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Converging evidence from human psychophysics and animal neurophysiology indicates that amblyopia is as-
sociated with abnormal function of area MT, a motion sensitive region of the extrastriate visual cortex. In this
context, the recent finding that amblyopic eyes mediate normal perception of dynamic plaid stimuli was sur-
prising, as neural processing and perception of plaids has been closely linked to MT function. One intriguing
potential explanation for this discrepancy is that the amblyopic eye recruits alternative visual brain areas to
support plaid perception. This is the hypothesis that we tested. We used functional magnetic resonance im-
aging (fMRI) to measure the response of the amblyopic visual cortex and thalamus to incoherent and coher-
ent motion of plaid stimuli that were perceived normally by the amblyopic eye. We found a different pattern
of responses within the visual cortex when plaids were viewed by amblyopic as opposed to non-amblyopic
eyes. The non-amblyopic eyes of amblyopes and control eyes differentially activated the hMT+ complex
when viewing incoherent vs. coherent plaid motion, consistent with the notion that this region is centrally
involved in plaid perception. However, for amblyopic eye viewing, hMT + activation did not vary reliably
with motion type. In a sub-set of our participants with amblyopia we were able to localize MT and MST with-
in the larger hMT + complex and found a lack of plaid motion selectivity in both sub-regions. The response of
the pulvinar and ventral V3 to plaid stimuli also differed under amblyopic vs. non-amblyopic eye viewing
conditions, however the response of these areas did vary according to motion type. These results indicate
that while the perception of the plaid stimuli was constant for both amblyopic and non-amblyopic viewing,

the network of neural areas that supported this perception was different.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Amblyopia is a developmental disorder of the visual system char-
acterized by reduced vision in an otherwise healthy eye. The condi-
tion occurs when each eye sees a different image during infancy,
typically due to the presence of chronic blur in one eye (anisometro-
pia), a misalignment of the visual axes (strabismus) or visual depriva-
tion. Under these conditions, the visual system may develop so that
the inputs from the eye with the weaker or suppressed image are pro-
cessed abnormally within the visual cortex (Hubel and Wiesel, 1965,
1970; Kiorpes and McKee, 1999). This impoverished early visual ex-
perience can impair both spatial and temporal vision (Asper et al.,
2000; Barrett et al., 2004) and the effects appear to extend to extra-
striate visual areas (Barnes et al., 2001; Bonhomme et al., 2006;
Hess et al., 2010; Li et al., 2011).
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There is increasing evidence that amblyopia is associated with ab-
normal function of a specific region of the dorsal extrastriate proces-
sing stream known as area MT. This region is highly motion sensitive
and contains cells that can integrate local motion signals into a coher-
ent motion representation (Born and Bradley, 2005; Majaj et al.,
2007; Movshon et al., 1985). Evidence for an MT deficit in humans
with amblyopia comes primarily from psychophysical studies of glob-
al motion perception using random dot kinematograms (RDKs) as
stimuli. These stimuli consist of two populations of moving dots; a
population of “signal dots” which have a common motion direction
and a population of “noise dots” which move randomly. The obser-
ver's task is to identify the direction of the signal dots. This requires
the integration of coherent local motion signals and the segregation
of these coherent signals from noise. There is strong neurophysiolog-
ical evidence to suggest that this process involves area MT. For exam-
ple, lesions of MT selectively impair perception of RDKs (Newsome
and Pare, 1988) and microstimulation of MT can influence perceptual
judgments of RDK motion (Salzman et al., 1990). Therefore, the large
number of psychophysical studies that have demonstrated abnormal
perception of global motion in amblyopia, even when deficits in


http://dx.doi.org/10.1016/j.neuroimage.2012.01.078
mailto:b.thompson@auckland.ac.nz
http://dx.doi.org/10.1016/j.neuroimage.2012.01.078
http://www.sciencedirect.com/science/journal/10538119

1308 B. Thompson et al. / Neurolmage 60 (2012) 1307-1315

contrast sensitivity are accounted for, strongly suggests that MT is af-
fected by this disorder (Aaen-Stockdale and Hess, 2008; Aaen-
Stockdale et al., 2007; Constantinescu et al., 2005; Ellemberg et al.,
2002; Ho and Giaschi, 2009; Ho et al., 2005; Mansouri and Hess,
2006; Simmers et al., 2003, 2006).

A different visual stimulus that has been used extensively to inves-
tigate the neural mechanisms supporting motion integration and seg-
regation is the plaid. Plaid stimuli are typically constructed from two
gratings drifting in different directions within a circular aperture. If
the spatial and temporal properties of the two gratings are sufficient-
ly similar to one another, the gratings will cohere and produce the
percept of a single patterned surface drifting in a direction that can
be unique from either component direction, known as pattern or co-
herent motion (Adelson and Movshon, 1982). However, if the grat-
ings differ sufficiently in their spatial or temporal properties they
will not cohere, but rather will appear to drift over one another, gen-
erating a transparent percept known as component or incoherent
motion (Adelson and Movshon, 1982; Smith, 1992). A subset of
cells in MT has been shown to encode the coherent or “pattern” mo-
tion of plaid stimuli (Movshon et al., 1985; Pack et al., 2001; Rodman
and Albright, 1989; Stoner and Albright, 1992). In addition, the per-
ception of coherent plaid motion has been linked to MT function in
humans. For example Huk and Heeger (2002) used an fMRI adapta-
tion paradigm to demonstrate that the hMT+ complex (which in-
cludes both MT and MST homologs) had a strong selectivity for
coherent plaid motion. In agreement with these findings, Castelo-
Branco et al. (2002), also using fMRI, demonstrated that activity in
hMT+ was correlated with perceptual switches between coherent
and incoherent motion for bi-stable plaid stimuli. These authors also
reported stronger activation in hMT+, as well as other extrastriate
areas, for incoherent vs. coherent motion. This may be explained by
incoherent motion activating two motion direction selective neural
assemblies, with coherent motion activating only one pattern motion
selective neural assembly. Evidence for the link between hMT + and
plaid perception has also been found from lesion studies, whereby le-
sions affecting hMT + reduce coherent motion perception (Clifford
and Vaina, 1999). This finding is supported by a recent study in
which coherent perception of plaids was altered by temporary dis-
ruption of processing in hMT + using repetitive transcranial magnetic
stimulation (Thompson et al., 2009).

