from 0, 18, 36, 54, 72,
90, 108, 126, 144, and 162 degrees. The phase of the gratings
was chosen from 0, 7/2, m, and 37/2 randomly. The entire
grating sequence consisted of 1800 gratings and lasted 60
seconds. The presentation order of the gratings with differ-
ent orientations and phases was generated such that each
orientation and phase combination was displayed for equal
(45) times.

Procedure

Each trial started with the presentation of a black fixation dot
(diameter of 0.28 degrees) at the center of the screen. The
stimulus presentation began after the participant pressed the
“SPACE” key. There was a brief tone signaling the onset of
the grating sequence. The participants were asked to moni-
tor the gratings presented at the center of the display and
to press the button on the RT Box as fast as possible, when-
ever they noticed a vertical grating (90 degrees orientation).
The time stamp of each key press was recorded. After the
60-second stimulus presentation, the fixation spot displayed
again at the center of the screen. There was a total of 30 trials
in a test session which lasted 45 minutes. No feedback was
provided. The participants could take breaks between trials
and press the “SPACE” key to initiate the stimulus presenta-
tion of the next trial.

The dominant eyes of the healthy participants and the
amblyopic eyes of the participants with amblyopia were
tested. All the participants were given practice trials to make
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sure they fully understood the task before formal experi-
ment. To rule out the potential bias due to our choice of
dominant eyes as the control, we additionally tested the non-
dominant eye of the eight (of 18) healthy participants who
were able to revisit our laboratory. The CSFs of both eyes of
the eight participants were also measured during the revisit.

Analysis

The PF for the orientation identification task was derived
using a technique of subspace reverse correlation in the
orientation-time domain.?®4-50 The data were analyzed to
reflect how the history of gratings in different orientations
determined the button presses (Fig. 2a). Specifically, we
looked at the grating orientations within 1 second periods
(30 gratings) prior to each response (key press). The orien-
tation histogram h(0) was calculated for each time offset ©
(— 30 < 7 < —1, in the unit of stimulus frames). The results
were averaged across the four phases. By dividing the total
number of responses, we obtained the response probabil-
ity p(6) of a particular orientation 6 at time t (Fig. 2b). By
concatenating p(6) across all ts, we have the orientation-
time PF(0, t), which had 330 data points in total, with 11
orientations (the response at orientation of 0 degrees was
also been treated as that at orientation of 180 degrees) by
30 temporal delays (Figs. 2b, 20).

To remove the temporal noise, the raw PF was convolved
with a Gaussian window in the time domain to remove the
frequency component greater than 10 Hz. To better extract
the properties of the PF, a parametric model?® was fitted to
the temporally smoothed PF data:

PFO, 0)=a@E@+ B@IO)+ y(@)+¢c, D

where E(@) and I(0) were the excitation and inhibition
component of the orientation tuning curve, respectively;
a(7) and B(7) controls how the excitation, inhibition tuning
components evolve over time, respectively; whereas y(7)
represented a non-orientation selective global component
that evolves in time; whereas ¢ represented the baseline
guessing rate of the observer.

Both E(0) and I(0) are described by transformed von
Mises distribution?®-%';

exp (kg cos (2 (6 — 6g))) — exp (—kg)
exp (kg) — exp (—kg)

E@®) = ) (2a)

1@0)= =P (k7 cos (2(0 — ) — exp (—Kz)’

2b)
exp (k) — exp (—ky)

where «; and «; determine the width of the excitation and
inhibition tunings, respectively; and 6 and 6, represent the
centers of the two components, separately. Given that the
target was vertical grating for every participant, 6z and 6,
were set to 90 degrees for simplicity in our analysis.

