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Development/Plasticity/Repair

Is the Cortical Deficit in Amblyopia Due to Reduced Cortical
Magnification, Loss of Neural Resolution, or Neural
Disorganization?

Simon Clavagnier,' Serge 0. Dumoulin,? and Robert F. Hess'
'McGill Vision Research, Department of Ophthalmology, McGill University, Montreal, Quebec H3A 1A1, Canada, and 2Department of Experimental
Psychology, University of Utrecht, 3584 CH Utrecht, The Netherlands

The neural basis of amblyopia is a matter of debate. The following possibilities have been suggested: loss of foveal cells, reduced cortical
magnification, loss of spatial resolution of foveal cells, and topographical disarray in the cellular map. To resolve this we undertook a
population receptive field (pRF) functional magnetic resonance imaging analysis in the central field in humans with moderate-to-severe
amblyopia. We measured the relationship between averaged pRF size and retinal eccentricity in retinotopic visual areas. Results showed
that cortical magnification is normal in the foveal field of strabismic amblyopes. However, the pRF sizes are enlarged for the amblyopic
eye. We speculate that the pRF enlargement reflects loss of cellular resolution or an increased cellular positional disarray within the

representation of the amblyopic eye.
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ignificance Statement

psychophysical defect and affects future treatment therapies.

The neural basis of amblyopia, a visual deficit affecting 3% of the human population, remains a matter of debate. We undertook the
first population receptive field functional magnetic resonance imaging analysis in participants with amblyopia and compared the
projections from the amblyopic and fellow normal eye in the visual cortex. The projection from the amblyopic eye was found to
have a normal cortical magnification factor, enlarged population receptive field sizes, and topographic disorganization in all early
visual areas. This is consistent with an explanation of amblyopia as an immature system with a normal complement of cells whose
spatial resolution is reduced and whose topographical map is disordered. This bears upon a number of competing theories for the
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Introduction

Psychophysically, the hallmarks of amblyopia include a loss of
contrast sensitivity at high spatial frequencies (Hess and Howell,
1977; Levi and Harwerth, 1977), spatial distortions (Hess et al.,
1978; Lagreze and Sireteanu, 1991), and mislocalization (Bedell
and Flom, 1981; Levi et al., 1985; Hess and Holliday, 1992; Man-
souri et al., 2009), as well as reduced global sensitivity for form
and motion (Aaen-Stockdale et al., 2007). In strabismic amblyo-
pia, perceptual loss is limited to the central field (Hess and
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Pointer, 1985). Although there may not be a single explanation
for all these psychophysical deficits, a number of explanations
have been advanced to explain the foveal spatial loss of contrast
sensitivity and localization. These include loss of cells driven by
the amblyopic eye (AME; Levi, 1991) leading to undersampling
(Leviand Klein, 1983; Sharma et al., 1999), reduced cortical mag-
nification (Hussain et al., 2015), disordered projection (Hess et
al., 1978; Mansouri et al., 2009), and loss of spatial resolution of
foveal neurons (Demanins et al., 1999).

Animal models of amblyopia have shown that strabismus
or anisometropia produce a range of cortical deficits in V1, a
loss of binocularity of cortical cells (Hubel and Wiesel, 1965),
an upset in the excitatory/inhibitory balance of binocular cells
(Sengpiel and Blakemore, 1996; Smith et al., 1997), reduced
strength of cellular interactions (Roelfsema et al., 1994), and
reduced mean sensitivity and mean spatial resolution of the
foveal neurons (Kiorpes et al., 1998). It is unclear whether the
number of cells driven by the AME is different from that
driven by the fellow fixing eye (FFE). There is neurophysio-
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Figure 1.  Effect of different types of neuronal disturbances in pRF and CMF estimation from simulation. pRFs were built and sampled regularly across a cortical surface. Position, shape, and size

parameters of area \/1 were taken from Harvey and Dumoulin (2011). The pRF is estimated from the total neuronal population within a voxel. Hence the properties of all the individual neurons
influence the estimated pRF. Simulations were one-dimensional only. Each neuron was described as one point within the cortex represented by a line, the coordinates set between 0 (center of the

1 .
fovea) and 100 mm. The relationship between CMF and eccentricity was calculated according to Equation 2 (Harvey and Dumoulin, 2011): CMF (mm/deg) = e with¢ = 0.04mm —1

c
and d = 0.07°/mm based on that study. The position of the neuron’s receptive field (RFmm) were computed from the integral of 1/(MF: RFmm = = + mm?* + d + mm, where mmis the

2
linear distance in millimeters from the center of the fovea. The size of the neuron’s receptive field (RFsize) was calculated according to Equation 1: Rfsize(°) = a. RFmm + b, witha = 0.15°/° and
b = 0.48°, based on that study (Harvey and Dumoulin, 2011). A-C, Top row shows pRF size versus eccentricity. D-F, Bottom shows the CMF, cortical distance versus eccentricity. Left column (4, D)
shows the effect of different position scatters of the individual neurons (no scatter in red, 2° in green, and 4° in blue). Increasing RF scatter leads to an increase of pRF size (Zuiderbaan et al., 2012)
while CMF s hardly affected. Interestingly, the pRF intercept follows the RF scatter closely. B, E, Middle column, Effect of increasing the individual RF sizes (original size inred, +2°in green, and +4°
in blue). An increase of RF size provokes an increase of the pRF sizes across all eccentricities but CMF is not affected. C, F, Right column, Effect of reducing the number of neurons within a voxel by
sparsely sampling the RFs (fewer RFs contributing to the signal). A sparse representation of 1 means that all RFs were sampled, a sparse representation of 2 corresponds to sample every other RFs,
a sparse representation of four corresponds to sample every four RFs. Decreasing the sampling does not lead to any change either in pRF size orin CMF. In all cases, red lines show the same original

scenario.

logical support for the amblyopic deficit extending well be-
yond V1 (Tao et al., 2014; Shooner et al., 2015).

The results of brain imaging in humans with amblyopia
have been inconsistent. Some studies have argued for normal
V1 function with the disturbance being exclusively restricted
to the extrastriate cortex (Imamura et al., 1997; Sireteanu et
al., 1998). Others have argued that V1 activation is reduced
(Demer et al., 1988; Kabasakal et al., 1995; Goodyear et al.,
2000; Barnes et al., 2001; Choi et al., 2001; Algaze et al., 2002;
Conner and Mendola, 2005). A number of studies have shown
that the extrastriate visual cortex is also affected (Barnes et al.,
2001; Conner et al., 2007; Li et al., 2007b). However, to date
human brain imaging has not resolved whether the cortical
deficit is due to fewer cells, reduced cortical magnification for

the AME’s input, a disordered projection, or loss of cells’ spa-
tial resolution for the AME’s input.

