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Introduction: Amblyopia is a developmental disorder associated with reduced
performance in visually guided tasks, including binocular navigation within
natural environments. To help understand the underlying neurological disorder,
we used fMRI to test the impact of amblyopia on the functional organization of
scene-selective cortical areas, including the posterior intraparietal gyrus scene-
selective (PIGS) area, a recently discovered region that responds selectively to
ego-motion within naturalistic environments.

Methods: Nineteen amblyopic adults (10 females) and thirty age-matched
controls (15 females) participated in this study. Amblyopic participants spanned
a wide range of amblyopia severity, based on their interocular visual acuity
difference and stereoacuity. The visual function questionnaire (VFQ-39) was
used to assess the participants’ perception of their visual capabilities.

Results: Compared to controls, we found weaker scene-selective activity within
the PIGS area in amblyopic individuals. By contrast, the level of scene-selective
activity across the occipital place area (OPA), parahippocampal place area
(PPA), and retrosplenial cortex (RSC) remained comparable between amblyopic
and control participants. The participants’ scores on “general vision” (VFQ-39
subscale) correlated with the level of scene-selective activity in PIGS.

Discussion: These results provide novel and direct evidence for the impact of
amblyopia on scene processing within the human brain, thus enabling future
studies to potentially link these changes across the spectrum of documented
disabilities in amblyopia.

KEYWORDS

fMRI, amblyopia, scene perception, intraparietal cortex, strabismus, anisometropia,
posterior intraparietal gyrus
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1 Introduction

Amblyopia is a developmental disorder caused by disruption of
balanced binocular input during early life stages. Amblyopic
individuals show reduced visual acuity, typically in one eye, despite
normal ocular structure. Amblyopic individuals usually rely on the
input from the less affected fellow eye, which enables them to show
relatively high binocular visual acuity, comparable to controls, under
binocular viewing conditions. However, emerging evidence suggests
that amblyopic children and adults show poorer performance during
visually guided activities, even when these tasks were conducted
binocularly (Birch, 2013; Kelly et al., 2015; Birch et al., 2019; Birch
etal, 2022). Among these impairments, limitations in distance vision
and peripheral vision especially affect the self-efficacy and quality of
life (QoL) for amblyopic individuals.

According to QoL studies, amblyopic individuals have difficulty
participating in outdoor physical activities, navigating around objects
without collision, and even crossing streets (Kumaran et al., 2019;
Randhawa et al., 2023). On one hand, these problems could be due to
impairments in depth (McKee et al., 1990; McKee et al., 2003; Levi et al.,
2015) and egocentric distance perception either in near personal space
(<2m) (Melmoth and Grant, 2006; Carlton and Kaltenthaler, 2011;
Grant and Moseley, 2011) or farther action space (Ooi and He, 2015).
According to animal models, these impairments are (at least partly)
associated with a decrease in the number of binocularly responsive
neurons in V1 (Crawford and Von Noorden, 1979; Horton et al., 1997;
Smith et al., 1997a) and decreased sensitivity to binocular disparity
within cortical areas V1-V3A (Kumagami et al., 2000; Bi et al., 2011).

On the other hand, difficulties in navigation and visually guided
activities could be also due to impaired scene perception in amblyopic
individuals. Mirabella et al., have shown that amblyopic individuals
show poorer scene discrimination performance and this impairment
is detectable even when 2D scene images are perceived with the fellow
eye, ruling out the possibility that the poorer scene discrimination
performance is due to the monocular impacts of amblyopia (Mirabella
etal, 2011). Although the impact of amblyopia on higher order visual
areas is expected (Lerner et al., 2003; Muckli et al., 2006), no previous
studies have tested the impact of amblyopia on those regions that are
selectively involved in scene perception.

In humans, there is a network of visual areas that shows a selectively
higher response to scenes, when compared to other visual object
categories (Nasr et al., 2011; Kennedy et al.,, 2024). In this study, we test
the hypothesis that amblyopia preferentially impacts function in one or
more of these scene-selective area(s). These areas include (but are not
limited to): (i) the temporal place area known as the parahippocampal
place area (PPA) (Epstein and Kanwisher, 1998), (ii) the occipital place
area (OPA) (Grill-Spector, 2003; Dilks et al., 2013), (iii) the medial place
area located near the retrosplenial cortex (RSC) (Maguire, 2001; Park
and Chun, 2009), and (iv) the posterior intraparietal gyrus scene-
selective area (PIGS). Compared to other category-selective visual areas,
activity within the scene-selective areas relies heavily on the distance
between the visual objects and the observer (Kravitz et al., 2011;
Persichetti and Dilks, 2016; Park and Park, 2020). Among these areas,
PIGS (Kennedy et al., 2024) and OPA (Kamps et al., 2016; Jones et al.,
2023) also respond selectively to ego-motion within naturalistic scenes.
Thus, considering impairments in distance and ego-motion perception
among amblyopic individuals, we expected the amblyopia impact to
be stronger on the scene-selective areas, especially in PIGS and OPA.
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To test the hypothesis that amblyopia influences the function of
scene-selective areas, we first tested (and confirmed) previous reports
that amblyopic individuals self-report lower scores for general vision,
distance activities, and peripheral vision, compared to age-matched
controls (Kumaran et al., 2019; Randhawa et al., 2023). To achieve this
goal, we administered the visual function questionnaire (NEI-VFQ 39),
a test designed to evaluate the functional and psychological effects of
visual conditions such as amblyopia (Mangione et al., 2001). We then
tested the hypothesis that amblyopia influences the function of scene-
selective areas. Specifically, we used fMRI to compare the evoked scene-
selective activity between amblyopic individuals and controls. The fMRI
results were compared relative to the individuals self-reported visual
functions to clarify whether or not the activity with scene-selective areas
is correlated with the participant’s self-reported performance in daily
activities. As a control, to test whether the impact of amblyopia is limited
to scenes or if it also affects the response to other stimulus categories,
we also measured the level of object-activity in our participants. To
reduce the impact of decreased stereoacuity (a common impairment
among amblyopic individuals) on the evoked brain response, participants
were presented with binocular, 2D images during the fMRI scans. Results
of these scans showed a decreased scene-selective (but not object-
selective) activity in area PIGS (but not the other scene-selective areas)
in amblyopic individuals compared to controls.

2 Methods
2.1 Participants

Forty-nine adult humans, aged 18-56 years, participated in this
study. Among them, nineteen individuals (10 females) were diagnosed
with amblyopia. They were either identified through their medical
records and invited to participate in the study by their ophthalmologists
or learned about the study through word of mouth from friends and
colleagues. The remaining thirty participants (15 females) had normal
corrected visual acuity in both eyes. They were recruited in response
to the study flyer. For both groups, the fMRI study marked their first
interaction with the research team.

All participants had radiologically intact brains, without any
history of neuropsychological disorder. All experimental procedures
conformed to NIH guidelines and were approved by Massachusetts
General Hospital protocols. Written informed consent was obtained
from all participants before the experiments.

2.2 General procedure

The study consisted of a behavioral experiment and two
neuroimaging tests. The behavioral tests were performed outside of
the scanner, including (1) answering a questionnaire, and (2)
conducting ophthalmological assessments. The neuroimaging
experiments were conducted on a different day relative to the
behavioral tests, inside of a 3 T scanner. The amblyopic participants
were scanned while wearing either corrective lenses or MR compatible
goggles (i.e., with their best corrected visual acuity). As demonstrated
in Table 1, a subset of volunteers (2 controls and 14 amblyopic
individuals) participated in all experiments. The others participated
in 1 or 2 experiments, depending on their availability at the time.
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TABLE 1 Participants demography and contributions.
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ID? Age® Gender* Exp 1 Exp 2 Exp 3 ID Age Sex Exp 1 Exp 2 Exp 3
Controls Controls
Cl1 24 M 1 1 1 Cl16 31 F 0 1 1
C2 30 M 1 1 1 C17 28 M 0 1 1
C3 26 F 1 1 0 C18 30 M 0 1 1
C4 32 M 1 1 0 C19 26 F 0 1 1
C5 22 F 1 1 0 C20 22 M 0 1 1
C6 43 M 1 0 0 C21 25 F 0 1 1
Cc7 38 F 1 0 0 C22 28 F 0 1 1
C8 38 F 1 0 0 C23 30 M 0 1 1
C9 35 M 1 0 0 C24 32 F 0 1 1
C10 26 M 1 0 0 C25 30 F 0 1 1
C11 23 F 1 0 0 C26 25 F 0 1 1
C12 34 F 0 1 1 C27 40 F 0 1 0
C13 32 F 0 1 1 C28 26 M 0 1 0
Cl4 38 M 0 1 1 C29 29 M 0 1 0
Cl15 37 M 0 1 1 C30 27 M 0 1 0
Strabismic Anisometropic / Deprivational
S1 40 F 1 1 1 Al 31 F 1 1 1
S2 20 M 1 1 1 A2 23 M 1 1 1
S3 28 M 1 1 1 A3 35 M 1 1 1
S4 26 F 1 1 1 A4 20 F 1 1 1
S5 31 F 1 1 1 A5 26 M 1 1 1
S6 26 F 1 1 1 A6 19 F 1 1 1
S7 21 F 1 1 1 A7 24 F 1 1 1
S8 56 M 1 0 0 A8 26 M 0 1 1
S9 28 M 0 1 1 A9 18 F 0 1 1
D1 30 M 1 1 1

*C = control, S = strabismic, A = anisometropic, D = deprivation.
"Age is measured in year.
“F=Female, M = Male.

2.2.1 Experiment 1 — behavioral tests

Among the participants, sixteen amblyopic individuals (9
females) and eleven controls (5 females) participated in the behavioral
experiment (Table 1). This experiment consisted of two parts: The
first part was based on the National Eye Institute (NEI) visual
function questionnaire (NEI-VFQ 39), which is a well-validated
questionnaire on visual function and disabilities, including subscales
on general vision, ocular pain, near vision, distance vision, vision-
specific social function, vision-specific mental health, vision-specific
role function, dependency, driving, peripheral vision, and color
vision. This questionnaire evaluates the subjective experiences of
individuals with visual problems, including their ability to perform
daily tasks, their emotional well-being, and their overall quality
of life.

The second
ophthalmological tests that were conducted outside of the scanner by

set of behavioral measurements included
an optometrist (JS) with extensive experience evaluating amblyopic
individuals. Those measurements assessed each participant’s best-
corrected monocular and binocular distance visual acuities [ETDRS
retro luminant chart (Precision Vision)], the presence of peripheral
monocular suppression (Worth 4-dot at near), and stereoacuity
[Randot stereo test (Stereo Optical)].
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2.2.2 Experiment 2 — scene-selective activity
measurement

Eighteen amblyopic individuals, plus twenty-four controls,
participated in this fMRI experiment. During the MRI scans,
participants were presented binocularly with 8 naturally colored
images of real-world scenes vs. group faces (Figure 1A) (Nasr et al.,
2011; Kennedy et al., 2024). Scene and face stimuli were retinotopically
centered and subtended 20° x 26° of visual field, without any significant
differences between their root mean square (RMS) contrast (t(14)
=1.10, p = 0.29). Notably, the group face stimuli contained significantly
stronger high spatial frequency components (>5 cycles/deg) compared
to scenes (p =0.02), ruling out the possibility that scene-selective
activity is primarily evoked by this feature (Rajimehr et al., 2011). The
levels of low spatial frequency components (<5 cycles/deg) were
statistically equivalent between scenes and group faces (p = 0.66).