The temporal dynamics «(7), B(r), and y(r) were
described by three skewed Gaussian distributions.?®-%2

T—Tg T— 71
Ot(f)=2ﬂo¢( >¢<nn( )) (32)
Of O
T—1 T—1
ﬂ(f)=2ﬁ0¢( )CD(m( ))
oy or

(3b)
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FiGure 2. (a) An illustration of how the perceptive field is derived. The grating orientations within a 1 second period (30 gratings) prior

to each response (key press) were piled together. The orientation histogram h(0) was calculated for each time offset t. The histogram was
then divided by the total number of responses to get p(0). The red circles represent timestamps of button presses. (b) The perceptive field
PF(0, 1) is the concatenation of p(f) over all ts. (¢) The perceptive field PF(#, 7) as a heatmap.

y(0) =2 m(’;“) ® (nc(t;“)), Go)
G G

where 7, 7;, and 7, determine the time corresponding to
the peak, valley, and extremum of three components, respec-
tively; og, 07, and o determine the widths of the distribu-
tions, respectively; ng, n;, and ns determine the skewness
of the distributions; ay, Bo, and y, are scaling factors that
control the extrema of the components; () and () are the
probability density and cumulative probability density func-
tions of a standard normal distribution, respectively.

Equation 1 was fit to the smoothed PF(0, t) data by maxi-
mum likelihood procedure® to obtain the best fit parame-
ters (KE7 K1, Tg, 1, TG, OF, O1, 06, NE, N1, Na, o, ﬂO» Yo, and
¢) and best fit PF(9, 1) for each participant. The best-fitted
PF was used in the comparison between the two groups.
Because Equation 1 provided good fit to the data for all
participants (x? test, all ps > 0.05), we further calculated
the 7 of the model for each participant.

To compare the orientation-time PF between the two
groups, a cluster-based permutation test,**% was adopted.
The test allowed us to look into the connected regions/areas
in the orientation-time domain that differed between the
amblyopic and normal groups. It has been proposed to deal
with high dimensional data set in recent years, while keep-
ing the family-wise error rate under control, and has been
widely used in neuroscience for analyzing the electroen-

cephalogram (EEG) or magnetoencephalography (MEG)
data 046>

After detecting particular regions in the orientation and
time domains that differed significantly between PFs in the
amblyopic and healthy groups, we then computed the orien-
tation tuning curve and temporal response curve. The orien-
tation tuning curve was calculated as the average PF(0, 1)
over time t, weighted by its total squared deviation from
uniformity at each t:

> . w,PF(@, 1)

OoT () = S w )

@

where, w, = Y (PF(9, t) — 0.1)%.
6
The temporal dynamics of PF was examined at two orien-

tations, 90 degrees and 54 and 126 degrees (i.e. PF(90, 1)
and PF(54/126, 1)). Specifically, we defined the temporal
response curve:

PF(90, D) =a (D) + (D + vy (D +ec ®

Then t-tests were used to determine which parameters
that differed in each domain, separately, serving as post hoc
tests.
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REsuULTS

We first looked at the response frequency (defined as the
total number of key presses divided by the total number
of the target, 5400) made by the amblyopic and healthy
participants in the orientation identification task. There was
no significant difference in response frequency between the
amblyopic and control groups (0.086 £ 0.051 vs. 0.083 +
0.041, #(33) = 0.183, P = 0.850).

The Perceptive Field

The best fit PFs are plotted as the upper and lower heatmaps,
respectively, in each participant’s panel of Figure 3. The time
axis of the perceptive field is negative, relative to the time
point of response. The model (Equation 1) provided a good
fit to the PF for every participant (x? test, all ps > 0.05). The
fitting statistics of all participants were listed in Table A2,
Appendix A. The PF of most participants showed similar
characteristics: reaching maximum response at around -500
ms and becoming generally flat around —100 ms prior to
the response. The responsive region had a peak at the target
orientation (as expected), where it was excited by the stim-
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uli, and two suppressive valleys at adjacent orientations,
where the stimulus was less likely to drive responses. It is
worthy to note that the PF of participants A1, A16, or A17 did
not show any regularity like other participants with ambly-
opia (see Fig. 3). The coefficient of determination (+*) of
Al, A16, and A17 was significantly smaller than that of the
rest of participants (0.329 £ 0.082 vs. 0.780 £ 0.088, #(33) =
8.505, P < 0.001; see Table A2, Appendix A). The data of A1,
A16, and A17 were too noisy to reliably derive reasonable PF
parameters. Thus, their results were excluded from the rest
of the analyses. However, including these three participants
will not change our results (Fig. A1, Appendix A).