Figure 1 shows a simulation of how different types of cel-
lular disturbances (e.g., loss of cells’ spatial resolution, in-
creased cellular disarray, and reduced cellular sampling)
would affect the population receptive field (pRF) measures.
The model regularly samples responses at the voxel level from
a dense array of receptive fields, the parameters of which were
taken from Harvey and Dumoulin (2011). The top row shows
the effects of pRF size versus eccentricity. The bottom row
shows the cortical magnification (eccentricity vs cortical dis-
tance). Loss of sampling within the bounds investigated here
(Fig. 1, right) would affect neither pRF size nor cortical mag-
nification. Enlargement of cellular receptive fields (Fig. 1,
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Table 1. Clinical details

(lavagnier et al. @ Normal Cortical Magpnification in Human Amblyopia

Visual acuity
Gender/ Refraction (LogMAR units) Stereo
Subject age Type Left eye Right eye Lefteye Righteye Squint (arcsecs) Suppression  History
A1 Female/30 Right eye: —0.5 Plano 0.0 09 Right eye, None  Strong Detected: 4 years; patched for
years strabismus esotropia, 12° 4 years; strabismic surgery
at7 years
A2 Male/32  Righteye:mixed Plano +250/—0.5 X180 —0.1 0.7 Right eye, exotropia ~ <<800  Central Detected at 5 years; patched
years (intermittent), 2° for 6 months; no surgery
A3 Male/42  Right eye: —1.25/—0.25 X103 +0.5/—125X90 —0.1 0.6 Right eye, None  Central Detected at 10 years; patched
years strabismus exotropia, 10° for 1year plus training; no
surgery
A4 Female/22 Lefteye: +1.50/—1.00 X 95 +2.00/—0.55X75 0.7 0.0 Left eye, esotropia, 21° None  (entral Detected at 5 years; patched
years strabismus for 6 months at 6 years; no
surgery
A5 Female/35 Right eye: Plano —1.00 —01 05 Right eye, None Strong Detected at 5 years; patched
years strabismus esotropia, 5° for 6 months; no surgery
A6 Female/60 Lefteye:mixed +8.50/—0.75X 100 +4.25/—1.00 X8 0.7 0.0 Left eye, esotropia, 5°  None  Central Detected at 12 years; patched
years for 6 months; no surgery
A7 Male/24  Right eye: +0.50/—0.25X90 +15 0.0 07 Right eye, <C800  Strong Detected at 20 years; no
years strabismus exotropia, 1° patch; no surgery
A8 Female/23 Right eye: —0.75/—0.50 X 60  Plano 0.0 05 Right eye, None  Strong Detected at 2 years; patched
years strabismus exotropia, 15° for 5 years; 2 strabismic

surgeries at 2 years

middle) would produce a corresponding increase to the pRF
size at all eccentricities but no change in cortical magnifica-
tion. An increased scatter in the position of cellular receptive
fields (Fig. 1, left) will increase pRF size, particularly in the
fovea as the pRF intercept follows the RF scatter closely. Cor-
tical magnification will be unaffected.

Guided by these simulations, we have set out to address
three issues using a functional magnetic resonance imaging
(fMRI) pRF analysis (Dumoulin and Wandell, 2008) in hu-
mans with moderate-to-severe amblyopia: (1) Is cortical mag-
nification reduced in the AME’s representation? (2) Is there a
loss of spatial resolution of cells? (3) Is the topological cortical
map disordered for the projection from the AME?

Materials and Methods

Subjects

Eight subjects with amblyopia (three males; mean age, 33.5 years;
range, 22—-60 years) and four control subjects with normal vision
(four males; mean age, 27.5 years; range, 21-31 years) participated in
this study. The participants with amblyopia were selected based on
normal or corrected-to-normal visual acuity with their fellow eye but
a severe reduction of visual acuity with their AME [=0.5, =0.9 in
LogMAR (logarithm of the minimum angle of resolution) units] with
a history of amblyopia in childhood. We ensured that all subjects
perceived the visual stimulus, the eye-tracking calibration targets, and
the fixation target (Table 1).

The control subjects had normal or corrected-to-normal visual acuity
and no previous history of binocular dysfunction. The experimental pro-
cedures were performed with the informed consent of the subjects and
were approved by the Ethics Review Board of the Montreal Neurological
Institute, consistent with the Declaration of Helsinki.

Display

Visual stimuli were generated in Matlab using the PsychToolbox (Brain-
ard, 1997; Pelli, 1997). They were backprojected on a screen outside of
the bore at a viewing distance of 140 cm. The stimulus radius was 6° of
visual angle. The stimulus consisted of a drifting bar enveloped with a
moving checkerboard pattern carrier (100% contrast), as previously used
for pRF mapping (Dumoulin and Wandell, 2008; Zuiderbaan et al.,
2012). The bar width was 1.5°, one-fourth of the stimulus radius. Alter-

nating rows of checks moved along the main axis of the bar in opposite
direction. The spatial frequency of the checks was 1.75 cycles per degree
(cpd). The bar moved across the stimulus aperture in 12 evenly spaced
steps (1°) every 2 s. Four bar orientations with two different motion
directions were used. Four periods of mean luminance lasting 12 s were
included in each scan. Eye fixation was controlled by means of a fixation
task. Subjects had to report, via button press, the occurrence of a color
change of the fixation target (from red to green or green to red). The
stimuli were viewed monocularly, the FFE [or dominant eye (DE) for a
normal subject] or the AME [or nondominant eye (nDE) for a normal
subject] being covered by a black patch during the recording of a whole
fMRI time series, the order alternating between time series.

Training session

The pRF method is sensitive to eye position and eye movements and
amblyopic participants can have unsteady fixation with their AME under
monocular conditions. To promote stable visual fixation, different types
of fixation targets were tested during a training session in the laboratory
where the conditions of the scanning experiment (retroprojection of the
visual stimulus and viewing distance) were reproduced. The long-range
eye-tracking camera used inside the scanner room was replaced by a
short-range camera.

Three amblyopic volunteers (A1, A4, and A7) required a two-pixel-
wide diagonal cross that spread from edge to edge of the projected image
to increase their fixation stability (used for both FFE and AME). The
fixation performances of the five other volunteers were not affected by
any modification of the central target. Therefore a three-pixel-wide cen-
tral dot was provided. In addition, due to poor visual acuity, the size of
the visual targets used for eye movement calibration before eye move-
ment recording had to be increased by a factor of two for participants A1,
A4, and A7.

