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Behavioral studies have reported reduced spatial attention
in amblyopia, a developmental disorder of spatial vision.
However, the neural populations in the visual cortex linked
with these behavioral spatial attention deficits have not
been identified. Here, we use functional MRI–informed
electroencephalography source imaging to measure the
effect of attention on neural population activity in the
visual cortex of human adult strabismic amblyopes who
were stereoblind. We show that compared with controls,
the modulatory effects of selective visual attention on the
input from the amblyopic eye are substantially reduced in
the primary visual cortex (V1) as well as in extrastriate
visual areas hV4 and hMTþ. Degraded attentional
modulation is also found in the normal-acuity fellow eye in
areas hV4 and hMTþ but not in V1. These results provide
electrophysiological evidence that abnormal binocular
input during a developmental critical period may impact
cortical connections between the visual cortex and higher
level cortices beyond the known amblyopic losses in V1
and V2, suggesting that a deficit of attentional modulation
in the visual cortex is an important component of the
functional impairment in amblyopia. Furthermore, we find
that degraded attentional modulation in V1 is correlated
with the magnitude of interocular suppression and the
depth of amblyopia. These results support the view that
the visual suppression often seen in strabismic amblyopia
might be a form of attentional neglect of the visual input
to the amblyopic eye.

Introduction

Amblyopia (‘‘lazy eye’’) is a visual impairment
secondary to abnormal visual experience during early
childhood. About 3% of the population suffers from
this disorder. The causes can be strabismus (crossed
eye), anisometropia (unequal refractive error in the
two eyes), or form deprivation (congenital cataract or
ptosis). For more than half a century, the neural basis
of amblyopia in humans has been studied with animal
models. Much of this work has indicated that the
amblyopic deficits due to strabismus and/or anisome-
tropia are largely cortical, mainly located in early
cortical areas V1 and V2 (Bi et al., 2011; Chino, Bi, &
Zhang, 2004; Kiorpes, Kiper, O’Keefe, Cavanaugh, &
Movshon, 1998; Kiorpes & Movshon, 2003; Movshon
et al., 1987; Schmidt & Lowel, 2008; Shooner et al.,
2015; Tychsen, Wong, & Burkhalter, 2004). These
deficits include fewer fine-scale (high spatial frequen-
cy) neurons driven by the amblyopic eye, physiological
and anatomical disruption of binocular organization,
and interocular suppression. Importantly, these stud-
ies have reported that the cortical abnormalities in V1
and V2 do not entirely explain the behavioral deficits
associated with the amblyopic eye, suggesting that
additional losses must arise beyond V1 and V2
(Kiorpes, 2006; Shooner et al., 2015). Indeed, in a
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large body of tasks that activate the extrastriate
cortex, amblyopic individuals showed abnormal per-
formance as assessed by behavioral measures
(Chandna, Pennefather, Kovacs, & Norcia, 2001;
Hess, McIlhagga, & Field, 1997; Ho & Giaschi, 2006;
Ho et al., 2006; Kovacs, Polat, Pennefather, Chandna,
& Norcia, 2000; Popple & Levi, 2000; Simmers,
Ledgeway, & Hess, 2005; Simmers, Ledgeway, Hess,
& McGraw, 2003; Simmers, Ledgeway, Mansouri,
Hutchinson, & Hess, 2006; Tripathy & Levi, 2008),
functional imaging (Ho & Giaschi, 2009; Lerner et al.,
2003, 2006; Muckli et al., 2006; Secen, Culham, Ho, &
Giaschi, 2011; Thompson, Villeneuve, Casanova, &
Hess, 2012; Wang et al., 2012), and electrophysiolog-
ical measures (Hou, Pettet, & Norcia, 2008, 2014).
These extrastriate deficits appear more severe in
strabismic amblyopes than in anisometropic ambly-
opes (Ho & Giaschi, 2009; Wang et al., 2012). The
normal-acuity fellow eye also showed abnormal
performance for motion tasks (Aaen-Stockdale,
Ledgeway, & Hess, 2007; Davis et al., 2008; Giaschi,
Regan, Kraft, & Hong, 1992; Ho & Giaschi, 2007,
2009; Ho et al., 2005; Hou et al., 2008; Secen et al.,
2011; Simmers et al., 2003) and for stimuli defined by
illusory contours (Hou et al., 2014). The fellow eye
deficits were seen more often in strabismic amblyopes
than in anisometropic amblyopes (Hou et al., 2014).