In the light of the previous work indicating an MT deficit in ambly-
opia, we conducted a psychophysical experiment investigating the
ability of amblyopic eyes to perceive coherent and incoherent plaid
stimuli (Thompson et al., 2008). Our hypothesis was that abnormal
processing in MT would produce a preponderance of incoherent mo-
tion percepts for amblyopic eye viewing. To our surprise, however,
we found that amblyopic eyes mediated largely normal perception
of both coherent and incoherent plaids. There are at least two possi-
ble explanations for this finding. The first is that the integration of
local motion signals in MT is abnormally susceptible to noise in

Table 1

amblyopia, and it is the presence of noise in the RDK stimuli rather
than a motion integration deficit per se that causes the impaired per-
formance (Mansouri and Hess, 2006). The second explanation is that
an alternative network of neural areas is recruited to support normal
plaid perception by the amblyopic eye. Candidate areas include those
that have been shown to possess cells with selectivity for coherent
plaid motion, and include V1 (Guo et al., 2004), V3 (Gegenfurtner et
al., 1997; Wenderoth et al., 1999) and the pulvinar (Merabet et al.,
1998; Villeneuve et al., 2005). These two explanations are not mutu-
ally exclusive. It is conceivable that if an alternative neural network
underpins complex motion perception for amblyopic viewing, this
network may be more susceptible to noise than the presumably opti-
mal network recruited by non-amblyopic eyes.

This study was designed to test the hypothesis that normal per-
ception of plaid stimuli by amblyopic eyes is mediated by a network
of visual areas that is distinct from those recruited by non-
amblyopic eyes. We used functional magnetic resonance imaging
(fMRI) to measure the response of the amblyopic visual cortex and
pulvinar to plaid stimuli that generated consistent percepts of coher-
ent or incoherent motion for both amblyopic and non-amblyopic
eyes. We found that, contrary to control eye and non-amblyopic-eye
viewing, the hMT+ complex was not differentially activated by co-
herent vs. incoherent motion when stimuli were viewed with an am-
blyopic eye. This suggests that alternative visual areas may support
plaid perception by the amblyopic eye. Our data allowed for the ten-
tative identification of ventral V3 and the pulvinar as two candidate
areas that may be differentially involved in motion processing
under amblyopic eye viewing conditions.

Methods
Participants

Six adults with amblyopia and seven control observers (6 males,
average age 31.1 years) took part in this study. All observers with am-
blyopia had a strabismus and two also had anisometropia. Clinical de-
tails for the observers with amblyopia are provided in Table 1. All
participants gave informed consent prior to participating in this
study and all study protocols were approved by the institutional
ethics committee and were in accordance with the declaration of
Helsinki.

Stimuli

Plaids

During scanning, participants viewed plaid stimuli constructed
from two superimposed drifting sine wave gratings of 50% contrast
that differed in their orientation by 120° (one grating oriented 60°
right of vertical and the other 60° left of vertical). Three dynamic
plaid patterns were presented during scanning (Fig. 1). Two plaids

Clinical details of the observers with amblyopia. Obs = observer, LA=letter acuity, M = male, F = female, RE = right eye, LE = left eye, strab = strabismus, DS = dioptre sphere,
XT = exotopia, ET = esotropia, y = years of age, m = months.

Obs Age/sex Type Refraction LA Squint History, stereo

AR 48/M RE (4] 20/20 Detected age 6y, no patching, no surgery.
LE strab [4] 20/50 XT 1°

AS 22/F RE (4] 20/20 Detected age 4y, patching at 4y for 6 m, surgery at 7 y.
LE strab —0.5DS 20/160 ET 15°

GN 31/M RE mixed +5.00-2.00x 120° 20/70 ET 8° Detected age 2y, strabismus surgery ages 2-6y.
LE +3.50-1.00x 75° 20/20

ML 21/F RE mixed +1.0-0.75 20/80 ET 6° Detected age 5y, patching for 2 y, no surgery.
LE -3.25 20/25

RD 50/M RE +3.00DS 20/15 Detected age 6y, glasses 6y, no patching, no surgery.
LE strab +4.00DS 20/125 ET1°