MRI

Data acquisition

The MRIs were acquired with a Siemens Trio 3T MRI scanner. The

subjects were lying on their back with a 32-channel surface coil centered

over their occipital pole. Head position was fixed using foam head rest.
Two to three three-dimensional (3D) high-resolution T1-weighted

anatomical MR images covering the entire brain were acquired before the

functional scans (3D-MPRAGE sequence; TR/TE = 2300/2.98 ms; TI =

900 ms; 176 sagittally oriented slices; slice thickness, 1 mm; 256 X 240
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Figure 2. Visual field maps extracted from pRF positions of a normal subject and an amblyopic participant (threshold of variance explained set at 10% for illustration purpose only).
The figure shows posteroinferior views of left and right inflated surfaces. A, B, Maps for polar-angle (left) and eccentricity (right) of a normal subject. A4, Maps when the stimulus was seen
with the DE only. B, Maps when the stimulus was seen with the nDE only. €, D, Maps for polar angle (left) and eccentricity (right) of an amblyopic subject (subject A8). C, Maps when the
stimulus was seen with the FFE only. D, Maps when the stimulus was seen with the AME only. C, D, Global organization of the visual information coming from the AME is consistent. The
main difference between the two eyes is that there are fewer voxels that survived thresholding for the AME. The delimitation of the visual areas was based on the position of the upper
vertical meridian (UVM; solid black line), lower vertical meridian (LVM; dotted black line), and horizontal meridian (HM, solid white line). The two insets on the top show the color overlays
indicating the visual field angle (left) and the eccentricity (right). The visual areas are labeled on the polar-angle maps on A and C. For orientation clarity, the major sulci (outlined in
dotted white lines) are labeled on the eccentricity maps (4, €). IPS, Intraparietal sulcus; TOS, transverse occipital sulcus; AOS, anterior occipital sulcus; LOS, lateral occipital sulcus; CaS,
calcarine sulcus; 0TS, occipitotemporal sulcus; COS, colateral sulcus.
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acquisition matrix). One additional anatomi-
cal scan was recorded with the posterior sec-
tion of the head coil (24 channels) at the
beginning of the scanning session (for coregis-
tration within a single session). The functional
images were recorded using the posterior sec-
tion of the head coil only. The anterior section
of the head coil had to be removed because it
created shadows preventing sufficient infrared
illumination of the eyes required for correct eye
tracking. Multislice T2*-weighted gradient-echo
echo-planar imaging functional images (TR/
TE = 1940/30 ms; flip angle, 76° slice number,
32 with no gap; slice thickness, 2 mm) were
acquired with a 128 X 128 acquisition matrix, a
256 X 256 mm rectangular field of view, and
generalized autocalibrating partially parallel
acquisitions (acceleration factor along phase
encoding direction, 3; reference lines, 33). The
slices were pseudocoronally oriented to be per-
pendicular to the calcarine sulcus and covered
the entire occipital lobe. Each fMRI time series
was made of 106 measurements. Eight to six-
teen fMRI scans per eye were collected with the
amblyopic subjects in two 2-h-long sessions.
Eight fMRI scans per eye were collected with
the control subjects in a single session. The or-
der between monocular viewing conditions
(FFE and AME or DE and nDE) alternated be-
tween times series within a session.

1.0

0.8

0.6

0.4

0.2

ratio between the eyes of
% Voxels above threshold

Figure3.

Eye-movement recording

Monocular eye movements of the amblyopic participants were recorded
during the fMRI scanning process with a EyeLink 1000 fMRI-compatible
eye tracker (SR-Research) sampling at 500 Hz. The long-distance camera
was placed at the bottom part of the posterior aperture of the bore in
order not to occlude either the visual stimulus or the calibration target.
Eye calibration was performed before each functional scan. The typical
visual presentation of the calibration target used by the EyeLink system
(yellow circles on a black background) was replaced by black circles on
the mean luminance background. The targets were randomly presented
at nine possible locations placed on a grid (a 12° wide square).

Data analysis

Processing of the anatomical images. Volumetric segmentation was per-
formed with the Freesurfer image analysis suite (http://surfer.nmr.mgh.
harvard.edu/). This processing includes intensity normalization of the
multiple whole-brain individual T1-weighted images (Sled et al., 1998),
motion correction and averaging of the images (Reuter et al., 2010), and
cortical segmentation (Dale et al., 1999; Fischl and Dale, 2000). The
resulting T1-weighted image and its corresponding segmented image
were then further processed to minimize segmentation errors
using itkgray (http://www.itksnap.org/pmwiki/pmwiki.php). The left-
hemisphere and right-hemisphere cortical surfaces were reconstructed at
the white/gray matter border, rendered as two smooth 3D surfaces
(Wandell et al., 2000), and inflated with SurfRelax (http://www.pc.rhul.
ac.uk/staft/].Larsson/software.html). The whole gray matter thickness
was sampled at four equidistant layers (Layer 1 being at the gray/white
matter border). fMRI data projected onto the surface (Layer 1) repre-
sented the average of the four layers.

Preprocessing of functional images. The fMRI data were preprocessed
using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/). The first 10
fMRI measurements of each functional run were discarded to cope with
the T2* contrast saturation effect. The functional data underwent a series
of preprocessing steps, including slice scan time correction and 3D rigid
motion correction (with realignment to the mean volume). The images
were coregistered to the reference anatomy image. The time series were
finally averaged for each eye condition. There was no spatial smoothing
or normalization to stereotaxic space.

\al
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Comparison of the numbers of voxels with >30% variance explained between the two eyes. Foreach ROI (V1,V2, V3,
V3AB, and V4), we calculated, for DE and nDE in normal subjects, and for AME and FFE in amblyopes, how many voxels had more
than 30% of their variance explained by the model, as a percentage of total number of voxels (%DE, %nDE, %AME, and %FFE). The
mean and the SEs of the ratios between the two eyes for each ROl are reported in gray for the group of normal subjects (%nDE/%DE)
and in red for the group of the amblyopes (%AME/%FFE). The DE and the nDE are very comparable in normals. In AME compared
to FFE, fewer voxels have more than 30% of their variance explained. This difference increases from V1 to V4.

Statistical analysis. The fMRI data were analyzed using mrVista (http://
white.stanford.edu/newlm/index.php/Main_Page), the present methods
being an application of those already described (Dumoulin and Wandell,
2008; Harvey and Dumoulin, 2011; Zuiderbaan et al., 2012). pRF sizes
and positions were estimated from the fMRI data and the position of the
stimulus position in the visual field (Dumoulin and Wandell, 2008). The
BOLD response of each voxel was predicted using a two-dimensional
(2D) Gaussian pRF model. That model described a receptive field with
three parameters, the position (x0 and y0) of its center and its spread (o).
The predicted time course was calculated by convolution of the modeled
PREF, the stimulus sequence, and a two-gamma canonical BOLD hemo-
dynamic response function (HRF; Friston et al., 1998; Glover, 1999;
Worsley etal., 2002). The pRF parameters for each voxel are estimated by
minimizing the sum of square errors (RSS) between the predicted and
observed fMRI times series.

The model was in fact estimated three times in several steps. The model of
the fMRI data from the FFE was estimated in a first step using the two-
gamma canonical BOLD HREF (Friston et al., 1998; Glover, 1999; Worsley et
al.,,2002). The pRF position parameters x0 and y0 estimated from that model
were transformed into polar angles and eccentricity values, and those were
mapped and projected onto the inflated surfaces. The borders of area V1
were detected and drawn to create a volumetric region of interest. To opti-
mize the pRF parameters for each individual, the model was then re-
estimated in a second step using the data from the V1 region of interest (ROI)
only. The purpose was to determine the best HRF fitting function. Once
done, a refined model using the optimal V1 HRF function was finally, in a
third step, re-estimated on the whole volume of fMRI data for the FFE
viewing condition and the AME viewing condition. Hence, fMRI data from
the two eyes were compared using the same model.