To investigate the effect of amblyopia on the orientation
tuning properties, the best-fit PF of the two groups were
compared. The averaged (best fit) PF of the 14 amblyopic
eyes (AE) and 18 dominant eyes (NE) of healthy participants
are shown in Figures 4a and 4b, respectively, along with the
difference between the two (Fig. 4¢). As shown in the signifi-
cance map (Fig. 4d), there were three regions where the PFs
of the two groups differed. At the target orientation, from
time -345 ms to -103 ms, the PF of the AE was significantly
smaller than that of the NE (P = 0.009). At both orientations
54 degrees and 126 degrees, from time -310 ms to -241 ms,
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Ficure 3. The smoothed (upper) and best fitted (lower) perceptive fields of the participants with amblyopia (approximately Al to A17)
and healthy participants (approximately N1 to N18). Difference in color indicates the response probability.
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Ficure 4. (a) The averaged perceptive field of the amblyopic group.
(b) The averaged perceptive field of the control group. (¢) The PF
difference between the two groups b and a. The different color
represents the value of response probability. (d) The statistical
significance of each point of the PF difference based on the cluster-
based permutation test. The color cyan indicates regions with P >
0.05. The red and blue colored areas indicate where the PFs in the
two groups differ, but in different signs, respectively.

the response of the AE was significantly greater than that of
the NE (both ps = 0.030). The result indicated that the PF of
the AE differed from that of the NE in both orientation and
time dimensions.

The Orientation Tuning

The orientation tuning curves of the two groups had a typical
“Mexican hat” shape (Fig. 5a). To compare the shape of the
orientation tuning between the two groups, the modulation
depth of the response, defined by the difference between the
maximum and minimum responses, and the full bandwidth
at half difference between the maximum response and the
response at orthogonal orientation of the orientation tuning
curve were extracted (Fig. 5f). The bandwidth of the AE and
NE were 31.41 + 10.59 degrees and 24.76 + 6.85 degrees,
respectively. The AE had a larger bandwidth than that of
the NE (#(30) = 2.155, P = 0.039; Fig. 5b). No difference in
the modulation depth between two groups was found (#(30)
= 0.997, P = 0.327; Fig. 5¢). The correlation between the
modulation depth and bandwidth was not significant (r =
—0.334, P = 0.243). We also compared the width parame-
ters Kz and k; of the excitation and inhibition orientation
tuning components (Equation 2) between the two groups.
The width parameters «z (#(30) = 2.581, P = 0.015; Fig. 5d)
and «; ()(30) = 2.359, p = 0.025, Fig. S5e) of the AE were
smaller than those of the NE. The result indicated that the
orientation tuning in the AE was broader than that in the NE
(see Fig. 5).

The Temporal Dynamics

We then examined the dynamics of PF in temporal domain.
In Figure 6a, the response at the target orientation (.e.
PF(90, 1) [temporal PF]), is plotted as a function of time
for the two groups. The temporal PF of the AE and NE
had a similar bell shape, increasing to the peak and then
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dropping down to the baseline before response. A one-
dimensional cluster-based permutation test was used to
compare the temporal dynamics of the PF between the two
groups. The response of the AE was significantly lower
than that of the NE from -310 ms to -103 ms (cluster-based
permutation test, P = 0.001; see Fig. 6a). We also plotted
the temporal curve at the most suppressive orientation (i.e.
54/126 degrees) in Figure 6b. The amblyopic eyes showed
higher responses from -310 ms to -241 ms (cluster-based
permutation test, P = 0.006). The shape parameters of the
temporal PF, including the peak of target response (Rpcax),
the time corresponds to Ry (reaction time [RT]), and
the full width of half-height (FWHH) were also compared
(Fig. 6g). The AE had a significantly longer RT than the
NE (483 ms + 68 ms vs. 425 ms + 58 ms, t (30) = 2.588,
P = 0.015; Fig. 60). Neither Ryeac (#(30) = 1.283, P =
0.209; Fig. 6d) nor FWHH (#(30) = 0.183, P = 0.850; Fig. 6e)
showed any differences between the two groups. The peak
time of the inhibition component (Equation 3b) t; of
amblyopia was longer than that of the normal controls
(#(30) = 2.245, P = 0.032; Fig. 6f). The results indi-
cated that the main temporal change in the amblyopic PF
was due to a general delay instead of the overall shape
alternation.