Scene and face stimuli were presented in different blocks (16 s per
block and 1 s per image). Each individual participated in 6 runs. Each
run consisted of 10 blocks, plus 32 s of a blank gray presentation (used
as the baseline) at the beginning and at the end of each run (Figure 1B).
Within each run, the sequence of blocks and images within each block
were randomized. Data from one amblyopic participant was excluded
due to a technical problem in stimulus presentation.
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FIGURE 1

D 16s 16s 16s 16s 16s 16s

Examples of the stimuli used in this study and a schematic representation of stimulus presentation. (A) shows two examples of scenes (S) and group faces
(F) used in Experiment 2 (Nasr et al., 2011; Kennedy et al., 2024). As shown in (B), each experiment run consisted of 10 blocks, with an additional 32 s of
blank gray (G) presentation at the beginning and end of each run. (C) provides examples of objects (O) and scrambled objects (SO) used in Experiment 2.
(D) illustrates that, in Experiment 3, each run also consisted of 10 blocks, but with 16 s of blank gray presentation at the beginning and end.

During the scan, stimuli were presented via a projector
(1,024 x 768 pixel resolution, 60 Hz refresh rate) onto a rear-
projection screen. Participants viewed the stimuli through a mirror
mounted on the receive coil array. To ensure that participants were
attending the screen, each participant was instructed to report color
changes (red to blue and vice versa) of a centrally presented fixation
point (0.1° x 0.1°) by pressing a key on the keypad. Participant’s
detection accuracy remained above 75% and showed no significant
difference in color change detection performance across experimental
conditions (p > 0.10). MATLAB (MathWorks 2023a; Natick, MA,
United States) and the Psychophysics Toolbox (Brainard, 1997; Pelli,
1997) were used to control stimulus presentation.

2.2.3 Experiment 3 — object-selective activity
measurement

Among those who participated in Experiment 2, eighteen
amblyopic individuals and seventeen controls (9 females) agreed to
be scanned further to measure their response to intact and scrambled
objects. Stimuli consisted of 38 gray-scale images of intact everyday
objects (e.g., tools, furniture and fruits) and their scrambled versions
(i.e, no RMS contrast difference) (Figure 1C) (Nasr et al., 2013; Yue
et al,, 2013). Stimuli were retinotopically centered on a fixation spot
and subtended 20° x 20° of visual field. Intact and scrambled images
were presented binocularly in different blocks (16 s per block and 1 s
per image). Each individual participated in 6 runs, and each run
consisted of 8 blocks plus 16 s of blank gray presentation at the
beginning and at the end of each block (Figure 1D). Within each run,
the sequences of blocks (and images within blocks) were randomized.
Other details of the stimulus presentation and the participant’s task
during the experiments were identical to Experiment 2.

2.3 Imaging

Participants were scanned in a horizontal 3 T scanner (Tim Trio,
Siemens Healthcare, Erlangen, Germany). Gradient echo EPI
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sequences were used for functional imaging. Functional data were
acquired using single-shot gradient echo EPI, using isotropic voxels,
nominally 3.0 mm on each side (TR =2000 ms; TE =30 ms; flip
angle = 90°; band width (BW) = 2,298 Hz/pix; echo-spacing = 0.5 ms;
no partial Fourier; 33 axial slices covering the entire brain; and no
acceleration). During the scan session, structural (anatomical) data
were also acquired for each participant using a 3D T1-weighted
MPRAGE sequence (TR = 2,530 ms; TE = 3.39 ms; TI = 1,100 ms; flip
angle=7°%  BW =200 Hz/pix;
size =1.0 x 1.0 x 1.33 mm).

echo-spacing = 8.2 ms;  voxel

2.4 Data analysis

Structural and functional data analysis were conducted based on
using FreeSurfer (Fischl, 2012).

2.4.1 Structural data analysis

For each participant, inflated and flattened cortical surfaces were
reconstructed based on the high-resolution anatomical data (Dale
et al., 1999; Fischl et al., 1999; Fischl et al., 2002).

2.4.2 Individual-level functional data analysis

All functional data were rigidly aligned (6 df) relative to
participants own structural scan, using rigid Boundary-Based
Registration (Greve and Fischl, 2009), followed by motion correction.
The resulting data was spatially smoothed using a 3D Gaussian kernel
(2 mm FWHM). Subsequently, a standard hemodynamic model based
on a gamma function was fitted to the fMRI signal, sampled from the
middle of cortical gray matter (defined for each participant based on
their structural scan), to estimate the amplitude of the BOLD
response. Finally, vertex-wise statistical tests were conducted by
computing contrasts based on a univariate general linear model
(Friston et al., 1999). For presentation of activity maps based on
individual participants, the resultant significance maps were projected
onto a common human brain template [fsaverage; (Fischl, 2012)].
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2.4.3 Group-level functional data analysis

To generate group-averaged maps, functional maps were spatially
normalized across participants, then averaged using random-effects
models and corrected for multiple comparisons (Friston et al., 1999). The
resultant significance maps were projected onto the fsaverage template.

2.4.4 Vertex-wise between-groups comparison
Unless otherwise indicated, between-groups (amblyopic vs.

control participants) activity difference maps were also generated

random-effects model, after

based on a correcting  for

multiple comparisons.

2.4.5 Region of interest analysis

The main ROIs included area PIGS, plus each of the three
previously known scene-selective areas (PPA, RSC, and OPA).
We used two separate methods to define the ROIs. The results of using
these ROIs were analyzed and reported separately.

2.4.5.1 Labels generated from other datasets

We defined the scene-selective areas based on an independent set
of stimuli, other than those used to activate these areas. For this
purpose, PIGS was defined based on the group-averaged response
evoked by scene>face in a separate group of subjects (Steel et al.,
2023). Areas PPA, RSC and OPA were defined based on the dataset of
different group of participants with intact vision who were presented
with scenes and non-scene objects (including faces, tools, furniture
and other daily base objects) (Nasr and Rosas, 2016).

In addition to the scene-selective areas, area V6 (Pitzalis et al.,
2010) was also localized using a probabilistic label generated
previously based on an independent group of individuals (Kennedy
etal., 2024). Notably, this area also shows a significant level of scene-
selective response (Sulpizio et al., 2020; Kennedy et al., 2024).

2.4.5.2 Labels generated from odd vs. even runs

Since the independently generated ROIs (see above) were based
on the data from individuals with normal vision, it could be argued
that our method may be more suitable for measuring the activity in
controls rather than amblyopic participants. To answer this concern,
a separate set of ROIs were defined independently for amblyopic and
control individuals, based on the corresponding group-averaged
“scene > face” activity map (based on random-effects and after
correction for multiple comparisons). This process was done
independently for the odd and even runs for controls (at p < 102
threshold) and amblyopic participants (at p < 0.05 threshold). The
ROIs that were defined based on the odd runs were used to measure
the level of activity evoked during the even runs, and vice versa. This
procedure assured us that the ROIs were defined based on a different
dataset compared to the test data.

In Experiment 3, we also used the lateral object-selective complex
[LOG; (Grill-Spector et al., 2001)] as a control ROI. Area LOC was
localized functionally, based on the group-averaged activity map
evoked in response to the “intact>scrambled objects” functional
contrast. Here again, ROIs were defined for each group, based on their
own group-averaged activity maps.

2.4.6 Comparing the size of scene-selective areas

To compare the size of scene-selective areas between amblyopic
individuals and controls, these areas were localized for each participant
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based on their own scene-selective activity map at a threshold of
p <1072 These measurements were then normalized relative to the
size of the entire cerebral cortex. This procedure assured us that our
tests were not confounded by differences in overall brain size.

2.5 Statistical tests

To test the effect of independent parameters, we applied paired
t-tests and/or a repeated-measures ANOVA, with Greenhouse-
Geisser correction whenever the sphericity assumption was violated.
The effect of group was tested by comparing the response from
controls vs. amblyopic individuals, irrespective of the amblyopia
sub-type, unless otherwise is noted. All results were corrected for
multiple comparisons.

2.6 Data sharing statement

All data, codes and stimuli are ready to be shared upon request.

MATLAB (RRID: SCR_001622; https://www.mathworks.com).

FreeSurfer (RRID: SCR_001847; https://surfer.nmr.mgh.harvard.
edu/fswiki/FsFast).

Psychophysics Toolbox (RRID:SCR_002881; http://psychtoolbox.
org/docs/Psychtoolbox).

3 Results
3.1 Participants age and gender distribution

Nineteen amblyopic individuals (10 females), aged 18-56 years,
and thirty controls (15 females) with normal or corrected-to-normal
visual acuity, aged 22-43 years, participated in this study (Table 1).
Amblyopic participants consisted of 9 individuals with strabismus, 9
with anisometropia, and 1 with deprivational amblyopia. None of the
participants had combined strabismic and anisometropic amblyopia.
Independent applications of t-tests did not yield any significant age
differences between amblyopic vs. control participants (t(48) = 1.18,
p=0.25) or between anisometropic vs. strabismic participants
(t(17) = 1.38, p = 0.19). Application of this analysis to the subset of
participants who participated in each experiment yielded the same
result. Thus, potential differences between groups could not
be attributed solely to age differences.

3.2 Experiment 1 — ophthalmologic and
VFQ-39 tests

Sixteen amblyopic individuals and 11 controls were examined by
an optometrist with extensive experience with amblyopia to measure
their monocular and binocular visual acuity, monocular suppression,
and stereoacuity. They also answered the VFQ-39 questionnaire (see
Methods and Table 1).

3.2.1 Ophthalmological assessment

All amblyopic individuals (except for one) showed evidence for
either monocular suppression or diplopia (Worth 4-Dot; Table 2). In
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TABLE 2 Ophthalmologic assessment of all participants.

10.3389/fnins.2025.1527148

Age of Right Lefteye  Binocular Fellow/ Suppression Randot Angle of
diagnosis eye \VEL visual dominant = worth 4dots Stereoacuity® strabismus

visual acuity acuity eye (at4 min
acuity® D))

S1 <1 ~0.06 +0.06 —0.06 RE Diplopia >500 16/25

s2 3 +0.09 +0.30 +0.09 LE RE >500 12/10

S3 6 +0.48 ~0.02 +0.02 LE RE >500 25/18

S4 6 +0.00 ~0.06 +0.00 LE Diplopia 50 4/4

S5 3 +0.26 +0.04 +0.04 LE RE >500 10/8

S6 2 +0.46 —0.06 —0.14 LE RE >500 10/8

S7 4 —-0.08 —-0.10 —0.08 LE Diplopia 70 20/20

S8 5 —0.20 +0.06 +0.06 RE LE >500 16/16

S9 2 +0.00 +0.60 +0.00 RE LE >500 14/10

Al 5 -0.22 +0.20 —0.16 RE None >500 None

A2 5 —0.08 +0.30 —0.04 RE None 400 None

A3 11 —0.04 +0.26 —0.04 RE LE 200 None

A4 6 +0.06 +0.32 +0.00 RE None 40 None

A5 8 +0.00 +0.17 +0.00 RE Diplopia 200 None

A6 5 +1.00 —0.08 —0.08 LE RE >500 None

A7 8 +0.64 —0.10 —0.10 LE RE >500 None

A8 6 -125 -0.25 -0.25 RE LE >500 None

A9 7 +0.40 +0.00 +0.00 RE None >500 None

D1 4 —0.26 +0.10 -0.26 RE LE 100 None

*C = control, S = strabismic, A = anisometropic, D = deprivation.
"Visual acuity is measured in logmar.
‘Randot stereoacuity is measured in seconds of arc.

contrast, all tested controls showed binocular fusion. Moreover,
compared to controls, amblyopic individuals showed a significantly
higher interocular visual acuity difference (t(25) = 3.15; p < 0.01) and
poorer stereoacuity (t(25) =2.52; p < 0.01), as expected. However,
binocular visual acuity did not differ significantly between the two
groups (t(25) = 1.27; p = 0.22). Amblyopia severity as determined by
the interocular visual acuity difference was comparable between the
anisometropic (n = 7) and strabismic (n = 8) individuals (t(13) = 1.61;
p =0.13). Consistent with previous reports (McKee et al., 2003; Levi
et al,, 2015), strabismic individuals demonstrated more severely
impaired stereoacuity (>500 arc seconds) than anisometropic
individuals. However, stereoacuity was statistically comparable
between anisometropic and strabismic participants (t(13) = 1.57;
p=0.14).