Furthermore, a number of behavioral studies have
reported deficits in the amblyopic eye for tasks
demanding spatial attention: object tracking (Ho &
Giaschi, 2009; Ho et al., 2006; Secen et al., 2011;
Tripathy & Levi, 2008), object enumeration (Sharma,
Levi, & Klein, 2000), attentional blink (Popple &
Levi, 2008), decision making (Farzin & Norcia,
2011), and line bisection (Thiel & Sireteanu, 2009).
The abnormal performances on these tasks suggest
that functional connections between the visual cortex
and the posterior parietal and frontal cortices may be
degraded due to abnormal visual development during
a critical period in amblyopes because the posterior
parietal (Battelli et al., 2001; Culham et al., 1998)
and frontal (Gold & Shadlen, 2007; Heekeren,
Marrett, & Ungerleider, 2008) cortices are believed to
underlie attention and decision-making processes,
respectively. The first goal of our study was to
determine whether there are modulatory effects of
spatial attention in the visual cortex of humans with
naturally occurring amblyopia due to strabismus.
Because visual input from the amblyopic eye is often
ignored during visual development, we speculated
that a long-term attentional neglect of the visual
input to the amblyopic eye may weaken the
modulatory effects of selective attention in the visual
cortex. The effect of selective visual attention can be
measured as enhanced neural responses in the visual
cortex to attended stimuli (Desimone & Duncan,

1995; Kim & Verghese, 2012; Lauritzen, Ales, &
Wade, 2010; Reynolds & Chelazzi, 2004; Verghese,
Kim, & Wade, 2012). Thus, in the present study, we
used functional magnetic resonance imaging (MRI)-
informed electroencephalography (EEG) source-im-
aging methods (Kim & Verghese, 2012; Lauritzen et
al., 2010; Verghese et al., 2012) to measure atten-
tional modulation of neural population activity in V1
and the extrastriate cortex in a group of human adult
strabismic amblyopes as well as controls.

The second goal of our study was to investigate
whether there is a correlation between degraded
attentional modulation of the visual cortex and
amblyopic suppression. For example, in the case of
strabismus, where the two eyes point in different
directions, visual perception from the deviating eye
typically is suppressed to eliminate visual confusion
due to diplopia (double vision). This chronic sup-
pression of the nonpreferred eye is believed by some to
be responsible for the development of amblyopia
(Hess, Thompson, & Baker, 2014; Jampolsky, 1955;
Sireteanu, 1982b; Travers, 1938). Physiological studies
in strabismic animals have shown that interocular
suppression is robust in V1 (Bi et al., 2011; Sengpiel &
Blakemore, 1994; Sengpiel, Jirmann, Vorobyov, &
Eysel, 2006; Zhang et al., 2005) and V2 (Bi et al., 2011)
and that the magnitude of interocular suppression in
individual monkeys was correlated with the depth of
their amblyopia (Bi et al., 2011). As a result of
suppression, humans with early onset (i.e., during
early childhood) strabismus rarely are aware of double
vision unless they attend to the input from the
amblyopic eye. However, little is known about the
mechanisms of how the brain suppresses the visual
input from the amblyopic eye. Perhaps the perception
of the amblyopic eye is ignored while the perception of
the fellow eye is attended. Support for this conjecture
comes from both single-unit studies in monkey and
functional MRI studies in humans, which report that
visual attention operates through facilitation of
responses at the attended location and suppression of
responses at the unattended location (Moran &
Desimone, 1985; Motter, 1993; Slotnick, Schwarz-
bach, & Yantis, 2003). These findings open the
possibility that amblyopic suppression may be a form
of attentional neglect of visual input from the
amblyopic eye. If so, feedback from higher level
cortical areas, such as selective visual attention, may
be partially responsible for the early cortical visual
area deficits in strabismic amblyopia. To test this
hypothesis, we used visual psychophysics to measure
interocular suppression in strabismic amblyopes and
then determined whether suppression was correlated
with the strength of attentional modulation of neural
populations in the early visual cortex.
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Method