The unsteady fixation with the AME under monocular conditions
would affect the pRF estimates and affect comparison between FFE and
AME viewing conditions. The position of visual field origin inside the
model was corrected according to the median position of the eyes re-
corded during the functional scans (translation of coordinates). To com-
pensate for difference in eye fixation, eye-movement instability was
assessed by calculating the SD of the median AME positions at each fMRI
recording time point (so every TR = 1940 ms) between the time series for
each amblyopic subject. pRF estimations in FFE viewing condition were
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Figure4.  Change of pRF sizes, CMF, and pP! size across eccentricity in V1 voxels of a normal subject and the eight amblyopic participants. 4, The pRF sizes increase with eccentricity. B, The CMF

decreases with visual field eccentricity for the two eyes. C, The pPl is near constant for the DE and the nDE of normals and for the fellow eye of the amblyopes but decreases with eccentricity in the
AME of the amblyopic subjects. The dots and the error bars represent the mean and SD of the binned data. The thick lines represent the best fitting regression line. Black, Data estimated from the DE
of anormal. Green, Data from the nDE. Blue, Data from the fixing eye of the amblyopes. Red, Data from the AME.

calculated after shifting the stimulus position in the model at each TR by
that value.

ROL The pRF position parameters x0 and y0 estimated from the
model of the FFE viewing condition were transformed into polar angles
and eccentricity values, and those were mapped and projected onto the
inflated surfaces. The borders of the cortical visual field maps (V1, V2,
V3,V4, V3A, V3B, and LO-1) were identified for every subject based on
the location of the visual meridians (Engel et al., 1994; Sereno et al., 1995;
Wandell et al., 2007). The ROIs were computed from the conjunction of
defined boundaries once the included voxels with low mean fMRI signal
corresponding to pial draining veins were excluded (Winawer et al.,
2010). fMRI data from the FFE viewing condition and fMRI data from
the AME viewing condition were analyzed based on the same ROIs.
Voxels with poor model fits (variance explained, <30%) in FFE and in
AME viewing condition were excluded from the following computation.
Comparisons were made between the same voxels.

The pREF size versus eccentricity was described by the following equa-
tion (Eq. 1): y = ax + b, where y is the pRF sizes, x is eccentricity, and a
(in degrees/degree) and b (in degrees) are the slope and intercept respec-
tively. The a and b terms were estimated according to Harvey and Du-
moulin (2011) by minimizing the RSS to the eccentricity-binned data,
with each error weighted by the inverse of the SEM in that bin. To
determine cortical magnification factor (CMF), the fMRI data first had
to be projected onto a 2D cortical surface (Harvey and Dumoulin, 2011).
The distances between each location (mesh vertices) and their neighbor-
ing locations could then be computed in millimeters. Local CMF was

calculated by dividing the mean cortical distance between the vertices
and their neighboring vertices by the mean difference of their preferred
pRF locations (in degree of visual angle). CMFs estimated were binned by
eccentricity (every 0.25°). The population point image (pPI) was com-
puted by multiplying the CMFs and pRF sizes estimated for each cortical
location. As the relationship between eccentricity and inverse magnifica-
tion could be described using linear equations (Duncan and Boynton,
2003), the CMF-versus-eccentricity function was described by the fol-
lowing equation (Eq. 2):

1
YT x+d

where y is CMF and x is eccentricity, ¢ (in per millimeter), and d (in degrees
per millimeter) are the slope and intercept respectively of the linear relation-
ship between eccentricity and the inverse magnification. pPI was defined as
the product of pRF and CMF so its equation was as follows (Eq. 3):

_ax+b
Y T ex+d

where y is pPI and x is eccentricity. With the same logic as that applied by
Harvey and Dumoulin (2011), we used the CMF equation to describe the
pPI changes across eccentricity.

The measure of pRF sizes used to assess Pearson’s linear correlations
between pREF sizes and clinical parameters or behavioral measurements
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Figure 5.

(e.g., eye fixation quality and squint angle) was b, the estimated intercept
of best fit regression lines (from Eq. 1).

The organization of the visual field maps derived from fMRI data of
the AME viewing condition was directly comparable to that of the FFE
viewing condition since the ROIs were similar and the models used sim-
ilar parameters (such as the HRF). It was therefore possible to directly
compare for every voxel the preferred pRF positions estimated from the
two viewing conditions FFE and AME. We calculated the Pearson’s cor-
relation coefficients (r) for the azimuth and elevation values (in the visual
field) and the correlation coefficients between the difference in eccentric-
ity between the two models (AME — FFE) versus the eccentricity in the
AME model.

Results

Global topographical representation is preserved

in amblyopia

Before the questions pertaining to intra-areal properties (i.e., cor-
tical magnification, receptive field size, and pPI) were addressed,
we first assessed the quality of the global cortical representation of
the information conveyed by the AME, the area boundaries, and
interarea mapping correspondences across eccentricity. The
mapping procedure enabled us to make an accurate polar angle
and eccentricity-based estimate of not only the boundaries of
visual areas driven by the AME but also to assess the quality of
these topological representations as a function of visual field ec-
centricity. Figure 2 is an example from one control subject and
one amblyope of the cortical regions for the fixing and fellow

Change of pRF size (4), CMF (B), and pP! size (€) across eccentricity in V2 voxels of a normal subject and the eight amblyopic participants. Same configuration as Figure 4.

AME for eccentricity and polar-angle stimuli. The polar-angle
maps show that the boundaries of the cortical areas defined by
this approach appeared comparable for AME and fixing-eye in-
put. No systematic shift in meridian positions were found once
the shifts in eye-fixation position were corrected (by shifting the
stimulus position; see Materials and Methods; Li et al., 2007a).

The quality of the model was determined by how much it
explains the variance in the voxel response (Dumoulin and Wan-
dell, 2008). There were, in general, fewer voxels that reached the
threshold of 30% variance explained by the model in the AME
compared with the FFE. We counted how many voxels had
>30% of the variance explained as a percentage of the total num-
ber of voxels contained in each ROI (V1, V2, V3, V3A-B, and V4)
and that for each eye (percentage DE and percentage nDE for the
four normal subjects and percentage FFE and percentage AME
for the eight amblyopes). We compared these quantities by cal-
culating the ratio of the percentage of nDE to the percentage of
DE for the normals and the ratio of the percentage of AME to the
percentage of FFE for the amblyopes. Figure 3 shows that there
were fewer voxels in the amblyopes that have >30% of the vari-
ance explained in the AME condition than in the FFE condition
and that this difference increases from V1 to V4 (ratioin V1: 0.87;
V2: 0.74; V3: 0.69; V3AB: 0.59; V4: 0.53). A one-way ANOVA
revealed a statistically significant effect of Hierarchy (F, ;5 =
3.03, p < 0.05).
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Figure 6.