3.2.2 Qualitative assessment of amblyopia
impacts on visual capabilities

Previous studies reported that amblyopic individuals struggle with
distance activities and peripheral vision (Kumaran et al, 2019
Randhawa et al., 2023). To directly test for analogous results in our
cohort, participants in Experiment 1 received the VFQ-39
questionnaire. Consistent with previous studies, we found significantly
lower (i.e., worse) scores for amblyopic individuals compared to
controls in the general vision, distance activities, and peripheral vision
categories (p <0.01; Table 3). In contrast, we did not find any
significant difference between the two groups in near activities, color
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vision, or driving capabilities (p > 0.08). No significant differences
were found between the strabismic and anisometropic individuals
across the VFQ-39 subscales (p > 0.14).

Beyond the scope of this study, we also found that amblyopic
participants reported lower “General Health” (p = 0.02), “Mental
Health” (p = 0.02), plus “Role Difficulties” (p < 0.01). These results
appear to be consistent with previous findings that amblyopic
individuals may show other psychosocial (Satterfield et al., 1993;
Packwood et al., 1999; Haine et al., 2025) and health-related (Wagner
etal., 2024) problems.

3.2.3 Predictability of VFQ-39 scores based on
the ophthalmological measurements

We tested whether the VFQ-39 scores for general vision, distance
activities and peripheral vision were predictable based on the level of
interocular visual acuity difference, binocular visual acuity and
stereoacuity. Among these VFQ-39 subscales, separate Pearson
correlation tests showed a significant linear relationship between the
interocular visual acuity difference and general vision (df =25,
R?=0.28; p < 0.01), and peripheral vision (df = 25, R* = 0.17; p = 0.03).
We also found a marginal (statistically non-significant) correlation
between the binocular visual acuity and general vision (df =25,
R?=10.13; p = 0.06). The correlations between the other factors were
non-significant (df = 25, R* < 0.10; p > 0.11). Notably, the correlation
between general vision and interocular visual acuity is at least partly
driven by the between groups (amblyopic vs. control participants)
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TABLE 3 VFQ-39 subscales.
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Subscale Controls (n = 11) Strabismic (n = 8) Anisometric Control vs. amblyopic
(mean + S.D.) (mean + S.D.) (n=8) participants®
(mean + S.D.) (p-value)
General health 88.18 + 12.50 75.31+9.20 77.81 + 15.09 0.02 *
General vision 85.45 +10.83 69.38 + 16.57 66.25 +9.16 <107 %
Ocular pain 94,32 +10.25 90.62 + 18.60 87.50 + 11.57 0.32
Near vision 98.86 + 3.77 97.40 + 4.42 92,71 +7.30 0.09
Distance vision 97.35 +5.36 86.98 + 13.63 86.98 + 8.16 <0.01 #*
Social functioning 100.00 + 0.00 95.83 +8.91 98.96 + 2.95 0.21
Mental health 97.27 + 3.44 86.25 + 19.41 83.75 + 12.17 0.02 *
Vision Specific
Role difficulties 100.00 + 0.00 92.97 +9.70 93.75 + 4,72 <0.01 **
Dependency 98.86 + 3.77 97.66 + 4.65 100.00 + 0.00 0.98
Driving 84.72 + 13.66 77.08 + 21.53 73.44 + 14.07 0.16
Color vision 100.00 = 0.00 100.00 + 0.00 100.00 + 0.00 1.00
Peripheral vision 97.73 +7.54 81.25+22.16 84.38 + 12.94 0.01 **

“The effect of group was tested between controls vs. amblyopic individuals, irrespective of their amblyopia sub-type. A separate test did not show any significant differences between

anisometropic and strabismic individuals (not shown here).
*: p<0.05 **:p <0.01.

differences in these two measures and application of the same test just
to the results from the amblyopic individuals did not yield any
significant correlation between the parameters (p >0.10). More
amblyopic individuals with a wide range of visual acuities are required
to test this hypothesis more thoroughly in the future.

3.3 Experiment 2 — scene-selective cortical
response

Experiment 2 was designed to test whether amblyopia is associated
with a decrease in the amplitude of scene-selective responses. Eighteen
amblyopic individuals, plus twenty-four controls, participated in this
experiment (Table 1) and were presented binocularly with scene and
face stimuli in different blocks (see Methods).

3.3.1 Head position stability

Head motion has a strong impact on the fMRI signal, and it may
influence the level and pattern of evoked fMRI responses, which might
thus confound between-groups comparisons. However, a t-test applied
to the measured level of head motion did not yield a significant
difference between the two groups (t(40) = 1.58, p = 0.12). Thus, head
motion was statistically comparable across the two groups.
Nevertheless, head motion was included as a nuisance covariate in all
analyses, to reduce any residual impact of head motion on our findings.

3.3.2 Group-level localization of scene-selective
areas

Figures 2A,B shows the scene-selective activity maps generated
by contrasting the evoked response to scene vs. face stimuli in control
and amblyopic participants, respectively. In both groups, we were able
to identify the PPA, RSC and OPA, without any apparent differences
in the location of these areas between control and amblyopic groups.
In controls, we were also able to detect area PIGS, close to the
posterior border of the parieto-occipital sulcus within the intraparietal
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gyrus (Figures 2A, 3A) (Kennedy et al., 2024). In the group-averaged
maps from the amblyopic participants, PIGS was detectable only
when the threshold was lowered to p < 0.05 (Figure 3B). Even in these
low-threshold maps, the center of PIGS appeared to be located more
ventrally in amblyopic participants compared to the control group.
This difference was also detectable when we generated the PIGS label
based on the group-averaged activity maps evoked independently
during odd and even runs (Figure 4).

Figure 3C shows the vertex-wise map of activity difference
between controls and amblyopic individuals, after correction for
multiple comparisons. In both hemispheres, we found stronger scene-
selective activity within PIGS in the controls compared to amblyopic
participants. Besides PIGS, we also found a significant between-
groups activity difference in the anterior intraparietal gyrus, on the
opposite side relative to PIGS, and posteriorly relative to the medial
and superior temporal sulci. Named lateral place memory area
(LPMA), this region is expected to be involved in place memory
retrieval (Steel et al., 2021; Steel et al., 2023). This latter activity
appeared to be stronger in the left compared to the right hemisphere.
However, the same pattern of activity was also detectable in the right
LPMA region, when analyzed without correction for multiple
comparisons (Figure 3D).

Beyond the sensory areas, we also found bilateral activity differences
within the temporal parietal junction (TPJ) and dorsolateral prefrontal
cortex (DPFC), two regions that are expected to be involved in attention
control and decision making (Figure 5). Importantly, these activity
differences were detected even though participants were not instructed
to do any scene-related tasks such as memory recall (Steel et al., 2021;
Steel et al., 2023) or spatial comparison (Nasr and Tootell, 2012b; Nasr
etal., 2013). Considering that the same areas (i.e., LPMA and TP]J) also
did not appear within the scene-selectivity maps in either control or
amblyopic groups (Figures 2, 3), the significant difference between the
groups was most likely due to subthreshold responses within these
regions. Due to such uncertainties, they were excluded from the rest of
the data analysis (see Discussion).

07 frontiersin.org


https://doi.org/10.3389/fnins.2025.1527148
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Malladi et al.

Controls (n=24) Amblyopic (n=18)
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FIGURE 2

Group-averaged scene-selective activity in control (A) and amblyopic (B) participants. By measuring the response to “scene>face” contrast, we located
areas PPA, RSC, OPA and PIGS (indicated by red, white, green and black arrowheads, respectively) for controls. In amblyopic individuals, we detected
the same overall scene-selective activity pattern. However, in amblyopic compared to control participants, we found a weaker scene-selective activity
within the posterior intraparietal gyrus (see also Figure 3). Both group-averaged activity maps were calculated based on random-effect analyses and
were overlaid on a common brain template (fsaverage). The white inset indicates the occipito-parietal region in which PIGS, OPA and RSC are located.
PPA: Parahippocampal Place Area; RSC: Retrosplenial Cortex; OPA: Occipital Place Area; PIGS: Posterior Intraparietal Gyrus Scene-Selective Area.

FIGURE 3

Group-averaged scene-selective activity in control and amblyopic participants across the occipito-parietal region. (A,B) show the activity maps in
controls and amblyopic individuals, respectively. For amblyopic individuals, the activity map is generated based on lower threshold levels. Despite using
those more liberal thresholds, the scene-selective activity within the posterior intraparietal gyrus appeared to be weaker in amblyopic compared to
control participants. (C,D) show the between-group scene-selective activity differences, with and without correction for multiple comparisons,
respectively. Consistently, we found bilateral scene-selective activity difference within the posterior intraparietal region. In Panel D, beyond the sensory
scene-selective areas, we also noticed a bilateral activity difference within the LPMA region, as reported previously using conventional fMRI (Steel et al.,
2021; Steel et al., 2023). LPMA: lateral place memory area. Other details are similar to those in Figure 2.

10.3389/fnins.2025.1527148

3.3.3 Localization of scene-selective areas in
individual participants

In all participants, including the amblyopic individuals, we were
able to localize PPA, RSC, and OPA bilaterally, at a threshold level of
p<0.01 (Figure 6). PIGS was also detected in all tested control
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participants, bilaterally. However, in 5 amblyopic participants,
we could not detect PIGS either bilaterally (3 individuals) or
unilaterally (2 individuals, contralateral relative to the amblyopic eye
in both cases) at this threshold level. When normalized relative to the
size of the whole cortex, the average size of PIGS (but not the other
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== Control Group (Even Runs)
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FIGURE 4

without any apparent differences.

Consistency of localization in scene-selective areas across odd and even runs. In amblyopic and control groups, scene-selective areas were detected
across odd and even runs. PIGS in amblyopic individuals is on average located more ventrally compared to controls, whereas RSC, OPA and PPA are
located in a similar location between amblyopic and control participants. This difference in PIGS location was detected during odd and even runs,

FIGURE 5

Figure 2.

Between-group activity differences outside the visual areas. Beyond the visual areas, we found bilateral scene-selective activity differences between
control and amblyopic individuals in areas TPJ and DLPFC. This result suggests that the impact of amblyopia on the response to the 'scene>face’
contrast may extend to association brain areas. DLPFC: Dorsolateral Prefrontal Cortex; TPJ: Temporal Parietal Junction. The other details are similar to

scene-selective areas) was significantly smaller in amblyopic
individuals compared to controls (Table 4).

3.3.4 The amplitude of the scene-selective
activity across amblyopic and control participants
Figure 7 shows the amplitude of the scene-selective (scene vs.
face) response, evoked within PIGS, OPA, RSC, and PPA. The targeted
ROIs were determined independently based on a different group of
participants (see Methods). The results of ROI analysis, based on the
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ROIs defined independently from a different group of subjects, and
application of one-way repeated measures ANOVAs showed a
significantly weaker scene-selective activity in PIGS for amblyopic
individuals (irrespective of amblyopia sub-type) compared to controls
(F(40, 1) =18.97, p <107 corrected for multiple comparisons),
without a significant group x hemisphere interaction (F(40, 1) = 5.25,
p =0.11). Application of the same test to the measured activity within
areas OPA, PPA, and RSC did not yield any significant effect of group
and/or group x hemisphere interaction (Table 5). A separate ANOVA
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FIGURE 6
Localization of scene-selective areas within the occipito-parietal cortex across controls and amblyopic individuals. (A) shows the data from the left and
right hemispheres of 6 control participants. (B) shows the data from 3 exemplar strabismic (left) and 3 exemplar anisometropic (right) individuals that
show strong (top), medium (middle) and weak (bottom) scene-selective activity within the posterior intraparietal region (black arrow). For all
participants, the activity maps were overlaid on a common brain template (fsaverage) to facilitate the comparison across individuals. PIGS, RSC, and
OPA are indicated with black, white and green arrowheads.