Participants

Thirteen patients with strabismic amblyopia (am-
blyopes) between 24 and 62 years of age (mean 6 SD:
42.5 6 12.9; six males, seven females) and 12 observers
with normal vision (controls) between 25 and 60 years
of age (mean 6 SD: 40.1 6 9.82; seven males, five
females) participated. All participants were given eye
examinations and were refracted under noncycloplegic
conditions by a pediatric ophthalmologist before the
experiments. Visual acuity was evaluated with a
logMAR chart (Bailey-Lovie) and was measured with
best optical correction. Controls had acuity corrected
to 20/20 or better in each eye and stereoacuity of at
least 40 arcsec (random-dot stereo butterfly with 2000
arcsec as maximum measurable stereoacuity; Stereo
Optical, Chicago, IL). All strabismic amblyopes had a
constant ocular deviation onset before 5 years of age
(based on personal report) with or without anisome-
tropia. The fellow eye had 20/20 or better acuity, and
the amblyopic eye had an average acuity of 20/60
(mean 6 SD: 0.5 6 0.18 logMAR), with the range
between 20/40 and 20/125. Patients with eccentric
fixation, latent or manifest nystagmus, and other eye
diseases were excluded. All patients had nonmeasurable
stereoacuity (worse than 2000 arcsec). Clinical details
of the patients are shown in Table 1. Note that the
majority of the patients had anisometropia as well as
strabismus. The research protocol was approved by the
institutional review board of The Smith-Kettlewell Eye
Research Institute and conformed to the tenets of the
Declaration of Helsinki. Written informed consent was

obtained before any testing and after the EEG
recording and MRI scan procedures were explained.

EEG experiment

Display

Figure 1 illustrates the EEG stimuli used in this
study, which were essentially the same design as in a
previous study of attention in normal vision (Lauritzen
et al., 2010). The sinusoidal grating stimuli (Figure 1)
were presented on a 19W LaCie Electron Blue II
cathode ray tube monitor (100-Hz refresh rate; LaCie
USA, Hillsboro, OR) driven by a PowerPC MacG4
(Apple Computers, Cupertino, CA). Contrasts here are
reported as Michelson luminance contrast with a mean
luminance of 32.5 cd/m2. Observers viewed a display
with two large gratings presented simultaneously on the
left and the right of fixation that flickered on and off at
16.67 and 12.5 Hz, respectively. The gratings had a
spatial frequency of 2 cycles/deg and had a pedestal
contrast at 50%. A cue (100% valid) indicated whether
the observer should attend to the left or the right
grating while maintaining central fixation.

Procedure

Each trial was initiated by a 2-s fixation at the center
marker, followed by a central arrow (attention cue)
indicating which grating was to be attended and then a
4.8-s presentation of the flickering gratings. Within a
block, 40% of trials contained a contrast increment
relative to the pedestal contrast (50%) that lasted 1 s
and was displayed randomly during the 4.8-s trial. The
remaining 60% of trials contained no contrast incre-
ment. Trials with and without contrast increments
occurred with equal probability in the left and right

Number

Visual acuity (logMAR)
Deviation

(prism diopter)