Change of pRF size (4), CMF (B), and pP! size (€) across eccentricity in V3 voxels of a normal subject and the eight amblyopic participants. Same configuration as Figure 4.

Table 2. Mean terms and SD for the best fitting function parameters from the individual data and linear measures of pRF sizes and CMF at 1° of eccentricity

Vi V2 V3
DE nDE FFE AME DE nDE FFE AME DE nDE FFE AME
pRF (Eq. 1)
a(’l) 0.14 (*0.06) 0.4 (0.06) 0.18 (*0.06) 0.16 (=£0.10) 0.19(=£0.06) 0.20 (*0.08) 0.23(*+0.05) 0.20(*0.17) 0.21(=*0.01) 0.22 (*0.04) 0.29 (*0.05) 0.18 (*0.15)
b(°) 0.40 (+0.03) 0.30(=*0.12) 0.44(=*0.15 1.02(=*=0.41) 0.40(*0.15) 0.34(*0.15) 0.45(*+0.14) 1.04(*0.68) 0.57(*0.05) 0.50 (*0.15) 0.56 (*0.19) 1.33(*1.07)
pRFsizeat1°(°)  0.48 (*0.11) 0.62 (£0.15) 1.18(*0.40) 0.56 (*0.14) 0.68 (=0.13) 1.25(=£0.66) 0.75(=0.09) 0.84(=£0.16) 0.84 (*0.98)
(MF (Eq. 2)
c(mm ™) 0.06 (=0.01)  0.06 (=0.01) 0.07 (%0.02) 0.06 (*0.03) 0.07 (£0.02) 0.06 (*0.01) 0.07 (+0.01) 0.07 (+0.01) 0.06 (*=0.02) 0.06 (==0.01) 0.08 (==0.01) 0.06 (*0.02)
d (°/mm) 0.11(=0.03) 0.10(=0.03) 0.13(=£0.03) 0.13(=*£0.05) 0.10(*£0.03) 0.11(%0.01) 0.10(*0.02) 0.17(*0.03) 0.13(%0.02) 0.11(*0.02) 0.10(=*=0.02) 0.13 (==0.05)
(MFat1°(mm/°)  5.87 (£0.48) 518(+0.69) 5.28(+0.98) 5.82(+0.34) 583 (+0.44) 573(*0.92) 5.58(+0.46) 5.72(*0.56) 5.72 (*1.15)

Increased pRF sizes in the AME
In Figures 4-6, we show how pRF sizes, CMF, and pPI change
with eccentricity for the fixing eye and AME of each amblyope.
Figures 4—6 respectively show the data from V1, V2, and V3. The
values from the left and the right hemispheres and the upper and
the lower visual fields were combined. We also show the results
for the DE and nDE of one normal control. The results from the
two eyes of the four normals were similar, comparable to those
from previous studies with normals (Harvey and Dumoulin,
2011), and were combined in further analyses. The mean and SD
of the values of slope and intercept (Eq. 1, a and b) are reported in
Table 2.

The sizes of the pRFs were comparable between the FFE and
the normal eye (Table 2). There was no difference in intercept
(Eq. 1, b) between FFE and the normal eye in V1 (T, = —1.43,

p = 017), in V2 (Tqy = —096, p = 0.36), and in V3
(T4 = —0.31,p = 0.76). However, the pRF sizes were found to
be significantly larger in AME compared with FFE in V1 (com-
parison of the intercept: T,y = —3.77, p < 0.01) and in V2
(T(7y = —2.54, p < 0.05). This difference was no longer sig-
nificant in V3 (T;) = —2.22, p = 0.06). At an eccentricity of
1°, the pRF sizes in V1 are estimated to be 0.48° in normal
(with an SD of 0.11°) and 0.62° for the FFE (with an SD of
0.15°), whereas the pRF size in V1 was estimated to be 1.18° for
AME (with an SD of 0.4°).

PREF sizes increased as a function of eccentricity. There was no
difference between slope (Eq. 1, a) in FFE and in the normal eye in
V1 (T4 =—1.55p=0.15)and in V2 (T(;,, = —1.21,p = 0.25).
The slope in V3 was found to be steeper in the FFE
(T(14y = —3.38,p < 0.01). For the normal eye and the FFE of the
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Distribution of the AME positions during the recording session. Each red dot corresponds to the median position of the AME relative to the center of the visual stimulus display during

the recording of an fMRI volume (duration of 1940 ms). This accounts for saccadic eye movements as well as drifts. The variability of the eye positions was measured as the area of the 95% confidence
ellipses (black). A, B, AME positions of subject A1 (4) and A2 (B) during their two fMRI sessions. €, Lack of correlation between the 95% confidence ellipse areas (in the abscissas) and the pRF sizes
(FFE, blue; AME, red). Each dot corresponds to an amblyopic participant, the colored dotted lines being the regression lines. D, Lack of correlation between the squint angles and the pRF sizes from
the AME. Each dot corresponds to an amblyopic participant, the colored dotted line being the regression line.

amblyopes, the slope was not different between V1 and V2 (nor-
mal: T, = —2.35, p = 0.06; FFE: T,;, = —2.03, p = 0.08) but
steeper between V1and V3 (normal: T,y = —3.43, p < 0.05; FFE:
Ty, = —2.97, p < 0.05).

pREF sizes of the AME also increased as a function of eccentric-
ity in V1, V2, and V3, but the difference of pRF sizes between
AME and FFE did not vary with eccentricity. Paired t test revealed
no difference in the slope between FFE and AME in V1 (T, =
0.58,p = 0.58) and in V2 (T, = 0.91, p = 0.39), but a significant
difference in V3 (T, = 2.50, p < 0.05). In contrast to the FFE,
the slopes were not different, either between V1 and V2
(T;y = —1.17, p = 0.28) or between V1 and V3 (T,, = —0.38,
p = 0.71).In V3, the slope in the AME was found to be shallower
than for the FFE (T ;, = 2.50, p < 0.05).

The analysis was not performed in higher visual areas. The
model based on the presentation of a visual stimulus of 6° could
not reliably explain the data on visual areas with receptive fields
>6°. There was no significant correlation between pRF sizes in
the AME-derived model and the visual deficits, as quantified by
the interocular difference in LogMAR acuity (correlation coeffi-
cients: V1,r=0.01,p = 0.99; V2,7 = 0.09, p = 0.83; V3, r = 0.03,
p = 0.94). Furthermore, the enlarged pRF sizes in the AME-

derived model cannot be explained by the poorer fixation capac-
ity of the participants (Fig. 7). The median position of the AME
eye relative to the center of the visual stimulus display during an
fMRI measurement (duration, 1940 ms) was calculated to ac-
count for saccadic eye movements as well as drifts. The variability
of that median position was measured as the area of the 95%
confidence ellipse. No statistically significant Pearson’s correla-
tion was found between the variability of the eye position and the
size of the pRFs in V1 (AME: r = 0.28, p = 0.5; FFE: r = —0.16,
p = 0.7), between the difference in variability between the two
eyes (AME — FFE) and the difference in pRF sizes at the intercept
in V1 (r = —0.07, p = 0.87) or between the variability of the eye
position and the squint angle (r = 0.18, p = 0.67).