VD 24/F RE +0.25DS 20/20 Detected age 5-6y, patching for 6 m, no surgery.
LE mixed +2.75-1.25x175° 20/40 ET3°
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Fig. 1. The plaid stimuli presented during scanning. A and B represent the two coherent plaids constructed from 0.2 cpd and 0.5 cpd components respectively. C represents the in-
coherent plaid constructed from one 0.2 cpd and one 0.5 cpd component. The arrows represent the perceived motion direction(s) for illustrative purposes only and were not pre-

sent in the actual stimuli.

were constructed from component gratings with identical spatial fre-
quencies; one plaid with 0.2 cpd components referred to as the low
spatial frequency (LSF) plaid, (Fig. 1A) and one with 0.5 cpd compo-
nents referred to as the high spatial frequency (HSF) plaid, (Fig. 1B).
The final, incoherent, plaid was constructed from a 0.2 cpd compo-
nent and a 0.5 cpd component grating (Fig. 1C). Plaids were pre-
sented within a 30° circular aperture and the component gratings
had a temporal frequency of 4 Hz. The two plaids with identical spa-
tial frequency components gave rise to a robust percept of coherent
motion whereas the plaid with the components that differed in
their spatial frequency produced a robust incoherent motion percept.
A fourth stationary plaid pattern constructed from two 0.2 cpd com-
ponents was also included during scanning. The central 2° of each
plaid pattern was blanked out to allow for steady fixation without
the induction of optokinetic nystagmus. A central fixation cross was
provided within this blanked out region.

Scans were performed monocularly with a tight fitting eyepatch
covering the non-viewing eye. During scanning, plaids were pre-
sented continuously for 16 s. Each 16 second block of plaid presenta-
tion was followed by a 16 second block of mean luminance blank
fixation. Each of the four plaid stimuli (three dynamic plaids and
one static plaid) was presented twice within each scan and each ses-
sion contained six plaid stimulus scans. This provided for three mon-
ocular scans per eye for the observers with amblyopia and three scans
under dominant eye monocular viewing conditions for controls. Con-
trols also completed three scans under binocular viewing conditions
for use in a different study and these data are not included in this
paper. Non-dominant eye data were not collected for controls as we
did not anticipate any interocular differences for these participants
with normal binocular vision. During scanning participants continual-
ly reported their plaid percept by holding down one button on the re-
sponse box if they perceived coherent motion and a different button if
they perceived incoherent motion (Hupe and Rubin, 2003; Thompson
et al., 2008). This allowed for participants to report a switch in per-
cept during a block by changing response buttons. Participants were
not required to make behavioral responses during static plaid blocks
or during blank fixation.

Localization and subdivision of hMT +

Differences in the representation of the visual field within MT and
MST were used to sub-divide hMT+ into MT and MST (Dukelow et
al., 2001; Huk et al., 2002; Smith et al., 2006). Specifically, cells in
area MT have receptive fields that are primarily responsive to the
contralateral hemifield while area MST contains larger receptive
fields that also respond to stimuli presented within the ipsilateral vi-
sual field. In fact, neurons in macaque area MST can encode up to 40°
of the ipsilateral visual field (Desimone and Ungerleider, 1986; Duffy
and Wurtz, 1991; Komatsu and Wurtz, 1988; Raiguel et al., 1997). We
used a large RDK to localize hMT + and subdivided this region into

MT and MST following previously reported protocols (Dukelow et
al., 2001; Huk et al., 2002; Smith et al., 2006). The stimulus consisted
of white dots (1° in diameter, 0.2 dots/deg?) on a black background
presented within a 40° circular aperture. During scanning the stimu-
lus was presented in four different states; full field motion, left hemi-
field motion, right hemifield motion and static. During full field
motion all stimulus dots underwent sequential centripetal and cen-
trifugal motion (expansion and contraction) at a speed of 8°/s. For
hemifield stimulation, the RDK remained static with the exception
of a 10° circular region centered 15° horizontally from fixation
which underwent centripetal and centrifugal motion. In each hemi-
sphere, the contrast between full field motion and static dots was
used to identify hMT+. MST was then defined as the region within
the hMT + complex that responded to ipsilateral hemi-field stimula-
tion. Finally, MT was identified as the region within hMT + respon-
sive to contralateral hemifield stimulation after MST had been
removed. During scanning, the four stimulus conditions were pre-
sented for 16 s and were separated by 16 second blocks of blank fixa-
tion (blank screen). Each condition was repeated twice per scan.
During scanning, participants were required to maintain fixation on
a cross in the center of the display and press a response button when-
ever they detected a reversal in motion direction. Participants were
not required to make behavioral responses during static or fixation
blocks. There were four monocular scans (two per eye) for the ob-
servers with amblyopia and two monocular dominant eye scans and
two binocular viewing scans for controls.

Retinotopic mapping

Standard retinotopic mapping protocols were used with visual
stimuli, and protocols identical to those described previously
(Barnes et al., 2010; Li et al., 2007). Retinotopic wedge and annulus
checkerboard sections, conventionally used for retinotopic mapping,
were presented in a phase-encoded sequence while the participant
attended to a central fixation cross. The subjects also performed a vi-
sual task designed to control for attention which required the detec-
tion of a coherent patch of checkerboard within the checkerboard
stimulus as a whole that appeared at random times and positions.