TABLE 4 Normalized® size of scene-selective areas in amblyopic and control participants.

Amblyopic LH Amblyopic RH Control LH Control RH F-value p-value with
correction
PIGS 0.14% + 0.14% 0.14% + 0.13% 0.28% + 0.14% 0.23% + 0.12% 10.12 0.01%%
OPA 0.87% + 0.51% 0.75% + 0.48% 1.13% + 0.48% 0.93% + 0.51% 0.63 >0.99
RSC 0.35% + 0.36% 0.40% + 0.35% 0.44% + 0.27% 0.45% + 0.45% 2.34 0.52
PPA 1.33% + 0.46% 1.17% + 0.42% 1.41% + 0.43% 1.30% + 0.49% 0.65 >0.99

*All values are measured in percentage relative to the overall size of the cortex.
5 p <001

did not show any significant differences between the scene-selective
activity measured in the strabismic vs. anisometropic individuals
(p >0.16).

It could be argued that the differential localization of the scene-
selective activity within the posterior intraparietal gyrus may
contribute to the detected between-groups difference. To test this
possibility, we repeated our tests using a separate set of labels,
generated for each group based on their own group-averaged activity
map (see Methods). In this approach, to avoid logical circularity, the
group-averaged activity maps based on the “odd” runs were used to
localize the ROIs that were used to measure the response during
“even” runs, and vice versa. As shown in Figure 8, the result of this
analysis still showed a significantly weaker scene-selective activity in
PIGS for amblyopic individuals compared to controls (F(40,
1) =12.38, p=0.01), without a significant group x hemisphere
interaction (F(40, 1) < 0.01, p = 0.98). Here again, application of the
same test to the measured activity within areas OPA, PPA, and RSC
did not yield any significant effect of group and/or group x hemisphere
interaction (Table 6). Moreover, a separate ANOVA did not show any
significant differences between the scene-selective activity measured
in the strabismic vs. anisometropic individuals (p > 0.45).

As a control analysis, we also measured the activity evoked within
area V6 (see Methods). V6 was selected based on their proximity to
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area PIGS and its stronger response to scenes compared to objects
(Sulpizio et al.,, 2020; Kennedy et al., 2024). Tests in V6 showed no
significant scene-selective activity difference between amblyopic and
control individuals (Table 5). Thus, among those regions that showed
scene-selective activity, reduced activity in amblyopia was mainly
limited to area PIGS. Notably, the intact activity within PPA, OPA,
RSC and V6, rules out the possibility that this result is due to the
impact of amblyopia on attention control and/or fixation steadiness
(see Discussion).

3.3.5 Predictability of VFQ-39 scores based on
the scene-selective responses

For the twenty individuals who participated in Experiments 1
and 2 (Table 1), we checked whether the reported scores for general
vision, distance activities, and peripheral vision (based on VFQ-39)
correlated with the level of scene-selective area activities based on
the fMRI results. Considering the consistency of the results between
the two sets of the ROI labels for the scene-selective areas (see
above), we limited our analysis to activity measured in those ROIs
that were defined for each group based on their own (scene>face)
activity response. Independent Pearson correlation tests showed a
significant linear relationship between the reported score for general
vision and the level of scene-selective activity within PIGS (df = 18,
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FIGURE 7
The level of scene-selective activity (scenes — faces) was measured across areas PIGS, OPA, RSC, and PPA, defined based on two separate previously
published datasets (Nasr and Rosas, 2016; Steel et al., 2023). Across all ROIs, we found a significant difference only in the level of scene-selective
activity between amblyopic individuals vs. controls in area PIGS. The difference between strabismic and anisometropic individuals remained non-
significant across all tested ROIs. For each area, the left and right panels show the activity measured within the left and right hemispheres, respectively.
In each panel, each point represents data from one individual participant.

TABLE 5 Between-groups (amblyopic vs. control individuals) differences in the level of scene-selective activity based on the ROIs from independent

datasets.

group X hemisphere

PIGS 18.97 1073 ** 5.25 0.11
OPA 5.94 0.08 1.20 >0.99
RSC 2.09 0.64 <107? >0.99
PPA 1.66 0.81 1.04 >0.99
A\ 2.38 >0.99 0.26 >0.99

“The effect of group was tested between controls vs. amblyopic individuals, irrespective of their amblyopia sub-type.

5 p < 0.01.

R2=0.28, p=0.02), and OPA (df=18, R*=0.20, p=0.05)
(Figure 9). General vision was not significantly correlated with
activity in RSC or PPA (df = 18, R* < 0.15; p > 0.08). Importantly,
we did not find any significant correlations between measures of
interocular visual acuity difference, binocular visual acuity, and
stereoacuity with scene-selective activity across different ROIs
(df =18, R*<0.10; p>0.20). These results suggest that the
correlation between the scene-selective response and self-reported
visual function reflects the higher-order visual functional deficits of
amblyopia rather than those of discrete spatial or interocular
disparity resolution. Here again, application of the same test just to
the results from the amblyopic individuals did not yield any
significant correlation between the VFQ scores and fMRI
measurements (p > 0.10). More amblyopic individuals with a wide
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range of visual acuities are required to test this hypothesis more
thoroughly in the future.

3.4 Experiment 3 — object-selective
cortical responses

Experiment 3 tested whether the amblyopic participants also
show a decreased object-selective activity, and if so, whether this
reduction contributed to the observed decrease in the level of scene-
selective activity in area PIGS. Accordingly, eighteen amblyopic
individuals plus seventeen controls (selected from those who
participated in Experiment 2 based on their willingness to continue
the scans) were scanned to measure their brain activity in response to
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FIGURE 8
The level of scene-selective activity (scenes — faces) was measured across areas PIGS, OPA, RSC, and PPA. Across all ROls, we found a significant
difference only in the level of scene-selective activity between amblyopic individuals vs. controls in area PIGS. The difference between strabismic and
anisometropic individuals remained non-significant across all tested ROIs. All details are similar to Figure 7.

TABLE 6 Between-groups (amblyopic vs. control individuals) differences in the level of scene-selective activity based on the ROIls generated for the

amblyopic and control groups based on their own fMRI activity.

group X hemisphere

PIGS 12.38 0.01%* <0.01 >0.99
OPA 3.93 0.25 0.40 >0.99
RSC 3.78 0.24 0.05 >0.99
PPA 6.81 0.06 3.13 0.32

“The effect of group was tested between controls vs. amblyopic individuals, irrespective of their amblyopia sub-type.

¥ p < 0.01.

the binocular presentation of intact vs. scrambled objects (see
Methods and Table 1).

3.4.1 Head position stability

As in Experiment 2, we compared the level of head motion
during scanning, between control vs. amblyopic participants. A
t-test applied to the measured level of head motion did not yield a
significant difference between the two groups (t(33) =0.27,
p = 0.80), suggesting that head position was comparable between
the two groups. Nevertheless, as in Experiment 2, we included this
nuisance covariate in all analyses, to eliminate residual effects of
head motion.

3.4.2 Group-averaged object-selective response
In both groups, object-selective activity was detected within a
large portion of the extra-striate visual cortex, including the scene-
selective areas PIGS, OPA, RSC, and PPA, plus object-selective area
LOC (Figures 10A,B). In contrast to scene-selective activity maps,
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here, the vertex-wise between-group comparison did not show any
significant difference between amblyopic and control participants
across the scene-selective areas (Figures 10C,D) and also within area
LOC. Thus, object-selective responses were comparable between the
two groups.

3.4.3 The amplitude of the object-selective
activity across the amblyopic and control
participants

Within the scene selective areas, we further compared the
object-selective response between amblyopic and control
participants, using a more sensitive ROI-based analysis
(Figure 11). Here again, we limited our ROIs to those that were
defined for each group based on their own (scene>face) activity
response. Consistent with the group-averaged activity maps,
results of this test did not yield any significant effect of group
(p > 0.72; corrected for multiple comparisons) and/or group x
hemisphere interaction (p > 0.48). These results suggest that the
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FIGURE 9

Correlation between the level of scene-selective activity and the reported score for general vision (VFQ-39 subscale). Across the scene-selective areas,
we found a significant correlation only within areas PIGS and OPA. In each panel, each circle represents data from one individual participant, averaged
over the two hemispheres. Groups are indicated by color.

FIGURE 10

The group-averaged object-selective activity (intact object>scrambled object) in control and amblyopic participants across the occipito-parietal
region. (A,B) show the activity maps in controls and amblyopic individuals, respectively. In contrast to the scene-selective activity map within the same
region the overall pattern of object-selective activity appears to be comparable between the two groups, even within the posterior intraparietal region.
In these panels, the location of areas LOC, OPA, PIGS and RSC are indicated by arrowheads. The borders of scene-selective areas are indicated by
black lines (see also Figure 3). (C,D) show the between-groups object-selective activity differences, with and without correction for multiple
comparisons, respectively. Here again, we did not find any significant difference between the two groups. LOC: Lateral Object-Selective Complex. The
other details are similar to Figure 2.

impact of amblyopia on the activity within the scene-selective
areas was limited to the evoked response to scenes, and this effect
was not attributable to altered object processing. Here again,
comparable object-selective activity between amblyopic and
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control groups suggests that, in the current stimulus presentation
paradigm, the potential impact of amblyopia on fixation steadiness
is unlikely to cause a decrease in the level of selective responses
(see Discussion).
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FIGURE 11
The level of object-selective activity (intact objects — scrambled objects) was measured across areas scene-selective areas PIGS, OPA, RSC, and PPA.
Consistent with the activity maps, none of these areas showed any significant object-selective activity difference between amblyopic individuals and
controls. All details are similar to Figure 7.

Discussion

The results of this study directly suggest that amblyopia impacts
scene processing within PIGS, a scene-selective area located within
the posterior intraparietal gyrus (Kennedy et al., 2024). We found that
scenes (but not single objects) evoked weaker selective activity in PIGS
(but not OPA, RSC and PPA) in amblyopic participants compared to
controls. The correlation between scene-selective activity in this area
and the self-reported general vision score - a subscale of the VFQ-39
quality-of-life questionnaire — underscores the critical role of higher-
level visual areas in shaping how individuals with amblyopia perceive
their overall visual world. However, the direct link between these two
measurements (i.e., general health (behavior) vs. brain activity [fMRI
measurements)] needs to be assessed carefully in the future.

4.1 Amblyopia impacts on higher-order
visual processing

Originally, amblyopia studies were mainly focused on area V1
because neurons within this cortical area show strong ocular
preference (Hubel and Wiesel, 1962). According to early studies,
amblyopia (especially in more severe forms) was associated with a
decrease in the number of neurons that respond preferentially to
the amblyopic eye (Crawford and Von Noorden, 1979; Crawford
et al., 1996; Smith et al., 1997b; Kiorpes et al., 1998). Later studies
showed that amblyopia is also associated with a decrease in the
number of disparity-selective neurons that are distributed over the
extrastriate visual areas such as V2 (Nakatsuka et al., 2007; Bi
etal., 2011).