Figure 8 illustrates the effect of first correcting for the eye
movement in the AME (uncorrected, purple; corrected, red) and
second applying the AME’s movements to the FFE’s measure-
ments (normal fixing eye’s results, black; fixing eye’s results per-
turbed by AME’s movement, blue). We show results for the
amblyope with the largest eye movement deficit (A4). There
are gains to be had by correcting for the larger eye movements
of the AME, but the difference in response between the AME
and the FFE (between the purple/black curve and between the
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Figure 8.  Change of pRF sizes across eccentricity in /1 voxels of the amblyopic participant
A4. The figure illustrates how the unsteady fixation of the AME can affect the estimation of pRF
sizes. The effect on the AME data can be seen by comparing the purple and the red lines. The
configuration is very similar to that of Figure 44, but the data were combined every 0.5° of
eccentricity. The dots and error bars represent the mean and SD of the binned data. The line is
the best fitting regression line. The purple open dots and dotted line represent the data from the
AME without correction for eye movements. The red closed dots and thick line represent the
data from the AME after correction, which mainly produced an overall reduction of the error
bars. The data from the FFE are shown in black and blue. The black open dots and dotted line
represent the data from the FFE without correction for eye movements. The blue closed dots and
thick line represent the data from the FFE after correction using not the FFE's movements but the
AME’s movementsinstead. The eye-movement deficit produces an overall increase of variability
(increase size of error bars) and also an increase of the pRF sizes close to the fovea (as predicted
by the simulation; Fig. 1, left). This increase is nonetheless not large enough to explain the
difference of pRF sizes between the AME and the FFE.

red/blue curve) cannot be explained by the larger eye move-
ments typical of the AME.

CMF is normal
The CMF decreases with respect to visual field eccentricity. The
mean and SD of the values cand d (the parameters of Eq. 2) are
reported in Table 2. The CMF at 1° of eccentricity is found to
bein V1 5.87 mm/® for the normal eye, 5.18 mm/° for the FFE
of the amblyopes, and 5.28 mm/° for the AME. There was no
difference in the best fitting function slopes between the CMF
estimated from the fellow eye and the AME in the amblyopes
(paired f test based on parameter ¢ value: in V1, T(;, = 0.50,
p=0.63;in V2, T, = 0.00,p = 1;in V3, T(,, = 2.18, p = 0.07;
based on parameter d value: in V1, T,y = —0.25, p = 0.81; in
V2, Ty = —0.39,p = 0.71;in V3, Ty = —2.08, p = 0.08. The
CMF of the amblyopes and the normals were comparable in
V1, V2, and V3 (unpaired ¢ test based on parameter ¢ value
between normal eye and FFE: in V1, T(,,) = —0.68, p = 0.51;
in V2, T,y = 0.50, p = 0.63;in V3, T(,,, = —2.06, p = 0.06;
based on parameter d value: in V1, T,y = —1.34, p = 0.20; in
V2, Tiyy = 0.24, p = 0.815in V3, T, = 1.94, p = 0.07).
Thus, the results show a difference in pRF sizes between the
models derived for the fellow eye and the AME of the amblyopic
subjects but no difference in the CMF. As the pPI is directly
calculated from the product of these two factors, there is a pre-
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dicted difference between the pPI estimated from the fellow eye
and that from the AME (Figs. 4C, 5C, 6C, 9C). The pPI was found
to be near constant in V1 from the model derived from the DE
and nDE of the normals (mean a/b = 0.42° 'and ¢/d = 0.57° ")
as well as the fixing eye of the amblyopes (mean a/b = 0.46° "
and ¢/d = 0.58°""). The pPI decreased with eccentricity in the
AME of the amblyopes (mean a/b = 0.20° ' and ¢/d = 0.61°~1).

The data were combined per group to estimate the best fitting
function for the normal eye, the FFE of the amblyopic subjects,
and the AME of the amblyopic subjects. The results from V1, V2,
and V3 are shown in Figure 9 and the group fitted data are re-
ported in Table 3 with the mean parameters a—d and their 95%
confidence intervals.

Increased pRF sizes in the AME in V2 and V3

If one considers only feedforward effects, one can assume that
later visual areas should mainly derive their visual representation
from those in early visual areas. To estimate how many of the
differences found between the AME-derived and FFE-derived
models in the amblyopes’ V2 and V3 solely depends on that
found in V1, we computed the corticocortical pRF (cc-pRF) in
V2 and V3 where pRFs are expressed relative to the preceding
cortical processing stages (for a complete explanation, see Harvey
and Dumoulin, 2011). These cc-pRFs relative to V1 are shown in
Figure 10. The data on the first row assumed that the pRF sizes in
V2 and V3 arise solely from the combination of the pRF in V1
(direct relationship between pRF sizes in V2 or V3 and pRFs sizes
in V1). The data multiplied by the CMF in V1 are shown on the
second row. As previously shown, in normals, receptive field sizes
in V2 and V3 can be explained by a constant sampling from V1
(Harvey and Dumoulin, 2011; Haak et al., 2013). This is also valid
for the fixing eye data of the amblyopic subjects. But the data
derived from the AME in V2 and V3 cannot be explained by the
predicted constant sampling in V1.

Intra-areal cortical topography

To estimate the topological fidelity of the maps within areas V1,
V2, and V3 from the AME data, we compared the preferred pRF
location in the visual field for each voxel per ROL. Figure 11 shows
the topological correspondence between the model-derived re-
ceptive fields for the fixing and AME within area V1. The pRF
positions between the eyes of normals were very similar. The
correlations of positions in azimuth are represented by mean
R? = 0.94 (SE: 0.01) for V1, mean R* = 0.92 (SE: 0.01) for V2,
and mean R* = 0.89 (SE: 0.02) for V3. The correlations of posi-
tions in elevation are represented by mean R* = 0.98 (SE: 0.01)
for V1, R? = 0.97 (SE: 0.01) for V2, and mean R> = 0.96 (SE:
0.02) for V3. The correlation remained stable between the areas
in azimuth (comparison between V1 and V3, paired ¢ test, T, =
1.88, p = 0.10), but decreased between areas in elevation (com-
parison between V1 and V3, paired t test, T, = 3.22, p < 0.05).
Even if there was more variability in the amblyopes, the corre-
spondence in pRF positions was still very high. The correlations
of positions in azimuth are represented by mean R* = 0.83 (SE:
0.03) for V1, mean R* = 0.71 (SE: 0.05) for V2, and mean R?> =
0.60 (SE: 0.07) for V3. The correlations of positions in elevation
are represented by mean R> = 0.92 (SE: 0.02) for V1, mean R* =
0.93 (SE: 0.02) for V2, and mean R? = 0.89 (SE: 0.02) for V3. The
correlations were always lower between the AMEs than between
the normal eyes (unpaired ¢ test for azimuth in V1: T,,, = 3.12,
P <0.01;in V2: T(5,y = 4.21,p < 0.001;in V3: T(,,, = 3.98, p <
0.01; unpaired ¢ test for elevation; V1: T(,,, = 3.07, p < 0.01; in
V2: Tppyy = 2.18, p < 0.05; in V3: Ty) = 241, p < 0.05).
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Figure 9.  Summary of the group data. A, Change of pRF sizes. B, Change of CMF. (, Change of pPl with respect of visual field eccentricity. Grouped data from normal eye (DE and nDE were
combined) are shown in black, FFEin blue, and AME data in red. The top row summarizes the data from V1, the middle row the data from V2, and the bottom row the data from V3. The dots and error
bars are respectively the mean and SEs of the binned points between subjects. The solid lines represent the best fitting functions and the colored areas reflect the 95% confidence intervals of these

fits (after bootstrapping and refitting).