Stimulus presentation

Stimuli were back projected onto a screen mounted at the head end
of the scanner bore using an NEC 820 LDC video projector (1024 x 768
pixel resolution, 60 Hz refresh rate). The projection screen was viewed
by the participant by means of an angled mirror mounted above their
eyes. During scanning fixation was monitored using an MRI compatible
infrared video camera connected to custom eye tracking software. Par-
ticipants viewed the stimuli monocularly with a tight-fitting eyepatch
occluding one eye. The viewing eye was alternated scan by scan for
the participants with amblyopia and the eye tracking system was ad-
justed accordingly. Control participants viewed the stimuli with their
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dominant eye only. Participants wore their full refractive correction
during scanning.

Procedure

Participants took part in two separate scanning sessions, one for
retinotopic mapping and one for localizing MT/MST and recording
neural responses to the plaid stimuli. Prior to scanning participants
were familiarized with the stimuli and task first in the laboratory
and then in a mock scanner located at the Unité de Neuroimagerie
Fonctionnelle (UNF), Institut Universitaire de Gériatrie de Montréal
(University of Montreal). Eye movements were recorded during the
laboratory sessions using a Quick Glance 1 eye tracking system (Eye-
Tech Digital Systems, USA) to ensure that participants were able to
maintain stable fixation with both their amblyopic and non-
amblyopic eye under monocular viewing conditions. We were also
careful to ensure that the percept of pattern or component motion
for each of the three plaid stimuli remained stable for the 16 second
presentation time used during scanning and did not differ between
the amblyopic and non-amblyopic eyes for any of the amblyopic par-
ticipants tested. Within the mock scanner, observers viewed the plaid
stimuli and held down one response button to report coherent mo-
tion and another to report incoherent motion. Therefore, if the per-
cept changed during the 16second presentation interval the
participant could simply release one button and depress the other
to indicate the switch (Hupe and Rubin, 2003; Thompson et al.,
2008). The same procedure was used during scanning to control at-
tention and monitor the way in which the plaids were being per-
ceived. No perceptual switches were reported at any point during
the study and all observers reported the coherent plaids as moving
coherently and the incoherent plaid as moving incoherently under
all viewing conditions. The fact that there was no difference in the
perception of these plaid stimuli between the amblyopic and non-
amblyopic eyes is consistent with previous psychophysical work
(Thompson et al., 2008).

Scanning was performed at the Unité de Neuroimagerie Fonction-
nelle (UNF), Institut Universitaire de Gériatrie de Montréal (Univer-
sité de Montréal) using a Siemens 3T whole-body TRIO system
(Erlangen, Germany) with an eight-channel receive-only head coil.
Each scanning session began with the acquisition of a high resolution
three dimensional T1 weighted image which was acquired using an
MPRAGE sequence (TR =2300 ms; TE =2.94 ms; flip angle=9°, 176
slices, voxel size=1x1x1mm?). Ten functional scans were then
conducted; six for the plaid stimuli (three scans per eye) and four
for hMT + localization/subdivision stimuli (two scans per eye). The
sequence of scans was randomized across participants. All functional
scans consisted of 148 T2*-weighted gradient-echo echoplanar im-
ages depicting blood oxygen level-dependant (BOLD) contrast
(Ogawa et al., 1990) (TR=2000 ms, TE =30 ms, flip angle =90°, in
plane resolution =3 x3mm and slice thickness =3 mm) acquired in
each of 27 planes. The slices were oriented parallel to the calcarine
sulcus and arranged to include the pulvinar.

Data analysis

Analysis of the plaid and hMT + localization data was conducted
using the commercially available BrainVoyagerQX fMRI analysis soft-
ware package. Functional scans were high-pass filtered and motion
corrected using sub-routines within BrainVoyager and aligned to
the high resolution anatomical scan. Functional and anatomical data
were then transformed into Talairach space (Talairach and
Tournoux, 1988) to allow for a direct comparison of region of interest
locations with previous studies.

hMT+ was defined using a general linear model analysis of the
four scanning runs during which participants viewed the RDK stimu-
lus. This allowed for t-statistic maps representing a contrast between

the full-field dynamic RDK condition and the static RDK condition to
be visualized on inflated representations of the cerebral hemispheres
at a false discovery rate (FDR) corrected level of p<0.001 (Benjamini
and Hockberg, 1995). hMT + was defined as a stimulus responsive re-
gion in the appropriate anatomical location (Dumoulin et al., 2000;
Ptito et al,, 2003; Tootell and Taylor, 1995; Tootell et al., 1995a,b).
In order to subdivide hMT + into MT and MST, the t-statistic maps
(FDR corrected at p<0.001) representing the contrast between hemi-
field stimulation and the static RDK condition were visualized on the
inflated representation of the cerebral hemisphere ipsilateral to the
stimulated hemifield. MST was defined as the area within the larger
hMT + region of interest (ROI) that responded to ipsilateral hemifield
stimulation and MT was defined as the area of hMT + that responded
to contralateral stimulation once MST had been removed (Desimone
and Ungerleider, 1986; Duffy and Wurtz, 1991; Dukelow et al.,
2001; Huk et al, 2002; Komatsu and Wurtz, 1988; Raiguel et al.,
1997; Smith et al., 2006).