Relationship Between Orientation Tuning and
Contrast Sensitivity

To investigate how the PF changes in orientation-time
domain related to the spatial vision in amblyopia, we
performed correlation analyses. No significant correlation
was found between the contrast sensitivity (CS) at spatial
frequency (SF) of 1 ¢/deg (CS values of the amblyopic partic-
ipants are listed in Table A1, Appendix A) and the bandwidth
of the orientation tuning or RT in the amblyopic group (both
ps > 0.05; Fig. 7).

Comparing PFs Between the Dominant and
Non-Dominant Eyes

To rule out the possibility that the PF difference we found
between the AE and NE was due to the choice of the domi-
nant eye as the control eye, we additionally collected the
PFs of the non-dominant eyes (NDE) from eight (of 18)
normal participants, and compared the PFs between the
dominant eye (DE) and NDE of these eight healthy partici-
pants. The PFs of the DE and NDE are shown in Figures 8a
and 8b, respectively. The paired permutation test showed
that there was no significant difference in any region of
the PFs between DE and NDE of healthy participants (P >
0.05; Figs. 8c, 8d). Further analysis showed that there was no
significant difference in either tuning bandwidth (24.7 £+ 6.6
degrees vs. 25.6 &+ 7.4 degrees, paired t-test, #(7) = 0.585, P
= 0.577) or RT (418 £ 50 ms vs. 439 £ 59 ms, paired I-test,
#(7) = 0.905, P = 0.396) between the DE and NDE.

DISCUSSION

Summary

In this study, we asked participants to continuously detect
vertical gratings embedded in a stream of randomly oriented
gratings and estimated the orientation-time PF for the verti-
cal grating detection task in the amblyopic and healthy
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Ficure 5. (a) The orientation tuning curves of the amblyopic (red) and the normal eye (blue). (b) The bandwidth of the participants with
amblyopia was larger than that of the control participants. (¢) No significant difference in the modulation depth was found. (d) Both ky and 1
in the amblyopic group were significant smaller than that of the control group. Error bar: &1 standard error. Asterisks: statistical significance
with P < 0.05. (f) Shape analysis of the orientation tuning curve. The parameters used in the analysis are illustrated. The modulation depth
of the response is defined by the difference between the maximum and minimum responses. The bandwidth is defined as full bandwidth at
half difference between the maximum response and the response at its orthogonal orientation.

participants using a subspace reverse correlation tech-
nique.?64-50 Although no difference in the total response
frequency was found between the amblyopic and control
participants, the cluster-based permutation test revealed
that there were significant differences in the PFs between
the amblyopic and healthy eyes in both orientation and
time domains. Further analyses showed that the orienta-
tion tuning curve in the AE was broader than that in the
NE (see Fig. 5). The temporal dynamics of the PF in ambly-
opia showed a general delay (see Figs. 6a, 6b) instead of the
shape change of response dynamics (see Fig. 6e). No differ-
ence in PFs between the DE and NDE in the normal group
was found (see Fig. 8).