Table 3. Mean terms and 95% confidence intervals for the best fitting function parameters of the group data“

Vi V2 V3
Normal FFE AME Normal FFE AME Normal FFE AME
pRF (Eq. 1)
a(’l?) 0.13 (0.11-0.15)  0.17 (0.15-0.19) 0.13(0.09-0.18) 0.18 (0.16—0.20) 0.22 (0.20—0.24) 0.19(0.12-0.26) 0.20(0.19—-0.22) 0.26 (0.24—0.28) 0.17 (0.10—0.25)
b(°) 0.3(0.34-0.45) 0.46 (0.40-0.52) 1.06(0.93-1.21) 0.40 (0.35-0.46) 0.46 (0.40—0.53) 1.09 (0.88-1.34) 0.57 (0.57-0.62) 0.61 (0.55-0.68) 1.35(1.06—1.63)
CMF (Eq. 2)

¢(mm ") 0.05(0.04—0.06) 0.06 (0.05-0.07) 0.06(0.05-0.07) 0.05(0.04—0.06) 0.06 (0.06—0.07) 0.06 (0.05-0.06)
d(mm/°)  0.13(0.10-0.16) 0.14(0.12-0.16) 0.14(0.12-0.16) 0.13(0.11-0.15) 0.11(0.09-0.13) 0.12(0.11-0.14)

0.06 (0.05-0.06) 0.07 (0.06—0.08) 0.06 (0.04—0.07)
0.12(0.11-0.13) 0.10(0.08-0.12) 0.12(0.08-0.15)

“The values of g, b, ¢, and d are from the best fitting curves in the group data (averaged in bins of eccentricity). The bins were bootstrapped and fits repeated to give 95% confidence intervals, reported in brackets.

This increased receptive field positional variability wasseento  ject in V1 and V2, T(,5, = 4.02, p < 0.01; between V2 and V3,
increase as one goes along the visual pathway from V1to V3and  T,5 = 2.52, p < 0.05); elevation: comparison between V1 and
it was mostly related to the azimuthal position (Figure 1115 azi- V2, T(;5) = —1.62, p = 0.17; between V2 and V3, T,5, = 3.56,
muth: comparison between Pearson’s r correlation for each sub- ~ p < 0.01). We did not observe a constant shift of the pRFs in the
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Figure 10.

pRF differences between visual areas and measures of the cc-pRF sizes of V2 and V3 from V1. A, Normal eyes (black). B, FFEs (blue). €, AMEs (red). The top row shows that pRF size

differences of V2 and V3 compared with those of V1 increase up the visual pathway and increase in slope up the hierarchy too for the eyes of the normal subjects and for the fixing eye of the amblyopes
but not for the AME of the amblyopes. The bottom row shows the cc-pRFs. cc-pRF sizes of V2 and V3 do not vary with eccentricity for the eyes of normal subjects and for the fixing eye of the amblyopes
but decreases in the AME. Lines were fit to bins, and the bins were bootstrapped and fits repeated to give 95% confidence intervals (colored areas).

AME to the visual field periphery (the regression line in Fig. 11H
does not have slope of 0), but we performed a correlation analysis
to detect any slope change that would suggest an expansion (the
distance in eccentricity between the AME-derived pRFs and the
FFE-derived pRFs increased with the eccentric position of the
AME-derived pRFs). Indeed, while there was no such tendency in
normals (respectively for V1, V2, and V3: mean R* = 0.05, 0.08,
and 0.11), these correlation values were significantly higher in the
amblyopes (respectively for V1, V2 and V3: mean R* = 0.29,0.32,
and 0.40; unpaired ¢ test between normals and amblyopes: in V1,
Ty = —3.18, p < 0.015in V2, Ty = —2.45, p < 0.05; in V3,
T (52 = —2.52,p <0.05), as shown in Figure 11K. The correlation
values remained stable from V1 to V3 (comparison between V1
and V2, T5 = —0.58, p = 0.57; between V1 and V3,
T(y5y = —1.43,p < 0.18). There was no correlation between pRF
positional shifts and clinical features or behavioral measures
(correlation in azimuthal position with visual acuity, r = 0.32,
p = 0.45; with fixation instability, r = —0.29 p = 0.47; with squint

angle,r = —0.06, p = 0.89). There was no correlation between the
tendency of the pRFs from the AME to be more eccentric in the
periphery either with fixation instability (r = 0.16, p = 0.70) or
with squint angle (r = 0.01, p = 0.98). But there was a significant
inverse correlation with visual acuity deficit (r = —0.80, p <
0.05).

Discussion

In this study, we addressed three questions that are key to under-
standing the nature of cortical dysfunction in human amblyopia:
(1) Is cortical magnification reduced in the AME’s representa-
tion? (2) Is there a loss of spatial resolution of cells? (3) Is the
topological cortical map within the central field disordered for
the projection from the AME?

The answer to the first question bears upon a current ex-
planation for the reduced spatial positional sensitivity in am-
blyopia, namely reduced cortical magnification (Hussain et
al., 2015). We find no support for this view. There is also a view
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Figure 11.