By comparing the response to stimulation of the fellow and
amblyopic eye, multiple neuroimaging studies have shown strong
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response to the fellow eye stimulation in multiple visual area including
V4, V8 and LOC (Muckli et al., 2006; Nasr et al., 2025). Moreover,
consistent with our findings, Lerner et al., have also shown evidence
for reduced face-selective (but not scene-selective) activity within the
fusiform gyrus when face and scene stimuli were presented to the
amblyopic rather than the fellow eye (Lerner et al., 2003). But they did
not extend their tests to the intraparietal area in which PIGS is located,
and they did not compare the evoked responses between individuals
with normal and amblyopic vision when the stimuli are
presented binocularly.

Our current results extend these findings by suggesting that the
impact of amblyopia on the development of the visual cortex extends
well into the higher-level visual areas that respond selectively to
scenes. For one thing, stimuli were presented binocularly rather than
monocularly to minimize the potential impacts of visual acuity
difference between amblyopic individuals and controls. Moreover, the
stimuli did not contain any stereo cues and did not induce any
coherent motion - two visual features whose encoding is impaired in
amblyopic participants (McKee et al., 2003; Aaen-Stockdale et al.,
2007; Aaen-Stockdale and Hess, 2008; Levi et al., 2015). Nevertheless,
deficient PIGS activity was evoked by scenes, but not non-scene
objects. Together, our findings indicate that amblyopia selectively
impacts scene processing within this region.

4.2 Why PIGS but not the other
scene-selective areas?

PIGS is located within the posterior intraparietal gyrus, an area
populated with motion- and stereo-selective sites (Tootell et al., 2022;
Kennedy et al., 2023). It also contributes to ego-motion encoding
within naturalistic environments, a perceptual process that relies
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heavily on depth, motion coherence (optic flow), and ego distance
estimation. Previous psychophysical studies have shown that all these
visual functions (i.e., depth, motion coherency and ego distance
perception) are, at least to some extent, impaired in amblyopic
individuals (McKee et al., 2003; Melmoth and Grant, 2006; Aaen-
Stockdale et al., 2007; Aaen-Stockdale and Hess, 2008; Carlton and
Kaltenthaler, 2011; Grant and Moseley, 2011; Levi et al., 2015; Ooi and
He, 2015). Thus, in the absence of normal visual input, experience-
dependent development of PIGS could be disrupted in amblyopia.
Our findings of decreased scene-selective activity within PIGS in
amblyopic individuals support a neurodevelopmental component to
abnormal amblyopic scene processing. Such a developmental disorder
may even worsen over time in the absence of engagement in visually
guided tasks that rely on ego-motion (5S4 et al., 2021; Harrington et al.,
2023), which also reduces the level of feedback to these regions.

In contrast to PIGS, PPA and RSC do not respond to ego-motion
(Hacialihafiz and Bartels, 2015; Kamps et al., 2016; Jones et al.,
2023; Kennedy et al., 2024). Rather, PPA and RSC are involved in
scene recognition (Epstein et al., 2007; Park and Chun, 2009) and
layout representation (Wolbers et al., 2011), respectively. Area OPA
also appears to respond to simpler forms of motion, whose
encoding is less affected by amblyopia. However, considering the
functional connection between scene-selective areas (Baldassano
et al., 2013; Nasr et al., 2013; Baldassano et al., 2016), it may
be possible to see more extended between-groups differences
during complex, scene-related tasks that rely simultaneously on
multiple visual cues.

4.3 Weaker input from the amblyopic eye is
not the sole cause of scene-selective
activity decrease in PIGS

By relying on their fellow eye, amblyopic participants usually
show comparable binocular visual acuity relative to normally sighted
individuals. However, it can still be argued that stimulation of the
amblyopic eye likely evokes a weaker visual response, compared to
either their fellow eye or the non-dominant eye in controls (Conner
etal., 2007; Dorr et al., 2019; Nasr et al., 2025). Considering this, one
may suggest that the activity decrease in PIGS is due to a weaker
bottom-up input from the earlier visual areas to PIGS.

Two key results from our study argue against this explanation.
First, intact scene-selective activity in other areas, including OPA,
PPA, RSC, and V6, suggests that decreased visual input may not be the
sole reason for this phenomenon. Notably, the impact of decreased
visual input from the amblyopic eye is expected to be stronger on OPA
that contributes to earlier stages of scene processing compared to
PIGS. Specifically, OPA overlaps with visual areas V3A/B and V7
(IPS0) and responds to simple visual cues such as translational motion
(Nasretal.,, 2011; Silson et al., 2016), whereas PIGS is located adjacent
to areas IPS2-4, and only responds to more complex visual cues such
as optic flow caused by ego-motion in naturalistic scenes but not
random dots (Kennedy et al, 2024). However, contrary to this
expectation, our results showed that the between-groups scene-
selective activity difference was mostly limited to PIGS.

Second, we found that, in all examined regions (including PIGS),
the activity evoked by non-scene objects was not impacted by
amblyopia, as would be expected if reduced visual gain drove
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differences in these higher-order regions. Thus, decreased visual input
from lower-level visual areas cannot explain the weaker scene-selective
response in PIGS.

4.4 The potential contribution of
lower-level features

Previous studies have shown that scene-selective areas respond
selectively to various lower-level features, including high spatial
frequency features (Rajimehr et al., 2011; Zeidman et al., 2012;
Kauffmann et al., 2015), cardinal (i.e., horizontal and vertical)
orientations (Nasr and Tootell, 2012a), and rectilinearity (Nasr et al.,
2014). Our face and scene stimuli were designed to rule out the
potential impact of higher spatial frequency features in the evoked
scene-selective response (see Methods). Thus, the known impact of
amblyopia on the encoding of higher spatial frequencies (Hess et al.,
2009; Farivar et al., 2011) could not be responsible for the between-
groups difference in the level of PIGS response. However, we cannot
rule out the possibility that PIGS activity is selectively driven by other
lower-level visual features that are impacted by amblyopia. Notably,
our understanding of PIGS function and stimulus selectivity remains
very limited. Further studies are needed to shed light on the neuronal
mechanisms of visual processing in this region.

4.5 Potential contribution of attentional
deficits and fixation instability in amblyopia

Degraded visual attention in amblyopia has been previously
reported by others (Ho et al., 2006; Hou et al., 2016; Verghese et al.,
2019). In this study, we reduced the influence of attention on the level of
scene-selective responses by instructing the participants to perform an
orthogonal task (i.e., detection of color changes in the fixation spot).
Nevertheless, it might be argued that uncontrolled attentional demand
contributed to the between-groups activity difference that we found in
PIGS. However, if this was the case, we would have expected to see the
same effect in the other scene selective areas, such as PPA—in which
attention to scenes increases the level of scene-selective activity (O'craven
et al,, 1999; Nasr and Tootell, 2012b; Baldauf and Desimone, 2014).

The same is also true for the potential impacts of fixation
instability in amblyopia. Specifically, in amblyopic individuals, the
amblyopic eye fixation stability is poorer compared to the fellow eye
(Schor and Hallmark, 1978; Subramanian et al., 2013; Chung et al.,
2015). This phenomenon is specifically more apparent in strabismic
individuals contributing to a decrease in the visual acuity of the
amblyopic eye (Chung et al., 2015). This phenomenon is expected to
cause a non-selective decrease in the level of visually evoked activity
in response to high spatial frequency stimuli when presented to the
amblyopic rather than the fellow eye. However here, we only found a
selective activity decrease in PIGS but not the other scene-selective
areas. Moreover, the level of object-selective activity in PIGS remained
equivalent between amblyopic and control groups, suggesting that the
impact of amblyopia on PIGS function is mostly limited to the scene
processing within this region.

Thus, in the absence of any significant activity decrease in the
other scene-selective areas, and with comparable object-selective
activity between the two groups, the potential impacts of amblyopia
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on attention and fixation stability are unlikely to be the cause of the
decreased scene-selective activity in PIGS.

4.6 Monocular vs. binocular visual
stimulation

To detect the impact of amblyopia, neuroimaging and
electrophysiological studies typically (though not always) rely on
comparing the activity evoked by stimulation of the amblyopic eye vs.
the fellow eye (e.g., see Lerner et al., 2003). We avoided this approach
primarily because scene perception is considered a binocular task for
individuals with normal vision. Although it has been shown that scene
perception impairments in amblyopic individuals are equally detectable
under both monocular and binocular conditions (Mirabella et al.,
2011), comparing the activity evoked by monocular visual stimulation
between individuals with normal and amblyopic vision may undermine
the between-group differences. However, this approach may still help
clarify whether the impact of amblyopia on scene-selective activity is
restricted to PIGS or also involves other brain regions.

4.7 Amblyopia impacts outside the
occipito-parietal cortex

Our experimental design did not instruct the participants to
explicitly categorize the stimuli into “scenes vs. non-scenes,” or to
discriminate differing scene stimuli. In the absence of such tasks,
we limited our analysis to activity evoked within the sensory visual
areas, even though we reported multiple cortical sites in association
brain area, including TPJ and DLPFC, in which we found between-
group differences in the level of scene-selective response. The existence
of these more anterior cortical sites suggests that amblyopia impacts
may extend well beyond the sensory regions into areas of the
association cortex that control different aspects of the human behavior,
from attention control (Corbetta et al., 2000; Shulman et al., 2007) to
perceptual decision-making (Heekeren et al., 2004; Philiastides et al.,
2011). Such an extension may become even more apparent when
participants are involved in an active scene-related task (e.g.,
navigation).

4.8 Self-reported measures vs.
psychophysical tests

We administered the VFQ-39 questionnaire to determine
whether our amblyopic participants also reported difficulties with
near and distance vision, as suggested by previous QoL studies
(Kumaran et al., 2019; Randhawa et al., 2023). While VFQ-39
assesses a broad range of daily activities, it does not identify the
underlying perceptual impairments that contribute to the lower
scores observed in amblyopic individuals compared to controls. To
address these gaps, more direct, parametrized psychophysical tests
are needed to uncover the specific impairments responsible for
these difficulties.

That said, it is often challenging to link a single psychophysical
measure (e.g., visual acuity) to an individual’s performance in complex
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tasks, such as navigation. Instead, a comprehensive battery of
behavioral tasks is required to evaluate all aspects of a single (but
multi-dimensional) cognitive task. Even in such cases, it remains
unclear to what extent a specific task contributes to overall
QoL. Therefore, psychophysical tests and QoL assessments appear to
be complementary, each offering unique insights into the impact
of amblyopia.

4.9 Limitations

Amblyopia influences many aspects of visual perception, from
stereopsis to motion coherency. To distinguish the impact of
amblyopia on scene perception and the underlying neuronal
processing from its impact on depth and motion coherency encoding,
we designed a paradigm based on using 2D stimuli that did not induce
any coherent motion. While this paradigm serves to isolate the impact
of amblyopia on scene-selective processing, our approach may
underestimate the impact of amblyopia on scene perception as
experienced by amblyopic individuals in their daily lives and weakens
the correlation between the level of evoked brain activity and self-
reported visual functional scores. However, the correlation between
the scene-selective activity and general vision score relationships in
PIGS and OPA (Figure 9) argues that the relationship is maintained
across the functional spectrum in our sample.

Moreover, natural scene perception relies on input from the
peripheral visual field (Levy et al., 2001; Hasson et al., 2002; Levy et al.,
2004; Larson and Loschky, 2009). Thus, our restriction of visual
stimuli to the central 20 degrees of the visual field may miss important
contributions of more peripheral scene cues in a more immersive
environment. However, central stimulation mitigates potential
confounding by differences in binocular visual field sensitivity
(perhaps more often seen in strabismus) and potential impairments
in distributing spatial attention over a larger visual field.