It has been reported that orientation discrimination sensi-
tivity decreased with stimulus contrast.°>%” Thus, we chose
gratings of low spatial frequency and high contrast as our
stimulus, aiming to equate the effective contrast of the stim-
ulus in the amblyopic and healthy eyes. Although contrast
sensitivity loss is the hallmark of amblyopia, the deficits are
much more prominent at high spatial frequencies.>”% In

addition, suprathreshold contrast perception of the ambly-
opic eyes was found to be largely normal.®””° To further
confirm this, we additionally measured the CSFs of both DE
and NDE of eight healthy participants, and compared these
normal CSFs with those of the 12 amblyopic participants
who had valid PF measures. The AE exhibited typical CSF
deficits, with significantly reduced area under the CSF (AE
vs. DE, #(18) = 4.335, P < 0.001; AE vs. NDE, #(18) = 4.403,
P < 0.001; Fig. 92). However, there was no sensitivity differ-
ence at 1 ¢/deg between the amblyopic and either of the
healthy eyes (AE vs. DE, #(18) = 1.290, P = 0.213; AE vs.
NDE, #18) = 1.167, P = 0.258), as expected.

To rule out the possibility that the PF difference we found
between the AE and NE was due to the eye dominance,
we additionally collected the PFs of the non-dominant eyes
from eight (of 18) healthy participants. No significant differ-
ence was found in any region of the PFs between the DE
and NDE of the eight healthy participants (see Fig. 8).
We further compared the bandwidth and RT between the
AE and NDE. There was also no significant difference in
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7) is symmetrical to PF(54, 1). Color red: amblyopic eye; color blue:
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peak time of the inhibition component (Equation 3b), 7; (f) between
the two groups. Error bar: 1 standard deviation. Asterisks: statisti-
cal significance. (g) Shape analysis of the temporal response curve
PF(90, 7). The peak of the PF at the target orientation (Rpeai), the
time corresponds to Rpeax (RT), and the full width of half-height
(FWHH) is illustrated.
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Figure 7. (a) The correlation between the bandwidth of the orien-

tation tuning and the CS at 1 ¢/deg. (b) The correlation between the
RT of the PF and the CS at 1 ¢/deg.

bandwidth (#(20) = 1.360, P = 0.189; Fig. 10a) or in RT (#(20)
= 1.511, P = 0.147; Fig. 10b) between the AE and NDE. After
inspection of the individual data of the bandwidth and RT
(see Figs. 10a, 10b), we suspect that no statistical difference
found between the AE and NDE was probably due to the
insufficient sample size (8 NDEs). To overcome this, we used
the bootstrap procedure to estimate the standard errors for
bandwidth and RT of the AE (# = 14), DE (n = 8), and
NDE (n = 8). There were 10,000 bootstrap samples of the
bandwidth and RT that were generated for the AE, DE, and
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Ficure 9. (a) The contrast sensitivity functions of the 12 amblyopic
eyes (red), of the dominant eyes (DE, blue) of the eight normal
participants, and of the non-dominant eyes (NDEs; yellow) of the
same eight participants. (b) Illustrates the orientation tuning of a
V1 neuron involves both the feedforward excitation from the lateral
genius nucleus,?? and the intra-cortical lateral inhibition 26:34.35.71
(c) Both excitation and inhibition curves were broader in amblyopia.
(d) The temporal response curve PF(90, 7) aligned to the peak. The
short vertical bars denote the time participants responded. Shaded
areas: +1 standard error.

NDE, respectively, with the data for DE and NDE were always
paired. Figure 10c shows that empirical distributions of the
bandwidth samples for the AE, DE, and NDE. The Z test
showed that the bandwidth difference between the AE and
DE was significant (z = 1.92, P = 0.028). The bandwidth
difference between the AE and NDE was marginally signifi-
cant (z = 1.602, P = 0.055). There was no significant differ-
ence in bandwidth between the DE and NDE (z = 0.611, P =
0.27). Similar results for the RT samples can be seen in Figure
10d. There was a significant difference in RT between the AE
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Ficure 10. The tuning bandwidth (a) and RT of temporal dynamics
(b) in the AE (red), DE (blue), and NDE (yellow). Each filled cycle
denotes the data of each participant. The black dotted lines connect
paired data of the DE and NDE. Error bar: 1 standard deviation.
The empirical distributions of the tuning bandwidth (¢) and RT (d)
were estimated from 10,000 bootstrap samples. The dasbed lines
indicate the means of the distributions. Asterisks: Statistical signifi-
cance for P < 0.05. #: Marginal significance for 0.05 < P < 0.1.

and DE (z = 2.68, P = 0.004), and between the AE and NDE
(z = 1.66, P = 0.048). There was no significant difference in
RT between the DE and NDE (z = 0.956, P = 0.17). Thus, the
PF difference between the AE and DE we found in the study
was not likely due to the choice of the dominant eye as the
normal control group. Instead, it should be interpreted as
reflecting the difference in orientation processing between
the amblyopic and normal visual system.