ROIs for V1, V2, V3 (V3d), V3a, VP (V3v) and V4v were generated
by an automated volumetric analysis of the retinotopic mapping
data (Barnes et al., 2010; Dumoulin et al., 2003). The ROIs were
then converted to BrainVoyager format using custom Matlab soft-
ware. Regions of interest for the pulvinar were defined anatomically
based on previous reports (Kastner et al., 2004; Ptito et al., 1999;
Villeneuve et al., 2005). To ensure that all voxels with the retinotopic
ROIs and the pulvinar ROIs were responsive to visual stimulation
within the area of the visual field covered by the plaid stimuli, a gen-
eral linear model analysis was conducted on the plaid stimulus scans
for each participant. This allowed for a contrast between the blank
fixation condition and all other conditions (i.e. the three dynamic
plaids and the static plaid). Only voxels that responded significantly
at a FDR correction of q<0.001 were included in the ROIs.

Raw time series data from all of the plaid stimulus scanning runs
were extracted from every ROI for both hemispheres for each partic-
ipant. Time series data for each plaid condition were normalized to
the directly preceding 2 TRs (at the end of the blank fixation condi-
tion) to provide a baseline for the %BOLD change measure. Average
%BOLD change was then calculated as the mean of the %BOLD change
values within an 8 TR (16 s) window starting 3 TRs (6 s) after stimu-
lus onset and ending 3 TRs after stimulus offset to account for the he-
modynamic delay.

Results
Psychophysical measures

Behavioral data collected during scanning indicated that observers
did not experience any bi-stability for any of the plaid stimuli. In ad-
dition, coherent plaids always resulted in coherent motion percepts
and incoherent plaids always resulted in incoherent motion percepts.
In agreement with our previous study (Thompson et al., 2008), these
psychophysical measures did not differ between amblyopic and non-
amblyopic eyes.

Plaid responses within the extra-striate cortex

Extra-striate visual areas were classified as being differentially ac-
tivated by coherent motion and incoherent motion if their response
to the incoherent motion stimulus was significantly different from
their response to each of the two coherent motion stimuli
(Villeneuve et al., 2005). This ensured that any activation differences
could not be explained by the spatial frequency content of the stimuli.
To test for these differences, a within subjects ANOVA was conducted
for each visual area for each viewing condition with a single factor of
plaid type (0.2 cpd coherent motion vs. 0.5 cpd coherent motion vs.
incoherent motion). An FDR correction, as implemented by
Benjamini and Hockberg (1995), was used to control for multiple
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comparisons at this level of the analysis. If a significant main effect of
plaid type was present, post-hoc paired t-tests were then conducted
to ensure that the incoherent motion stimulus was significantly dif-
ferent from both coherent motion stimuli. Statistical values for this
analysis are reported in Table 2. The degrees of freedom of all ANO-
VAs were corrected for sphericity using the Huhn-Feldt correction
where necessary.

The results for hMT + are shown in Fig. 2. For the control participants,
this area was differentially activated by coherent motion and incoherent
motion, with the response to incoherent motion being significantly stron-
ger than the response to either coherent motion stimulus (Table 2). Dif-
ferential activation of hMT + by coherent and incoherent motion also
occurred for non-amblyopic eye viewing. This was not the case for ambly-
opic eye viewing however, whereby hMT + was not differentially activat-
ed by coherent vs. incoherent plaid motion. In order to compare the
response of hMT+ to the plaid stimuli viewed by the amblyopic vs.
non-amblyopic eye, we conducted an ANOVA with factors of eye
(amblyopic vs. non-amblyopic) and plaid type. The response of hMT +
was significantly weaker for amblyopic vs. non-amblyopic eye viewing
F(1,5)=7.1, p=0.045. Post-hoc pairwise t-tests revealed that hMT +
had a significantly weaker response to the component motion
stimulus for amblyopic eye viewing relative to non-amblyopic eye
viewing t(5) =2.8, p=0.04, whereas the response did not differ signifi-
cantly between the two eyes for either of the coherent motion stimuli;
0.2 cpd t(5)=1.3, p=0.25, 0.5 cpd t(5)=2.3, p=0.067. This suggests
that the difference in hMT + activation for amblyopic vs. non-amblyopic

Table 2

Results of the statistical tests used to identify whether a particular visual area was dif-
ferentially activated by incoherent vs. coherent motion. The symbol * in the eye column
indicates that a condition meets the requirements for being able to make this discrim-
ination. NS = non-significant, LSF = low spatial frequency (0.2 cpd), HSF = high spa-
tial frequency (0.5 cpd). See Plaid responses within the extra-striate cortex for further
details.

Area Eye ANOVA LSF coherent HSF coherent
(FDR corrected)  vs. incoherent  vs. incoherent
hMT+  Control* F(2,12) =188, t(6) =6.0, t(6) =6.0,
p<.001 p<.001 p=.002
Non-amblyopic*  F(2,6) =8.2, t(5)=2.7, t(5)=4.2,
p=.03 p=.04 p=.009
Amblyopic F(2,10)=2.1, - -
p=.2NS
V2 Control* F(2,11) =125, t(6) =4.5, t(6)=3.9,
p=.002 p=.008 p=.004
Non-amblyopic F(2,9)=27, - -
p=.1NS
Amblyopic F(2,9)=3.2 - -
p=.09 NS
V3 Control* F(2,9) =164, t(6) =4.0, t(6) =74,
p<.001 p=.007 p<.001
Non-amblyopic F(1,5)=41, - -
p=.1NS
Amblyopic F(1,7)=4.5, t(5)=41, t(5)=1.7,
p=.03 p=.009 p=.1NS
VP Control* F(2,12)=16.2, t(6)=5.0, t(6)=3.3,
p<.001 p=.003 p=.02
Non-amblyopic F(2,10) =2.6, - -
p=.1NS
Amblyopic* F(2,10)=7.7, t(5)=3.3, t(5)=3.2,
p=.01 p=.02 p=.02
V3a Control* F(2,12)=171, t(6) =44, t(6) =4.9,
p<.001 p=.005 p=.003
Non-amblyopic F(2,7)=4.5, - -
p=.06 NS
Amblyopic F(2,10) =2.0, - -
p=2NS
V4 Control* F(2,11)=14.2, t(6) =4.3, t(6) =4.0,
p=.001 p=.005 p=.007
Non-amblyopic F(2,6)=2.0, - -
p=2NS
Amblyopic F(2,10)=4.7, - -
p=.04 NS