Refractive errors

Prior treatmentFellow Amblyopic Fellow Amblyopic

1 0.0 0.3 ET 16, R/L 8 �1.75/�0.75*65 þ1.00 Surgery and patching

2 �0.1 0.5 XT 2, L/R 17 þ2.00/�0.5*90 þ4.00/�0.5*100 Surgery and patching

3 0.0 0.5 XT 8 þ1.25/þ1.00*105 þ3.50/þ2.25*85 Surgery and patching

4 �0.1 0.5 ET 8 Plano þ1.00 Patching

5 0.0 0.4 XT 30, L/R 12 �0.50 �5.75/�0.75*70 Surgery and patching

6 �0.1 0.5 XT 10 �3.25 �8.00/�0.50*90 Surgery and patching

7 �0.1 0.3 XT 12, R/L 4 �1.50 �1.50 Surgery and patching

8 0.0 0.3 XT 40 �1.00/�1.25*180 �3.75/�1.00*20 None

9 �0.2 0.8 XT 8, R/L 10 Plano þ2.00/þ1.5*120 Surgery and patching

10 0.0 0.3 XT 12, R/L 4 �4.75 �3.00/�1.75*30 None

11 0.0 0.7 ET 10 �1.50/�1.50*10 þ0.50/�1.00*5 None

12 0.0 0.8 XT 4, R/L 20 þ1.00/�0.5*130 þ5.00/�1.25*130 Patching

13 �0.1 0.6 XT 8, R/L 12 �10.00/�0.75*140 �11.00/�1.50*30 None

Table 1. Clinical details of the patients. Ocular deviation was measured by cover–uncover test at near distance with best correction.
Notes: ET ¼ esotropia; XT ¼ exotropia; L/R ¼ left eye hypertropia; R/L ¼ right eye hypertropia.
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hemifields. Therefore, each block included six possible
conditions—2 attend conditions (left, right) 3 3
contrast increment configurations (no increment, in-
crement occurring at one of two times in the 4.8-s
trial—that were randomly interleaved. Observers made
yes/no judgments that indicated with a button press
either the presence or the absence of a contrast
increment on the attended (cued) grating. The trials
with contrast increment were not analyzed to exclude
any potential contamination of the response due to the
increment.

Before we initiated our EEG measurements of the
influence of attention on neural activity, we determined
the contrast increment levels in both the left and right
hemifields that produced a detectability of d prime (d0)
¼ 0.6 in each eye of each observer to equate difficulty.
Detectability d0 is the z score of the hits minus the z sore
of the false alarms (Green & Swets, 1966). Figure 2
plots the contrast increment values used in the EEG
experiment for each eye of all observers. On average,
the amblyopic eye needed a higher contrast increment
to be able to reach a d0 of about 0.6 compared with the

fellow eye (p , 0.001, two-tailed paired t test) and the
dominant eye and nondominant eye of controls (p ,
0.001, two-tailed heteroscedastic t tests). There was no
significant difference between the increment values of
the fellow eye of the amblyopes and those of the two
eyes of controls.

EEG data acquisition

EEG was recorded under monocular viewing at a 70-
cm distance with the untested eye fully patched. The
EEG data were collected with 128-channel HydroCel
Sensor Nets (Electrical Geodesics, Eugene, OR).
Signals were 0.1-Hz high-pass and 50-Hz (Bessel) low-
pass filtered and digitized at 500 Hz. Following the
EEG session, the three-dimensional (3D) locations of
all electrodes and three major fiducials (nasion, left and
right periauricular points) were digitized using a 3Space
Fastrack 3D digitizer (Polhemus, Colchester, VT).
These 3D digitized locations were used to coregister the
electrodes to their T1-weighted anatomical MRI scans.
EEG raw data and artifact rejection (including blink
rejection and eye movement artifact detection) were
evaluated offline based on a sample-by-sample thresh-
olding procedure using the software package designed
by the Norcia research group (Ales, Appelbaum,

Figure 1. Stimulus layout and trial sequence. (a) Two gratings

with different temporal frequencies were presented simulta-

neously in both the left and right hemifields. (b) Each trial was

initiated by a 2-s fixation at the center marker, followed by a

central arrow (100% valid cue) indicating the grating to be

attended and then a 4.8-s presentation of the flickering

gratings. The participant indicated whether a contrast incre-

ment was present or absent on the attended grating.