The Orientation Tuning in Amblyopia

Psychophysical reverse correlation technique has been
widely used to probe the early sensory processing in
early visual cortex.>’7%73 Especially with the task in which
the participant was in control of the viewing duration,
psychophysical reverse correlation offers the advantage of
unbiased estimation of the sensory kernel.>!7* By using the
same paradigm of rapid presentation of gratings in differ-
ent orientations, Roeber, Wong, and Freeman*® showed that
the paradigm could revoke strong cross-orientation suppres-
sion, which was tied with the sharpness of neural orienta-
tion tuning in visual cortex.>>3> The PF estimated in our
study is very similar to that found in the V1 neurons of
awake macaques.”” The orientation tuning curve we found
had a typical “Mexican hat” shape, similar to that reported
in V1 neurons® as well as in human observers.>® In addi-
tion, the bandwidth of the healthy participants found in
our experiment was also comparable with that measured
in simple cells of macaque striate cortex?> and in human
observer.”°~7® Neurons at higher hierarchy of visual process-
ing likely have larger receptive field”” and broader tuning
width.2 As summarized by Cass, Stuit, Bex, and Alais,”® the
smallest bandwidth to the 1 c¢/deg grating reported in the
literature was about 24 degrees, which is very close to what
we found (26 degrees) here. Therefore, we believe that the
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orientation aspect of the estimated PF was more likely to
reflect the tuning property of the low-level visual process-
ing, and our result provided strong evidence for examining
whether and how amblyopia affects orientation tuning in
human.

We found that the orientation tuning in the amblyopic
visual system was broader than that in the normal visual
system. This is consistent to the result in a previous study,
where Huang, Zhou, Liu, et al.*> measured the monocular
tilt illusion in patients with amblyopia, and suggested that
the abnormal tilt illusion in amblyopia could be explained
by a broader orientation tuning. Levi, Waugh, and Beard*’
also found that there were some of the amblyopic partic-
ipants who showed broader orientation tuning. The shape
and bandwidth of the orientation tuning estimated in our
study are also within the range reported in the study by
Levi, Waugh, and Beard.?’

The width of excitation and inhibition tuning, recipro-
cally related to the parameters k; and «;, were found both
wider in amblyopia (see Figs. 5d, 5e). The orientation tuning
of a V1 neuron involves both the feedforward informa-
tion from the lateral genius nucleus,? and the intra-cortical
interaction?®3%35 (see Fig. 9b). Our results might suggest
that the geniculocortical feedforward input and intracorti-
cal lateral interactions in orientation processing are both
affected in amblyopia (see Fig. 9¢). There were human stud-
ies that demonstrated that the geniculocortical input and
lateral interaction were impaired in amblyopia. Using high-
resolution functional magnetic resonance imaging (fMRD),
Wen, Wang, Zhou, et al®' found the amblyopic eye exhib-
ited reduced response in the parvocellular layers of the
lateral geniculate nucleus and weaker connection to V1. With
psychophysical approaches, Polat, Sagi, and Norcia® and
Polat, Ma-Naim, Belkin, and Sagi®® reported that the abnor-
mal spatial interaction in patients with amblyopia suggested
the horizontal connections in primary visual cortex were
disrupted.