21 hMT+ Bincoherent
WCoherent HSF
164 % *  DCoherent LSF
@
[=2]
c
o 92
O
o
o
a 0.8 1
x
0.4 4
0 4
Controls NAE AE

Fig. 2. The mean response of area hMT + to coherent and incoherent motion for control
observers, non-amblyopic eye viewing (NAE) and amblyopic eye viewing (AE). * indi-
cates that the response to the incoherent motion stimulus was significantly different
from the response to both coherent motion stimuli (see Table 2), HSF = high spatial
frequency (0.5 cpd), LSF = low spatial frequency (0.2 cpd). Error bars in all figures in-
dicate between subjects SEM.

eye viewing was driven primarily by a relative reduction in the response
to component motion under amblyopic eye viewing conditions.

To assess whether this difference in the response of hMT + to
plaid stimuli for amblyopic vs. non-amblyopic eye viewing was relat-
ed to any clinical factors, we quantified the difference in hMT + acti-
vation for coherent vs. incoherent plaid stimuli for the amblyopic eye
of each participant. This was done by subtracting the mean of the
%BOLD change for the two coherent stimuli from the %BOLD change
for the incoherent stimulus. We did not find any correlations be-
tween amblyopic eye acuity or the angle of strabismus and coherent
motion selectivity in hMT + for amblyopic eye viewing. However,
when we split our group of amblyopic observers into those who
had been patched in childhood (AS, ML and VD) and those who had
not (AR, GN, RD), we found that those patients with a history of
patching showed significantly greater hMT+ BOLD activation for
the incoherent vs. coherent plaid stimuli than those who had not
been patched, t(4) = 3.0, p=0.04. In other words, the patients who
had been patched showed responses in hMT + for amblyopic eye
viewing that were more similar to non-amblyopic eye viewing and
control observer responses. It is important to note, however, that
while being suggestive, this analysis did not survive an FDR correc-
tion for all possible comparisons between the BOLD response and
clinical factors.

We were able to subdivide hMT + into MT and MST in four hemi-
spheres across three of our amblyopic observers (AS both hemi-
spheres; AR and RD left hemisphere only). Although these data
were only available from a limited number of participants, they do in-
dicate that both MT and MST contributed to the abnormal amblyopic
eye responses found for hMT + (Fig. 3).

For the control participants, all extra-striate visual areas were differ-
entially activated by coherent motion and incoherent motion (Fig. 4).
Only hMT+ showed this response for non-amblyopic eye viewing
(Fig. 4), although it is evident from Fig. 4 that the general trend of re-
sponses in extra-striate visual areas was comparable to the control data
(i.e. stronger responses to the incoherent motion stimulus than to the co-
herent motion stimuli). For amblyopic eye viewing (Fig. 4), only ventral
stream area VP showed significant differential activation in response to
coherent vs. incoherent motion, although trends were evident in V2
and V3a. A series of ANOVAs with factors of eye and plaid type were con-
ducted for each extrastriate region to assess the relative response of each
area to amblyopic vs. non-amblyopic eye viewing conditions. Significant
differences between the two eyes were found at V2; F(1,5)=16.6,
p=0.01,V3;F(1,5)=9.0,p=0.03 and V3a; F(1,5) = 14.8, p=0.012, in-
dicating a general attenuation of the response of these regions to ambly-
opic eye input. Conversely, no significant difference between amblyopic
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Fig. 3. The responses from the MT and MST subregions within the larger hMT + complex for three participants with amblyopia. Both areas show a similar pattern of results as hMT + (see
Fig. 2) when driven by the non-amblyopic eye (NAE) vs. the amblyopic eye (AE), HSF = high spatial frequency (0.5 cpd), LSF = low spatial frequency (0.2 cpd).

and non-amblyopic viewing was found for VP; F(1,5)=1.3, p=0.3 or
V4; F(1,5) = 3.3, p=0.13, which suggests a possible preservation of the
response of these regions to amblyopic eye viewing of plaid stimuli.

Primary visual cortex and the pulvinar

In addition to extra-striate visual areas, we also recorded re-
sponses from the primary visual cortex (V1) and the pulvinar. The re-
sponse of V1 was significantly attenuated in observers with
amblyopia compared to controls, F(1,5)=7.9, p=0.037 (Fig. 5, left
panel). However the relative response of V1 to the plaid stimuli was
consistent across both eyes of amblyopes and controls, whereby
stronger responses were found for the two plaid stimuli with higher
spatial frequency components (i.e. the incoherent stimulus and the
high spatial frequency coherent motion stimulus). Importantly, V1
did not reliably discriminate between coherent and incoherent mo-
tion for amblyopes or controls (Fig. 5).