Lastly, we used a limited number of scene images in our tests
mainly because testing larger stimulus sets required a much larger data
acquisition time. However, in a separate study, we have already shown
that the selectivity of PIGS response is detectable based on a wide
range of scenes (including indoor and outdoor scenes) without any
apparent dependency between the location of center of PIGS activity
and the type of scene stimuli (Kennedy et al., 2024). Moreover, the
PIGS is detectable based on either ‘scene vs. face’ and ‘scene vs. object/
face’ contrasts. Considering these effects, we expect the amblyopia
impact on PIGS activity to be also detectable independent from the
type of presented scenes and/or the stimulus contrast.

5 Conclusion

Our results show that the impact of amblyopia extends beyond the
early retinotopic visual areas into cortical regions involved in scene
processing. The results also highlight the likelihood that amblyopia
affects the function of association brain regions such as LPMA, TPJ]
and DLPFC. Future studies employing more realistic, immersive
stimuli (and tasks) that better resemble daily visual experiences could
more comprehensively highlight the functionally relevant neural
consequences of amblyopia in higher order visual areas.

frontiersin.org


https://doi.org/10.3389/fnins.2025.1527148
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Malladi et al.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Massachusetts
General Hospital. The studies were conducted in accordance with the
The
participants provided their written informed consent to participate in
this study.

local  legislation and institutional  requirements.

Author contributions

SM: Formal analysis, Software, Visualization, Writing — original
draft, Writing - review & editing. JS: Methodology, Writing — review
& editing. MS: Writing - review & editing, Formal analysis. RT:
Conceptualization, Funding acquisition, Methodology, Writing -
review & editing. EG: Methodology, Writing - review & editing. PB:
Funding acquisition, Methodology, Writing — review & editing. DH:
Funding acquisition, Methodology, Writing — review & editing. SN:
Conceptualization, Formal analysis, Funding acquisition, Methodology,
Project administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by NIH NEI (grants RO1 EY017081, R01 EY030434, R01
EY029713 and K08 EY030164), and by the MGH/HST Athinoula
A. Martinos Center for Biomedical Imaging. Crucial resources were

References

Aaen-Stockdale, C., and Hess, R. E. (2008). The amblyopic deficit for global motion is
spatial scale invariant. Vis. Res. 48, 1965-1971. doi: 10.1016/j.visres.2008.06.012

Aaen-Stockdale, C., Ledgeway, T., and Hess, R. E. (2007). Second-order optic flow
deficits in amblyopia. Invest. Ophthalmol. Vis. Sci. 48, 5532-5538. doi:
10.1167/i0vs.07-0447

Baldassano, C., Beck, D. M., and Fei-Fei, L. (2013). Differential connectivity within
the  Parahippocampal  place area.  Neurolmage 75, 228-237. doi:
10.1016/j.neuroimage.2013.02.073

Baldassano, C., Esteva, A., Fei-Fei, L., and Beck, D. M. (2016). Two distinct scene-
processing networks connecting vision and memory. Eneuro 3, ENEURO.0178-
ENEU16.2016. doi: 10.1523/ENEURO.0178-16.2016

Baldauf, D., and Desimone, R. (2014). Neural mechanisms of object-based attention.
Science 344, 424-427. doi: 10.1126/science.1247003

Bi, H., Zhang, B., Tao, X., Harwerth, R., Smith, E. L., and Chino, Y. M. (2011).
Neuronal responses in visual area V2 (V2) of macaque monkeys with strabismic
amblyopia. Cereb. Cortex 21, 2033-2045. doi: 10.1093/cercor/bhq272

Birch, E. E. (2013). Amblyopia and binocular vision. Prog. Retin. Eye Res. 33, 67-84.
doi: 10.1016/j.preteyeres.2012.11.001

Birch, E. E., Castaneda, Y. S., Cheng-Patel, C. S., Morale, S. E., Kelly, K. R,,
Beauchamp, C. L., et al. (2019). Self-perception of school-aged children with amblyopia
and its association with reading speed and motor skills. JAMA Ophthalmol. 137,
167-174. doi: 10.1001/jamaophthalmol.2018.5527

Frontiers in Neuroscience

17

10.3389/fnins.2025.1527148

made available by a NIH Shared Instrumentation Grant
S10-RR019371.

Acknowledgments

We thank Drs. Adam Steel, Caroline Robertson, Daniel Dilks,
Claudio Galletti for sharing data and insightful discussions.

Conflict of interest

JS and PJB are founders of PerZeption Inc. EDG, PJB, and DGH
serve as scientific advisors for and own equity in Luminopia, Inc. EDG
holds a patent licensed by Luminopia, and serves as a consultant for
Stoke Therapeutics, Inc. and Neurofieldz, Inc. DGH receives royalties
from Rebion, Inc. and owns equity in Rebion, Inc., JelliSee, Inc., and
OHP Technologies, Inc.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Birch, E. E,, Jost, R. M., Hudgins, L. A., Morale, S. E., Donohoe, M., and Kelly, K. R.
(2022). Dichoptic and monocular visual acuity in amblyopia. Am. J. Ophthalmol. 242,
209-214. doi: 10.1016/j.aj0.2022.06.002

Brainard, D. H. (1997). The psychophysics toolbox. Spat. Vis. 10, 433-436. doi:
10.1163/156856897X00357

Carlton, J., and Kaltenthaler, E. (2011). Amblyopia and quality of life: a systematic
review. Eye 25, 403-413. doi: 10.1038/eye.2011.4

Chung, S. T, Kumar, G., Li, R. W,, and Levi, D. M. (2015). Characteristics of fixational
eye movements in amblyopia: limitations on fixation stability and acuity? Vis. Res. 114,
87-99. doi: 10.1016/j.visres.2015.01.016

Conner, I. P, Odom, J. V., Schwartz, T. L., and Mendola, J. D. (2007). Monocular
activation of V1 and V2 in amblyopic adults measured with functional magnetic
resonance imaging. J. Am. Assoc. Pediatric Ophthalmol. Strabismus 11, 341-350. doi:
10.1016/j.jaapos.2007.01.119

Corbetta, M., Kincade, J. M., Ollinger, J. M., McAvoy, M. P, and Shulman, G. L. (2000).
Voluntary orienting is dissociated from target detection in human posterior parietal
cortex. Nat. Neurosci. 3,292-297. doi: 10.1038/73009

Crawford, M. L., Harwerth, R. S., Chino, Y. M., and Smith, E. L. (1996). Binocularity
in prism-reared monkeys. Eye (Lond.) 10, 161-166. doi: 10.1038/eye.1996.41

Crawford, M., and Von Noorden, G. (1979). The effects of short-term experimental
strabismus on the visual system in Macaca mulatta. Invest. Ophthalmol. Vis. Sci.
18, 496-505

frontiersin.org


https://doi.org/10.3389/fnins.2025.1527148
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.visres.2008.06.012
https://doi.org/10.1167/iovs.07-0447
https://doi.org/10.1016/j.neuroimage.2013.02.073
https://doi.org/10.1523/ENEURO.0178-16.2016
https://doi.org/10.1126/science.1247003
https://doi.org/10.1093/cercor/bhq272
https://doi.org/10.1016/j.preteyeres.2012.11.001
https://doi.org/10.1001/jamaophthalmol.2018.5527
https://doi.org/10.1016/j.ajo.2022.06.002
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1038/eye.2011.4
https://doi.org/10.1016/j.visres.2015.01.016
https://doi.org/10.1016/j.jaapos.2007.01.119
https://doi.org/10.1038/73009
https://doi.org/10.1038/eye.1996.41

Malladi et al.

Dale, A. M., Fischl, B., and Sereno, M. L. (1999). Cortical surface-based analysis.I.
Segmentation and surface reconstruction. Neuroimage 9, 179-194. doi:
10.1006/nimg.1998.0395

Dilks, D. D., Julian, J. B., Paunov, A. M., and Kanwisher, N. (2013). The occipital place
area is causally and selectively involved in scene perception. J. Neurosci. 33, 1331-1336.
doi: 10.1523/JNEUROSCI.4081-12.2013

Dorr, M., Kwon, M., Lesmes, L. A., Miller, A., Kazlas, M., Chan, K,, et al. (2019).
Binocular summation and suppression of contrast sensitivity in strabismus, fusion and
amblyopia. Front. Hum. Neurosci. 13:234. doi: 10.3389/fnhum.2019.00234

Epstein, R., and Kanwisher, N. (1998). A cortical representation of the local visual
environment. Nature 392, 598-601. doi: 10.1038/33402

Epstein, R. A., Parker, W. E., and Feiler, A. M. (2007). Where am I now? Distinct roles
for parahippocampal and retrosplenial cortices in place recognition. J. Neurosci. 27,
6141-6149. doi: 10.1523/JNEUROSCI.0799-07.2007

Farivar, R., Thompson, B., Mansouri, B., and Hess, R. F. (2011). Interocular
suppression in strabismic amblyopia results in an attenuated and delayed hemodynamic
response function in early visual cortex. J. Vis. 11:16. doi: 10.1167/11.14.16

Fischl, B.  (2012).  FreeSurfer. 774-781.  doi:
10.1016/j.neuroimage.2012.01.021

Fischl, B, Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., et al. (2002).
Whole brain segmentation: automated labeling of neuroanatomical structures in the
human brain. Neuron 33, 341-355. doi: 10.1016/S0896-6273(02)00569-X

Fischl, B., Sereno, M. I, and Dale, A. M. (1999). Cortical surface-based analysis. II:
inflation, flattening, and a surface-based coordinate system. NeuroImage 9, 195-207. doi:
10.1006/nimg.1998.0396

Friston, K. J., Holmes, A. P, Price, C. J., Buchel, C., and Worsley, K. J. (1999).
Multisubject fMRI studies and conjunction analyses. Neurolmage 10, 385-396. doi:
10.1006/nimg.1999.0484

Neurolmage 62,

Grant, S., and Moseley, M. J. (2011). Amblyopia and real-world visuomotor tasks.
Strabismus 19, 119-128. doi: 10.3109/09273972.2011.600423

Greve, D. N, and Fischl, B. (2009). Accurate and robust brain image alignment using
boundary-based registration. Neurolmage 48,63-72. doi: 10.1016/j.neuroimage.2009.06.060

Grill-Spector, K. (2003). The neural basis of object perception. Curr. Opin. Neurobiol.
13, 159-166. doi: 10.1016/S0959-4388(03)00040-0

Grill-Spector, K., Kourtzi, Z., and Kanwisher, N. (2001). The lateral occipital complex and
its role in object recognition. Vis. Res. 41, 1409-1422. doi: 10.1016/S0042-6989(01)00073-6

Hacialihafiz, D. K., and Bartels, A. (2015). Motion responses in scene-selective
regions. Neurolmage 118, 438-444. doi: 10.1016/j.neuroimage.2015.06.031

Haine, L., Taylor, I, and Vaughan, M. (2025). The psychological impact of
amblyopia treatment: a systematic literature review. British Irish Orthoptic J. 21:1. doi:
10.22599/bioj.426

Harrington, S., Kearney, J., and O’Dwyer, V. (2023). Visual factors associated with
physical activity in schoolchildren. Clin. Exp. Optom. 106, 645-655. doi:
10.1080/08164622.2022.2106780

Hasson, U, Levy, I, Behrmann, M., Hendler, T., and Malach, R. (2002). Eccentricity
bias as an organizing principle for human high-order object areas. Neuron 34, 479-490.
doi: 10.1016/50896-6273(02)00662-1

Heekeren, H. R., Marrett, S., Bandettini, P. A., and Ungerleider, L. G. (2004). A general
mechanism for perceptual decision-making in the human brain. Nature 431, 859-862.
doi: 10.1038/nature02966