The Response Dynamics in Amblyopia

Psychophysical reverse correlation could also provide the
temporal dynamics of the visual processing. The PF was
essentially the histogram of stimulus orientations of all
responses at different time (see Fig. 2). The temporal spread
of the PF essentially reflected the variability of the RT across
trials. There was no difference in FWHH of the temporal
response curve, PF(90, 1), between the two groups. When
we aligned the peak time of the temporal PFs of the two
groups, it is evident that the shape of the temporal PF of
the two groups was similar (see Fig. 9d). The result suggests
that the RT variability of the AE and NE was comparable.
The orientation-time PF is information-rich, as it encom-
passes the entire temporal course from the neural process-
ing delay from the retina to the brain and from the brain
to the muscles. The RT of the temporal response curve was
more than 400 ms, which is much greater than that of neural
responses in V1.2071.8% Thus, the RT possibly contained a
substantial component taken by the processing at down-
stream visual areas of V1. The AE showed a significantly
longer RT than the NE(DE), which is consistent with previ-
ous works involving psychophysics®~®" or EEG measure-
ment.?® The temporal response curve had a flat region that
followed the hump, where the stimulus had no influence
on the response (see Fig. 6a, Fig. 9d). This region set the
lower limit of the RT which is believed to consist of the
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time needed to generate the internal representation from
the stimulus, and the post-sensory delay that is needed
to execute the response.’!®% Given that the FWHHs of
the temporal response curve in the AE and NE were simi-
lar, and that the effective contrast between the AE and NE
were equated, we thus speculated that the prolonged RT
in amblyopia possibly reflected the post-sensory delay at
downstream visual areas of V1. Similar to our finding, Farzin
and Norcia® has also reported that the prolonged RT in
amblyopia was independent of visual acuity and suggested
the cortical connections to higher brain areas underlying
decision and response selection processes were affected by
amblyopia.

CONCLUSION

In conclusion, using a subspace reverse correlation
paradigm with gratings of 1 c¢/deg and 99% contrast, we
found an altered orientation-time PF in amblyopia character-
ized by a broader tuning width and general temporal delay.
Our result suggests that amblyopia may lead to abnormal
feedforward geniculocortical input and lateral intracortical
connections, and higher level deficit that related to down-
stream processing. Our study sheds light on the mechanisms
underlying the deficits of orientation processing in ambly-
opia. It also bridges the gap between the findings at single
cell and behavioral levels and provides rigorous constraint
for models of orientation selectivity.
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APPENDIX A

The detailed information of the amblyopic partic-
ipants is listed in Table Al. The goodness of fit
of Equation 1, including x? statistics and %, for each
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participant is listed in Table A2. When all partici-
pants were included, the cluster-based permutation
test showed that the differences between the AE
and NE were significant (Fig. A1).