We were able to identify reliable pulvinar activation in four of the
observers with amblyopia (AR, AS, RD, VD) and all seven controls. For
controls, the pulvinar was differentially activated by coherent and
incoherent motion (Fig. 5, right panel). For the amblyopic observers,
the pulvinar did not reliably discriminate between coherent and
incoherent motion, however as can be seen in Fig. 5, the data showed
an appropriate trend. A within subjects ANOVA with factors of eye
(amblyopic vs. non-amblyopic) and plaid type revealed that the
response of the pulvinar differed significantly between the two
eyes of the observers with amblyopia, F(1,3) =15.4, p=0.03. Post

hoc paired t-tests revealed that the difference between the two
eyes was driven by a significant reduction in the response of the pul-
vinar to the high spatial frequency coherent plaid under amblyopic
eye viewing conditions, t(3)=3.4, p=0.04. The response to the
low spatial frequency plaid did not differ significantly between the
two eyes, although it was weaker under amblyopic eye viewing
conditions t(3) =1.0, p=0.4. Interestingly however, the response
of the pulvinar to the incoherent motion stimulus was very similar
between the two eyes t(3) = —0.1, p=0.9. In fact for 3 out of 4 of
the observers with amblyopia, the response of the pulvinar to the
incoherent stimulus was stronger for the amblyopic eye than for
the non-amblyopic eye (AR, AS and VD).

Discussion

This study was designed to test the hypothesis that the unexpect-
edly normal perception of plaid stimuli by amblyopic eyes that has
previously been demonstrated (Thompson et al., 2008) is mediated
by a network of neural areas that is distinct from those supporting
plaid perception for non-amblyopic eyes. We found that hMT+
(and both MT and MST sub-regions in a subset of patients) did not re-
spond differentially to coherent vs. incoherent motion for amblyopic
eye viewing even though the amblyopic eye perceived both types of
motion normally. This was not the case for control eye viewing or
non-amblyopic eye viewing, whereby hMT+ had a significantly
stronger response to incoherent vs. coherent motion in accordance
with previous human neuroimaging studies (Castelo-Branco et al.,

Controls Non-Amblyopic Eye Amblyopic Eye
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BCoherentHSF
2 9 DOCoherentLSF A 1
*
S 164 |
c
s
O 124 1 *
=]
[o]
28]
X 08 A .
04 1
0 - .
V2 V3  V3a VP V4 V2 V3 V3ia VP \Z V2 Vi V3a VP V4
Visual Area

Fig. 4. The response of extra-striate visual areas to coherent and incoherent motion. * indicates that the response to incoherent motion is significantly different from both coherent
motion stimuli (see Table 2).
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Fig. 5. The mean response of V1 (left panel) and the pulvinar (right panel, n =4 for amblyopes) to coherent and incoherent motion for controls (n = 6), non-amlyopic eye viewing (NAE)
and amblyopic eye viewing (AE). * indicates that a condition is significantly different from the other two. V1: F(2,12) = 22.6, p<.001; coherent LSF vs. coherent HSF, t(6) =4.9, p=0.003;
coherent LSF vs. incoherent, t(6) = 6.0, p=0.001. Pulvinar: F(2,12) = 14.4, p=.001; coherent HSF vs. incoherent, t(6) =4.3, p=.005; coherent LSF vs. incoherent, t(6) = 4.7, p=.003.

2002; Villeneuve et al., 2005). A detailed analysis of the hMT + re-
sponses indicated that the most pronounced difference in hMT+
function between amblyopic eye viewing vs. non-amblyopic eye
viewing was a relative reduction in the response to incoherent mo-
tion stimuli.

The dissociation between normal perception and abnormal pat-
terns of neural activity that was present in our data for amblyopic
eye viewing raises the interesting possibility that the visual system
of these patients was able to partially compensate for hMT + deficits
by recruiting an alternate neural network for plaid perception. This
idea is consistent with the current literature on psychophysical mea-
surements of motion perception in adults with amblyopia. As de-
scribed in the Introduction, motion coherence thresholds measured
using random dot kinematograms are elevated in observers with am-
blyopia (Simmers et al., 2003, 2006). In addition, amblyopic observers
exhibit elevated Dmax thresholds (Ho and Giaschi, 2006) and a
poorer signal to noise ratio when pooling motion information
(Thompson et al., 2011). In contrast, amblyopic observers have been
found to be relatively unaffected in their performance of psychophys-
ical tasks that do not emphasize the segregation of signal motion from
noise. These include motion detection and direction discrimination
(Hess and Anderson, 1993; Hess et al., 1978), integration of local mo-
tion (Hess et al., 2006) and biological motion perception in the ab-
sence of noise (Thompson et al., 2007). A comparable pattern of
motion perception deficits has been reported in Macaque monkeys
secondary to lesions of MT/MST. Initially, these lesions result in pro-
nounced deficits for a wide range of motion tasks, however, after
training, performance on motion tasks that do not include noise can
recover to normal levels. Conversely, the performance of tasks includ-
ing noise, such as judgements involving RDKs, remains impaired
(Pasternak and Merigan, 1994; Rudolph and Pasternak, 1999). Pre-
sumably this partial recovery of visual function is due to the recruit-
ment of an alternative neural network for motion processing that is
capable of supporting some aspects of motion perception but not
the segregation of motion signals from noise. It is our conjecture
that a similar compensatory network may be in operation for patients
with amblyopia. In this context we were interested to find prelimi-
nary evidence that the patients who had been treated with patching
may show more normal responses within hMT+ than those who
had not. This raises the possibility that the enforced use of the ambly-
opic eye associated with patching may promote more normal devel-
opment of extrastriate visual areas in patients with amblyopia.