Hess, R. E, Li, X., Mansouri, B., Thompson, B., and Hansen, B. C. (2009). Selectivity
as well as sensitivity loss characterizes the cortical spatial frequency deficit in amblyopia.
Hum. Brain Mapp. 30, 4054-4069. doi: 10.1002/hbm.20829

Ho, C., Paul, P, Asirvatham, A., Cavanagh, P, Cline, R., and Giaschi, D. (2006).
Abnormal spatial selection and tracking in children with amblyopia. Vis. Res. 46,
3274-3283. doi: 10.1016/j.visres.2006.03.029

Horton, J. C., Hocking, D. R., and Kiorpes, L. (1997). Pattern of ocular dominance
columns and cytochrome oxidase activity in a macaque monkey with naturally
occurring anisometropic amblyopia. Vis. Neurosci. 14, 681-689. doi: 10.1017/
$0952523800012645

Hou, C., Kim, Y.-J,, Lai, X. J,, and Verghese, P. (2016). Degraded attentional
modulation of cortical neural populations in strabismic amblyopia. J. Vis. 16:16. doi:
10.1167/16.3.16

Hubel, D. H., and Wiesel, T. N. (1962). Receptive fields, binocular interaction and
functional architecture in the cat's visual cortex. J. Physiol. 160, 106-154. doi:
10.1113/jphysiol.1962.sp006837

Jones, C. M., Byland, J., and Dilks, D. D. (2023). The occipital place area represents
visual information about walking, not crawling. Cereb. Cortex. 33, 7500-7505. doi:
10.1093/cercor/bhad055

Kamps, E S., Lall, V., and Dilks, D. D. (2016). The occipital place area represents first-
person perspective motion information through scenes. Cortex 83, 17-26. doi:
10.1016/j.cortex.2016.06.022

Kauffmann, L., Ramanoél, S., Guyader, N., Chauvin, A., and Peyrin, C. (2015). Spatial
frequency processing in scene-selective cortical regions. Neurolmage 112, 86-95. doi:
10.1016/j.neuroimage.2015.02.058

Frontiers in Neuroscience

10.3389/fnins.2025.1527148

Kelly, K. R., Jost, R. M., De La Cruz, A., and Birch, E. E. (2015). Amblyopic
children read more slowly than controls under natural, binocular reading conditions.
J. Am. Assoc. Pediatric Ophthalmol. Strab. 19, 515-520. doi: 10.1016/j.jaapos.
2015.09.002

Kennedy, B., Bex, P, Hunter, D., and Nasr, S. (2023). Two fine-scale channels for
encoding motion and stereopsis within the human magnocellular stream. Prog.
Neurobiol. 220:102374. doi: 10.1016/j.pneurobio.2022.102374

Kennedy, B., Malladi, S. N., Tootell, R. B., and Nasr, S. (2024). A previously
undescribed scene-selective site is the key to encoding ego-motion in natural
environments. eLife. 13:p.RP91601. doi: 10.7554/eLife.91601.3

Kiorpes, L., Kiper, D. C., O’Keefe, L., Cavanaugh, J. R., and Movshon, J. A. (1998).
Neuronal correlates of amblyopia in the visual cortex of macaque monkeys with
experimental strabismus and anisometropia. J. Neurosci. 18, 6411-6424. doi:
10.1523/JNEUROSCI.18-16-06411.1998

Kravitz, D. ., Peng, C. S., and Baker, C. I. (2011). Real-world scene representations in
high-level visual cortex: it's the spaces more than the places. J. Neurosci. 31, 7322-7333.
doi: 10.1523/JNEUROSCI.4588-10.2011

Kumagami, T., Zhang, B., Smith, E. L., and Chino, Y. M. (2000). Effect of onset age of
strabismus on the binocular responses of neurons in the monkey visual cortex. Invest.
Ophthalmol. Vis. Sci. 41, 948-954

Kumaran, S. E., Khadka, J., Baker, R., and Pesudovs, K. (2019). Functional
limitations recognised by adults with amblyopia and strabismus in daily life: a
qualitative exploration.  Ophthalmic ~ Physiol. ~Opt. 39, 131-140. doi:
10.1111/0p0.12610

Larson, A. M., and Loschky, L. C. (2009). The contributions of central versus
peripheral vision to scene gist recognition. J. Vis. 9:6. doi: 10.1167/9.10.6

Lerner, Y., Pianka, P, Azmon, B., Leiba, H., Stolovitch, C., Loewenstein, A., et al.
(2003). Area-specific amblyopic effects in human occipitotemporal object
representations. Neuron 40, 1023-1029. doi: 10.1016/S0896-6273(03)00720-7

Levi, D. M., Knill, D. C,, and Bavelier, D. (2015). Stereopsis and amblyopia: a mini-
review. Vis. Res. 114, 17-30. doi: 10.1016/j.visres.2015.01.002

Levy, I, Hasson, U., Avidan, G., Hendler, T., and Malach, R. (2001). Center—
periphery organization of human object areas. Nat. Neurosci. 4, 533-539. doi:
10.1038/87490

Levy, I, Hasson, U., Harel, M., and Malach, R. (2004). Functional analysis of the
periphery effect in human building related areas. Hum. Brain Mapp. 22, 15-26. doi:
10.1002/hbm.20010

Maguire, E. (2001). The retrosplenial contribution to human navigation: a review of
lesion and neuroimaging findings. Scand. J. Psychol. 42, 225-238. doi: 10.1111/1467-
9450.00233

Mangione, C. M, Lee, P. P, Gutierrez, P. R., Spritzer, K., Berry, S., and Hays, R. D.
(2001). Development of the 25-item National eye Institute visual function questionnaire.
Arch. Ophthalmol. 119, 1050-1058. doi: 10.1001/archopht.119.7.1050

McKee, S. P, Levi, D. M., and Bowne, S. E (1990). The imprecision of stereopsis. Vis.
Res. 30, 1763-1779. doi: 10.1016/0042-6989(90)90158-H

McKee, S. P, Levi, D. M., and Movshon, J. A. (2003). The pattern of visual deficits in
amblyopia. J. Vis. 3:5. doi: 10.1167/3.5.5

Melmoth, D. R., and Grant, S. (2006). Advantages of binocular vision for the control
of reaching and grasping. Exp. Brain Res. 171, 371-388. doi: 10.1007/s00221-
005-0273-x

Mirabella, G., Hay, S., and Wong, A. M. (2011). Deficits in perception of images of
real-world scenes in patients with a history of amblyopia. Arch. Ophthalmol. 129,
176-183. doi: 10.1001/archophthalmol.2010.354

Muckli, L., Kief3, S., Tonhausen, N., Singer, W., Goebel, R., and Sireteanu, R.
(2006). Cerebral correlates of impaired grating perception in individual,
psychophysically assessed human amblyopes. Vis. Res. 46, 506-526. doi:
10.1016/j.visres.2005.10.014

Nakatsuka, C., Zhang, B., Watanabe, I., Zheng, ]., Bi, H., Ganz, L., et al. (2007). Effects
of perceptual learning on local stereopsis and neuronal responses of V1 and V2 in
prism-reared monkeys. J. Neurophysiol. 97, 2612-2626. doi: 10.1152/jn.01001.2006

Nasr, S., Devaney, K. J., and Tootell, R. B. (2013). Spatial encoding and underlying
circuitry in  scene-selective  cortex.  Neurolmage 83, 892-900. doi:
10.1016/j.neuroimage.2013.07.030

Nasr, S., Echavarria, C. E., and Tootell, R. B. (2014). Thinking outside the box:
rectilinear shapes selectively activate scene-selective cortex. J. Neurosci. 34, 6721-6735.
doi: 10.1523/JNEUROSCI.4802-13.2014

Nasr, S., Liu, N, Devaney, K. J., Yue, X., Rajimehr, R., Ungerleider, L. G., et al. (2011).
Scene-selective cortical regions in human and nonhuman primates. J. Neurosci. 31,
13771-13785. doi: 10.1523/JNEUROSCI.2792-11.2011

Nasr, S., and Rosas, H. D. (2016). Impact of visual Corticostriatal loop disruption on
neural processing within the Parahippocampal place area. J. Neurosci. 36, 10456-10471.
doi: 10.1523/JNEUROSCI.0741-16.2016

Nasr, S., Skerswetat, J., Gaier, E. D., Malladi, S. N., Kennedy, B., Tootell, R. B., et al.
(2025). Differential impacts of strabismic and anisometropic amblyopia on the
mesoscale functional organization of the human visual cortex. J. Neurosci.
45:€0745242024. doi: 10.1523/JNEUROSCIL.0745-24.2024

frontiersin.org


https://doi.org/10.3389/fnins.2025.1527148
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1523/JNEUROSCI.4081-12.2013
https://doi.org/10.3389/fnhum.2019.00234
https://doi.org/10.1038/33402
https://doi.org/10.1523/JNEUROSCI.0799-07.2007
https://doi.org/10.1167/11.14.16
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1006/nimg.1998.0396
https://doi.org/10.1006/nimg.1999.0484
https://doi.org/10.3109/09273972.2011.600423
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.1016/S0959-4388(03)00040-0
https://doi.org/10.1016/S0042-6989(01)00073-6
https://doi.org/10.1016/j.neuroimage.2015.06.031
https://doi.org/10.22599/bioj.426
https://doi.org/10.1080/08164622.2022.2106780
https://doi.org/10.1016/S0896-6273(02)00662-1
https://doi.org/10.1038/nature02966
https://doi.org/10.1002/hbm.20829
https://doi.org/10.1016/j.visres.2006.03.029
https://doi.org/10.1017/S0952523800012645
https://doi.org/10.1017/S0952523800012645
https://doi.org/10.1167/16.3.16
https://doi.org/10.1113/jphysiol.1962.sp006837
https://doi.org/10.1093/cercor/bhad055
https://doi.org/10.1016/j.cortex.2016.06.022
https://doi.org/10.1016/j.neuroimage.2015.02.058
https://doi.org/10.1016/j.jaapos.2015.09.002
https://doi.org/10.1016/j.jaapos.2015.09.002
https://doi.org/10.1016/j.pneurobio.2022.102374
https://doi.org/10.7554/eLife.91601.3
https://doi.org/10.1523/JNEUROSCI.18-16-06411.1998
https://doi.org/10.1523/JNEUROSCI.4588-10.2011
https://doi.org/10.1111/opo.12610
https://doi.org/10.1167/9.10.6
https://doi.org/10.1016/S0896-6273(03)00720-7
https://doi.org/10.1016/j.visres.2015.01.002
https://doi.org/10.1038/87490
https://doi.org/10.1002/hbm.20010
https://doi.org/10.1111/1467-9450.00233
https://doi.org/10.1111/1467-9450.00233
https://doi.org/10.1001/archopht.119.7.1050
https://doi.org/10.1016/0042-6989(90)90158-H
https://doi.org/10.1167/3.5.5
https://doi.org/10.1007/s00221-005-0273-x
https://doi.org/10.1007/s00221-005-0273-x
https://doi.org/10.1001/archophthalmol.2010.354
https://doi.org/10.1016/j.visres.2005.10.014
https://doi.org/10.1152/jn.01001.2006
https://doi.org/10.1016/j.neuroimage.2013.07.030
https://doi.org/10.1523/JNEUROSCI.4802-13.2014
https://doi.org/10.1523/JNEUROSCI.2792-11.2011
https://doi.org/10.1523/JNEUROSCI.0741-16.2016
https://doi.org/10.1523/JNEUROSCI.0745-24.2024

Malladi et al.