TaBLe Al. Characteristics of the Amblyopic® Participants

No. Sex Age Eye Type® Correction VA€ csd at 1 ¢/deg Experienced

1 F 32 NAE Aniso 40.25DS/—0.50DC x 130 —-0.1 N/A Yes
AE +5.00DS/—1.00DC x 15 0.5 53

2 F 28 AE Depri —2.25DS 0.4 N/A Yes
AE —3.00DS 0.7 147

3 M 22 NAE Aniso —4.00DS —0.1 N/A Yes
AE +5.00DS 0.6 123

4 M 45 AE Aniso +7.75DS 0.2 N/A Yes
AE +6.50DS 0.1 255

5 M 36 AE Aniso +5.50DS/+1.0DC x 170 0.8 242 Yes
NAE —2.75DS 0.0 N/A

6 M 27 NAE Aniso —4.75DS/—1.25DC x 18 —0.1 N/A Yes
AE +0.25DS 0.3 115

7 M 22 NAE Aniso —4.75DS 0.2 N/A Yes
AE +3.00DS 0.5 225

8 F 38 NAE Mixed —2.75DS/—0.50DC x 30 0.0 N/A No
AE +2.25DS/—0.50DC x 150 0.3 N/A

9 M 21 NAE Aniso —0.75DS 0.0 N/A No
AE +0.50DS/—0.50DC x 180 0.3 237

10 F 20 NAE Aniso —1.50DS 0.05 N/A No
AE +6.00DS/—1.00DC x 170 0.5 104

11 M 25 AE Aniso —14.75DS/—1.0DC x 180 0.7 82 Yes
NAE —7.75DS/—0.75DC x 10 0.0 N/A

12 F 27 NAE Aniso Plano —0.1 N/A Yes
AE +1.0DS/—0.50DS x 180 0.4 205

13 F 25 NAE Aniso —0.50DS 0.0 N/A Yes
AE +4.50DS/—0.75DC x 15 0.5 325

14 F 22 NAE Aniso —0.50DS 0.0 N/A Yes
AE +2.75DS/—0.50DC x 180 0.1 N/A

15 F 26 NAE Mixed —3.75DS/—0.50DC x 80 0.0 N/A No
AE +1.25DS 0.1 125

16 M 26 AE Aniso +4.50DS/—0.50DC x 170 0.8 165 No
NAE —0.50DS/—0.25DC x 30 —0.1 N/A

17 F 18 NAE Aniso —2.75.50DS/—1.00DC x 5 0.0 N/A No
AE +0.25DS/—1.50DC x 175 0.1 130

2 Al4, A15 and A17 are “treated” amblyopes. The PFs of A14, A15 and A17 were more similar to those of amblyopic group than the
normal group. After excluding these three “treated amblyopes,” our result still held.
b Mixed types of amblyopia with strabismus and anisometropia. Participant A8 used to be esotropia and her eye position been surgically
corrected. Her original eye position was not available. Participant A15 used to be intermittent exotropia and the eye position has been
surgically corrected. Her original eye position was —18A at distance and —8A at near. At the time of experiment, both A8 and A15 have

correct eye alignment.

€ Acuity is expressed in Logarithm of the Minimum Angle of Resolution (logMAR).
dCS at 1 ¢/deg was 138 & 25 (mean 4 SD) for the dominant eye of the 8 healthy participants, and 145 + 21 for the non-dominant eye
of the same eight normal participants, respectively. There was no sensitivity difference at 1 ¢/deg between the amblyopic and either of the
normal eyes (AE vs. DE, #(18) = 1.290, P = 0.213; AE vs. NDE, #(18) = 1.167, P = 0.258).
AE, amblyopic eye; Aniso, anisometropia; CS, contrast sensitivity; NAE, non-amblyopia eye; VA, visual acuity.
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TasLe A2. Goodness of Fit of the Model for All Participants

Participant %2 P ”

Amblyopia Al 2985.1 1 0.300
A2 2384.2 1 0.796
A3 1507.3 1 0.677
A4 5984.6 1 0.670
A5 5900.1 1 0.857
A6 3978.7 1 0.899
A7 4257.6 1 0.836
A8 10361.3 1 0.790
A9 5957.1 1 0.835
A10 5027.3 1 0.792
All 5121.1 1 0.708
Al2 2170.6 1 0.734
Al3 2479.2 1 0.671
Al4 4788.1 1 0.769
Al5 6239.5 1 0.528
Al6 3736.6 1 0.421
Al7 14,071.3 1 0.265

Normal N1 4251.1 1 0.815
N2 3757.0 1 0.757
N3 9432.3 1 0.664
N4 3300.0 1 0.794
N5 5342.5 1 0.840
N6 4506.6 1 0.785
N7 5584.2 1 0.902
N8 10,331.4 1 0.825
N9 2850.0 1 0.848
N10 8172.3 1 0.842
N11 6805.4 1 0.669
N12 2098.2 1 0.934
N13 3634.6 1 0.895
N14 3665.2 1 0.804
N15 6546.0 1 0.770
N16 3525.3 1 0.704
N17 3172.0 1 0.704
N18 2281.6 1 0.834
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Ficure Al. (a) The averaged perceptive field of all 17 amblyopic
participants. (b) The averaged perceptive field of the control group.
(c) The PF difference between the two groups b and a. Different
color represents the value of response probability. (d) The statistical
significance of each point of the PF difference based on the cluster-
based permutation test. The color cyan indicates regions with P >
0.05. The red and blue colors indicate where the PFs in the two
groups differ, but in different signs, respectively.