Our results point towards two candidate regions that may contrib-
ute to the compensatory network we propose. These are ventral V3
and the pulvinar. Ventral V3 was differentially activated by coherent
vs. incoherent motion for amblyopic eye viewing but not for non-

amblyopic viewing. In addition the overall response of this area was
not significantly reduced under amblyopic viewing conditions. The
importance of ventral V3 in human plaid perception has been demon-
strated previously (Wenderoth et al., 1999). It has also previously
been demonstrated that the pulvinar is capable of discriminating be-
tween incoherent and coherent motion both in animals (Merabet et
al., 1998) and humans (Villeneuve et al., 2005). While we were only
able to record activity in the pulvinar of four of our participants
with amblyopia, the data indicate that while the response of the pul-
vinar to coherent motion is relatively diminished for amblyopic eye
viewing, particularly for high spatial frequencies, the response to in-
coherent motion remains robust. In fact, this response was stronger
for amblyopic viewing than non-amblyopic viewing for three out of
four participants. Although our data is necessarily limited due to the
small number of participants for whom pulvinar activity could be
recorded, it raises the possibility that recruitment of the pulvinar
may have helped compensate for the loss of response to incoherent
motion that we identified in hMT + for the same participants.

Two previous studies have explicitly investigated the response of
area hMT + to dynamic stimuli in humans with amblyopia and both
have reported reduced activity in hMT + in response to either dy-
namic concentric squarewave gratings (Bonhomme et al., 2006) or
RDKs (Ho and Giaschi, 2009). Our finding of an overall reduction in
the response of hMT + to dynamic plaid stimuli when driven by the
amblyopic eye is in agreement with these previous studies and, as a
whole, these fMRI data indicate a loss of function within this cortical
area. A recent neurophysiological study of MT neurons has also found
evidence for abnormal MT function in amblyopia. EI-Shamayleh et al.
(2011) found that fewer cells in MT were responsive to amblyopic
eye stimulation vs. non-amblyopic eye stimulation in macaque mon-
keys made experimentally amblyopic. This supports previous studies
in the cat (Schroder et al., 2002; Sireteanu and Best, 1992). In addi-
tion, cells driven by the amblyopic eye were found to be less direction
selective and less tolerant of noise. Extending previous findings, our
current data provides preliminary evidence that the motion proces-
sing deficits we observed in hMT+ for amblyopic eye viewing were
present in both MT and MST. However it should be noted that this ob-
servation was based on only a subset of our observers with amblyopia
(n=3).

For control participants we found that all extra-striate areas were
differentially activated by coherent vs. incoherent motion as has previ-
ously been reported (Castelo-Branco et al., 2002; Huk and Heeger,
2002). The observers with amblyopia did not show such distributed
plaid motion specific responses within the extrastriate cortex. Specifi-
cally, the non-amblyopic-eye generated reliable coherent vs. incoherent
motion responses only in area hMT+, whereas the amblyopic eye
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generated such responses only in ventral V3. Motion processing deficits
have been reported for both amblyopic and non-amblyopic viewing rel-
ative to controls (Aaen-Stockdale et al., 2007; Ho et al., 2005; Kiorpes et
al., 2006) and our data raise the possibility that these deficits may re-
flect impoverished motion processing throughout the extrastriate visu-
al cortex.

In context of the few fMRI studies of human amblyopia pub-
lished to date, it seems that the recruitment of different brain
areas to support amblyopic eye function may be limited to the
dorsal motion pathway that was targeted in the current study.
For example, while amblyopic eye stimulation results in signifi-
cantly weaker cortical responses, the boundaries of the various
topographically mapped visual areas are similar (Li et al., 2007),
the cortical mapping of spatial frequency is similar (Hess et al,,
2009) and the mapping of color/achromatic contrast to ventral
and dorsal extrastriate pathways respectively is also similar
(Hess et al., 2010) for amblyopes and controls. This indicates a
functional deficit without the recruitment of distinct neural net-
works. In other words, similar brain areas are recruited under
amblyopic and non-amblyopic eye viewing, however the response
to amblyopic viewing is impoverished. This is in agreement with
psychophysical deficits in spatial vision that are associated with
amblyopia (e.g. Hess and Howell, 1977).

Overall, our results indicate that while patients with amblyopia are
able to perceive incoherent and coherent plaid motion normally, this
perception is mediated by a network of neural areas that does not em-
phasize hMT+, a region centrally involved in plaid perception for non-
amblyopic eyes. We therefore propose that the amblyopic visual system
is able to partially compensate for deficits in hMT + function by recruit-
ing alternative neural regions to support motion perception. On the
basis of our current findings we tentatively propose V3 and the pulvinar
as candidate regions. While this study is limited by the small sample
size (n=6), the results are the first to indicate the presence of compen-
satory neural mechanisms in amblyopia and as such, provide a founda-
tion for ongoing tests of this novel hypothesis.
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