Nasr, S., and Tootell, R. B. (2012a). A cardinal orientation bias in scene-selective visual
cortex. J. Neurosci. 32, 14921-14926. doi: 10.1523/JNEUROSCI.2036-12.2012

Nasr, S., and Tootell, R. B. (2012b). Role of fusiform and anterior temporal cortical areas
in facial recognition. Neurolmage 63, 1743-1753. doi: 10.1016/j.neuroimage.2012.08.031

O'craven, K. M., Downing, P. E., and Kanwisher, N. (1999). fMRI evidence for objects
as the units of attentional selection. Nature 401, 584-587. doi: 10.1038/44134

Ooi, T. L., and He, Z. J. (2015). Space perception of strabismic observers in the real
world environment. Invest. Ophthalmol. Vis. Sci. 56, 1761-1768. doi: 10.1167/
iovs.14-15741

Packwood, E. A., Cruz, O. A., Rychwalski, P. J., and Keech, R. V. (1999). The
psychosocial effects of amblyopia study. J. Am. Assoc. Pediatric Ophthalmol. Strabismus
3, 15-17. doi: 10.1016/S1091-8531(99)70089-3

Park, S., and Chun, M. M. (2009). Different roles of the parahippocampal place area
(PPA) and retrosplenial cortex (RSC) in panoramic scene perception. Neurolmage 47,
1747-1756. doi: 10.1016/j.neuroimage.2009.04.058

Park, J., and Park, S. (2020). Coding of navigational distance and functional constraint
of boundaries in the human scene-selective cortex. J. Neurosci. 40, 3621-3630. doi:
10.1523/JNEUROSCI.1991-19.2020

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics: transforming
numbers into movies. Spat. Vis. 10, 437-442. doi: 10.1163/156856897X00366

Persichetti, A. S., and Dilks, D. D. (2016). Perceived egocentric distance sensitivity and
invariance across scene-selective cortex. Cortex 77, 155-163.  doi:
10.1016/j.cortex.2016.02.006

Philiastides, M. G., Auksztulewicz, R., Heekeren, H. R., and Blankenburg, E. (2011).
Causal role of dorsolateral prefrontal cortex in human perceptual decision making. Curr.
Biol. 21, 980-983. doi: 10.1016/j.cub.2011.04.034

Pitzalis, S., Sereno, M. L., Committeri, G., Fattori, P, Galati, G., Patria, E, et al. (2010).
Human Vé: the medial motion area. Cereb. Cortex 20, 411-424. doi: 10.1093/cercor/bhp112

Rajimehr, R., Devaney, K. ], Bilenko, N. Y,, Young, J. C., and Tootell, R. B. (2011). The
"parahippocampal place area" responds preferentially to high spatial frequencies in
humans and monkeys. PLoS Biol. 9:¢1000608. doi: 10.1371/journal.pbio.1000608

Randhawa, S., Griffiths, N., O’Brien, P, Panter, C., Boparai, K., Harrad, R., et al.
(2023). Qualitative exploration of the visual function impairments and health-related
quality of life impacts of amblyopia in adult and pediatric populations. Ophthalmol. Ther.
12, 2505-2528. doi: 10.1007/s40123-023-00751-8

S4, C. S. C,, Luz, C., Pombo, A., Rodrigues, L. P, and Cordovil, R. (2021). Motor
competence in children with and without ambliopia. Percept. Mot. Skills 128, 746-765.
doi: 10.1177/0031512520987359

Satterfield, D., Keltner, J. L., and Morrison, T. L. (1993). Psychosocial aspects of strabismus
study. Arch. Ophthalmol. 111, 1100-1105. doi: 10.1001/archopht.1993.01090080096024

Schor, C., and Hallmark, W. (1978). Slow control of eye position in strabismic
amblyopia. Invest. Ophthalmol. Vis. Sci. 17, 577-581

Frontiers in Neuroscience

19

10.3389/fnins.2025.1527148

Shulman, G. L., Astafiev, S. V., McAvoy, M. P, d'Avossa, G., and Corbetta, M. (2007).
Right TPJ deactivation during visual search: functional significance and support for a
filter hypothesis. Cereb. Cortex 17, 2625-2633. doi: 10.1093/cercor/bhl170

Silson, E. H., Steel, A. D., and Baker, C. I. (2016). Scene-selectivity and retinotopy in
medial parietal cortex. Front. Hum. Neurosci. 10:412. doi: 10.3389/fnhum.2016.00412

Smith, E. L., Chino, Y. M., Nj, J., Cheng, H., Crawford, M., and Harwerth, R. S.
(1997b). Residual binocular interactions in the striate cortex of monkeys reared with
abnormal binocular vision. J. Neurophysiol. 78, 1353-1362. doi: 10.1152/jn.1997.78.3.1353

Smith, E. L., Chino, Y. M., Ni, J., Ridder, W. H., and Crawford, M. (1997a). Binocular
spatial phase tuning characteristics of neurons in the macaque striate cortex. J.
Neurophysiol. 78, 351-365. doi: 10.1152/jn.1997.78.1.351

Steel, A., Billings, M. M, Silson, E. H., and Robertson, C. E. (2021). A network linking
scene perception and spatial memory systems in posterior cerebral cortex. Nat.
Commun. 12:2632. doi: 10.1038/s41467-021-22848-z

Steel, A., Garcia, B. D., Goyal, K., Mynick, A., and Robertson, C. E. (2023). Scene
perception and visuospatial memory converge at the anterior edge of visually responsive
cortex. J. Neurosci. 43, 5723-5737. doi: 10.1523/JNEUROSCI.2043-22.2023

Subramanian, V., Jost, R. M., and Birch, E. E. (2013). A quantitative study of fixation
stability in amblyopia. Invest. Ophthalmol. Vis. Sci. 54, 1998-2003. doi: 10.1167/iovs.
12-11054

Sulpizio, V., Galati, G., Fattori, P, Galletti, C., and Pitzalis, S. (2020). A common neural
substrate for processing scenes and egomotion-compatible visual motion. Brain Struct.
Funct. 225, 2091-2110. doi: 10.1007/s00429-020-02112-8

Tootell, R. B., Nasiriavanaki, Z., Babadi, B., Greve, D. N., Nasr, S., and Holt, D. J.
(2022). Interdigitated columnar representation of personal space and visual space in
human parietal cortex. J. Neurosci. 42, 9011-9029. doi: 10.1523/JNEUROSCI.
0516-22.2022

Verghese, P, McKee, S. P, and Levi, D. M. (2019). Attention deficits in amblyopia.
Curr. Opin. Psychol. 29, 199-204. doi: 10.1016/j.copsyc.2019.03.011

Wagner, S. K., Bountziouka, V., Hysi, P,, Rahi, J. S., Allen, N., Aslam, T., et al. (2024).
Associations between unilateral amblyopia in childhood and cardiometabolic disorders
in adult life: a cross-sectional and longitudinal analysis of the UK biobank.
EClinicalMedicine 70:102493. doi: 10.1016/j.eclinm.2024.102493

Wolbers, T., Klatzky, R. L., Loomis, J. M., Wutte, M. G., and Giudice, N. A. (2011).
Modality-independent coding of spatial layout in the human brain. Curr. Biol. 21,
984-989. doi: 10.1016/j.cub.2011.04.038

Yue, X., Nasr, S., Devaney, K. J., Holt, D. J., and Tootell, R. B. (2013). fMRI analysis of
contrast polarity in face-selective cortex in humans and monkeys. Neurolmage 76,
57-69. doi: 10.1016/j.neuroimage.2013.02.068

Zeidman, P,, Mullally, S. L., Schwarzkopf, D. S., and Maguire, E. A. (2012). Exploring
the parahippocampal cortex response to high and low spatial frequency spaces.
Neuroreport 23, 503-507. doi: 10.1097/WNR.0b013e328353766a

frontiersin.org


https://doi.org/10.3389/fnins.2025.1527148
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1523/JNEUROSCI.2036-12.2012
https://doi.org/10.1016/j.neuroimage.2012.08.031
https://doi.org/10.1038/44134
https://doi.org/10.1167/iovs.14-15741
https://doi.org/10.1167/iovs.14-15741
https://doi.org/10.1016/S1091-8531(99)70089-3
https://doi.org/10.1016/j.neuroimage.2009.04.058
https://doi.org/10.1523/JNEUROSCI.1991-19.2020
https://doi.org/10.1163/156856897X00366
https://doi.org/10.1016/j.cortex.2016.02.006
https://doi.org/10.1016/j.cub.2011.04.034
https://doi.org/10.1093/cercor/bhp112
https://doi.org/10.1371/journal.pbio.1000608
https://doi.org/10.1007/s40123-023-00751-8
https://doi.org/10.1177/0031512520987359
https://doi.org/10.1001/archopht.1993.01090080096024
https://doi.org/10.1093/cercor/bhl170
https://doi.org/10.3389/fnhum.2016.00412
https://doi.org/10.1152/jn.1997.78.3.1353
https://doi.org/10.1152/jn.1997.78.1.351
https://doi.org/10.1038/s41467-021-22848-z
https://doi.org/10.1523/JNEUROSCI.2043-22.2023
https://doi.org/10.1167/iovs.12-11054
https://doi.org/10.1167/iovs.12-11054
https://doi.org/10.1007/s00429-020-02112-8
https://doi.org/10.1523/JNEUROSCI.0516-22.2022
https://doi.org/10.1523/JNEUROSCI.0516-22.2022
https://doi.org/10.1016/j.copsyc.2019.03.011
https://doi.org/10.1016/j.eclinm.2024.102493
https://doi.org/10.1016/j.cub.2011.04.038
https://doi.org/10.1016/j.neuroimage.2013.02.068
https://doi.org/10.1097/WNR.0b013e328353766a

	Decreased scene-selective activity within the posterior intraparietal cortex in amblyopic adults
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 General procedure
	2.2.1 Experiment 1 – behavioral tests
	2.2.2 Experiment 2 – scene-selective activity measurement
	2.2.3 Experiment 3 – object-selective activity measurement
	2.3 Imaging
	2.4 Data analysis
	2.4.1 Structural data analysis
	2.4.2 Individual-level functional data analysis
	2.4.3 Group-level functional data analysis
	2.4.4 Vertex-wise between-groups comparison
	2.4.5 Region of interest analysis
	2.4.5.1 Labels generated from other datasets
	2.4.5.2 Labels generated from odd vs. even runs
	2.4.6 Comparing the size of scene-selective areas
	2.5 Statistical tests
	2.6 Data sharing statement

	3 Results
	3.1 Participants age and gender distribution
	3.2 Experiment 1 – ophthalmologic and VFQ-39 tests
	3.2.1 Ophthalmological assessment
	3.2.2 Qualitative assessment of amblyopia impacts on visual capabilities
	3.2.3 Predictability of VFQ-39 scores based on the ophthalmological measurements
	3.3 Experiment 2 – scene-selective cortical response
	3.3.1 Head position stability
	3.3.2 Group-level localization of scene-selective areas
	3.3.3 Localization of scene-selective areas in individual participants
	3.3.4 The amplitude of the scene-selective activity across amblyopic and control participants
	3.3.5 Predictability of VFQ-39 scores based on the scene-selective responses
	3.4 Experiment 3 – object-selective cortical responses
	3.4.1 Head position stability
	3.4.2 Group-averaged object-selective response
	3.4.3 The amplitude of the object-selective activity across the amblyopic and control participants

	4 Discussion
	4.1 Amblyopia impacts on higher-order visual processing
	4.2 Why PIGS but not the other scene-selective areas?
	4.3 Weaker input from the amblyopic eye is not the sole cause of scene-selective activity decrease in PIGS
	4.4 The potential contribution of lower-level features
	4.5 Potential contribution of attentional deficits and fixation instability in amblyopia
	4.6 Monocular vs. binocular visual stimulation
	4.7 Amblyopia impacts outside the occipito-parietal cortex
	4.8 Self-reported measures vs. psychophysical tests
	4.9 Limitations

	5 Conclusion

	References