Comparison of the distribution of the pRFs between the data for two eyesin V1, V2, and V3 voxels. The first two rows show the distribution of pRFsin the visual field, estimated from

voxelsin V1 of one normal subject (black and gray) and one amblyopic subject (A8, in blue and red). 4, For each voxel (with a >>30% variance explained for both eyes) the position of its pRFs in a polar
plot of the normal participant. The black line represents the shift between the position from DE to nDE. The light gray dots represent the position of the pRFs of the nDE. B, The correlation between
the azimuth coordinates between the two eyes. €, Correlation between the elevation coordinates. D, Relationship between the eccentricity of the pRFs of the nDE and the difference in eccentricity
between the two eyes. A—D show how similar the pRFs positions are between the two eyes in normals. E, For each voxel (with a >30% variance explained for both eyes) the position of its pRFs in
a polar plot of one amblyopic participant. The blue line represents the shift between the position from FFE to AME. The red dots represent the positions from the AME. F, The correlation between the
azimuth coordinates between the two eyes. G, The correlation between the elevation coordinates. H, Relationship between the eccentricity of the pRFs of the AME and the difference in eccentricity
between the two eyes. E-H, The pRF positions were highly correlated inamblyopic subjects. The corresponding correlation values were reported in /-K (respectively, azimuth, elevation coordinates,
and eccentricity) for V1, V2, and V3. There was more variability in the azimuth position between the two eyes in the amblyopes, and that the variability increases along the visual pathway from V1

to V3. K'shows that the pRFs tend to be more eccentricin AMEs and that this tendency increases with eccentricity but not with visual hierarchy.

that reduced resolution in amblyopia (Levi, 1991), reduced
vernier acuity (Levi and Klein, 1985, 1986), and increased
positional uncertainty (Levi and Klein, 1983; Levi et al., 1999)
could result from the AME driving fewer cells, particularly in
the foveal representation in the early cortical areas, resulting
in an undersampled representation. Reduced sampling alone
would not lead to any changes in pRF size and so cannot be the
sole explanation.

The second question relates to receptive field size and we
show that the pRF size is, in general, enlarged for the AME rep-
resentation and that this is the case for areas V1, V2, and V3.
However, this is not the case in every amblyope and the fact that
there is not a strong correlation between the extent of this foveal

receptive field enlargement and the behavioral acuity deficit is
not unexpected at the level of the pRF. There are a number of
factors that potentially could explain the enlarged pRFs for AME
input reported here. First, it could be the result of unsteady eye
movements in the AME eye (Levin et al., 2010). This is not the
case because not only did we not find any relationship between
the magnitude of the fixational eye movements during scanning
and the pRF size across our subjects (Fig. 7), but also, as detailed
in Materials and Methods, we corrupted the stimulus positions
for the FFE with the eye movements measured for the AME at
each TR to ensure all our FFE/AME comparisons were valid (Fig.
8). The second explanation is in terms of the positional scatter of
receptive fields that contribute to the pRF average (Hubel and
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Wiesel, 1974; Dumoulin and Wandell, 2008). We show that there
is increased scatter in the position of the pRFs themselves, but
have no way of knowing whether this also extends to the position
of the component receptive fields that comprise pRFs (Fig. 1, left,
simulations). Finally, enlarged pRFs may simply mean that there
is a reduced contribution from smaller receptive fields for the
AME input. The present data cannot discriminate between a re-
duced contribution as a result of a reduction in contrast sensitiv-
ity, for example, and a complete absence of small receptive field
sizes. It should also be noted that the spatial frequency of our
stimulus was 1.75 cpd and may have underestimated the extent of
the deficit even in these moderate-to-severe amblyopes. One
finding worth mentioning is that for the AME, fewer voxels sur-
vived the thresholding criterion. This could have a number of
possible explanations: fewer neurons contributing to the fMRI
signal, more neurons with lower signal-to-noise ratio, or, as our
evidence shows, disorganization of the map leading to a poorer fit
of the pRF model to the data.

The third question relates to the topological fidelity of the
intra-areal projections. It has long been known that amblyopes
not only have reduced spatial resolution (Hess and Howell, 1977;
Levi and Harwerth, 1977), but also experience spatial distortions
(Pugh, 1958; Hess et al., 1978) and reduced positional accuracy
(Hess etal., 1978; Bedell and Flom, 1981; Levi et al., 1987; Lagreze
and Sireteanu, 1991; Hess and Holliday, 1992; Mansouri et al.,
2009; Hussain et al., 2015). A number of alternative explanations
include spatial undersampling from fewer cells (Levi, 1991; Levi
and Klein, 1996), reduced cortical magnification (Hussain et al.,
2015), spatial disarray from a disordered representation of a nor-
mal complement of cells (Hess, 1982; Hess and Field, 1994), and
anomalous orientation interactions (Barrett et al., 2004). The
present results lend some support to the third explanation in that
we show, in support of a previous result using a phase-encoded
design (Li et al., 2007a), that there is more variability in the posi-
tions of pRFs in the AME. We also show that this positional
anomaly is evident in areas outside V1 (i.e., V2 and V3).

Initially, animal studies (Eggers and Blakemore, 1978;
Blakemore and Vital-Durand, 1986; Movshon et al., 1987;
Crewther and Crewther, 1990) have sought to provide an expla-
nation for amblyopia solely in terms of V1 processing as it is here
where the competitive interaction between the eyes occurs
(Blakemore and Eggers, 1978; Blakemore and Vital-Durand,
1992). There is now a consensus that extrastriate processing is
also affected because of the wide range of visual functions affected
(Levi, 1991; Levi et al., 1997; Simmers et al., 2003, 2005; Ho et al.,
2006; Husk et al., 2012), the limited range of V1 neurophysiolog-
ical deficits (Levi, 1991; Levi et al., 1997; Kiorpes et al., 1998;
Kiorpes and McKee, 1999; Simmers et al., 2003, 2005; Ho et al.,
2006; Husk et al., 2012), and the extent of the human fMRI cor-
tical deficit (Barnes et al., 2001; Li et al., 2007b). It is of interest to
know the extent to which the anomalies found in V1 are sim-
ply reflected in the processing of later areas or whether addi-
tional processing anomalies occur in extrastriate areas to
which V1 projects. Our cc-pRF analysis addresses this. The
results suggest that the V2 anomalies cannot be simply ex-
plained by the known V1 deficits and the V3 anomalies cannot
be simply explained by the V2 deficits; additional processing
deficits occur in V2 and V3. A similar conclusion has been
suggested by a recent study of monkeys with anisometropic
amblyopia: area V2 contributes an additional projection dis-
array to that present in V1 (Tao et al., 2014). This is at odds
with the purely V1 contribution in the deprivation model sug-
gested by Sincich et al. (2012).
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In this study we have relied on a single Gaussian model of
the pRF and therefore it is biased toward excitatory feedfor-
ward processing. We did attempt to model our data with a
difference-of-Gaussian (DoG) model to derive an estimate of
surround inhibitory effects (Zuiderbaan et al., 2012) that are
thought to involve feedback processing (Schwabe et al., 2006,
2010). However, owing to our focus on foveal processing, our
restricted field size (radius, 6°) may not have provided optimal
conditions under which the DoG model could make a signif-
icantly contribution. This was the case for the data for normal
eyes, FFEs, and AMEs. Future studies should use stimulus
conditions that are more conducive to deriving estimates of
surround inhibition so that feedback processing can be
evaluated.

In summary, we compare the projections from the amblyopic
and fellow normal eyes of amblyopes with those of normal ob-
servers. The projection from the AME has a normal CMF in all
early visual areas, enlarged pRF sizes in striate and extrastriate
cortex, and more topographic disorder in extrastriate areas. This
is consistent with an explanation based on a normal complement
of cells whose spatial resolution is reduced and whose topograph-
ical map is disordered.
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