Figure 2. Contrast increment values required for criterion

performance for each eye of all participants. The y-axis plots

values for the amblyopic eye or the nondominant eye of

controls, and the x-axis plots values for the fellow eye of

amblyopes or the dominant eye of controls. Filled symbols

represent the mean. The solid line indicates a 1:1 ratio between

the two eyes. Data above the solid line indicate higher contrast

increment values for the amblyopic eye or nondominant eye,

and data below the solid line indicate higher contrast increment

values for the fellow eye or dominant eye. Note that 12 out of

13 amblyopes required higher contrast increment values in the

amblyopic eye to equate performance between the eyes.
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Cottereau, & Norcia, 2013; Cottereau, Ales, & Norcia,
2014b; Cottereau, McKee, Ales, & Norcia, 2011, 2012).
Noisy sensors were replaced by the average of the six
nearest spatial neighbors. Once noisy sensors were
substituted, the EEG was rereferenced to the common
average of all the sensors.

Eye movement monitoring

To minimize eye movement artifacts, EEG raw data
were monitored and rejected in the following ways.
First, EEG epochs that contained a large percentage of
data samples exceeding threshold (30 lV), including
horizontal and vertical eye channels, were excluded on
a sensor-by-sensor basis. This threshold rejected any
large eye movements (.;1.58) toward the relevant
target. We also used the horizontal electro-oculogram,
which is the voltage difference between sensors placed
at the left and right outer canthi of participants’ eyes, to
monitor eye movements (Kim & Verghese, 2012;
Verghese et al., 2012). Trials from observers whose eye
movements were larger than 18 were discarded in a
trial-by-trial procedure. Our previous study indicated
that with suitable calibration, the horizontal electro-
oculogram can reliably detect eye movements as small
as 0.58 (Verghese et al., 2012).

Structural and functional MRI and visual area definition

Each observer had structural and functional MRI
scanning conducted on a 3T Tim Trio scanner
(Siemens, Munich, Germany) using a 12-channel head
coil. We measured a T1-weighted MRI data set (3D
MP-RAGE sequence, 0.8 3 0.8 3 0.8 mm3) and a 3D
T2-weighted data set (spin echo sequence at 1 3 1 3 1
mm3 resolution) for tissue segmentation and registra-
tion with the functional scans. For functional MRI, we
used a single-shot, gradient-echo EPI sequence. We
acquired 30 slices without gaps, positioned between the
coronal and axial planes, roughly tangent to the
cortical surface near the parieto-occipital sulci at the
midline, which maximized cerebral coverage at the
expense of the cerebellum.

The FreeSurfer software package (http://surfer.nmr.
mgh.harvard.edu) was used to perform gray and white
matter segmentation and extraction of the midgray
cortical surface that was used for source locations. We
made separate models for each observer using the
boundary element method, with boundary surfaces
derived from the T1- and T2-weighted MRI scans of
each observer (Jenkinson, Pechaud, & Smith, 2005;
Smith, 2002) using the FMRIB Software Library
(http://fsl.fmrib.ox.ac.uk/fsl/). Forward and inverse
electrical models were made with MNE (http://
martinos.org/mne/stable/index.html) using a standard
set of conductances (0.33, 0.025, and 0.33 S/m for the

scalp, skull, and brain compartment, respectively).
Retinotopic regions of interest (ROI) corresponding to
areas in early visual cortical areas V1, V2v, V2d, V3v,
V3d, V3a, and hV4 in each hemisphere (Engel, Glover,
& Wandell, 1997; Huk & Heeger, 2002; Press, Brewer,
Dougherty, Wade, & Wandell, 2001; Sereno et al.,
1995; Tootell et al., 1997; Wade, Brewer, Rieger, &
Wandell, 2002) were mapped using rotating wedges and
expanding rings of contrast-reversing checkerboards
(Brewer, Liu, Wade, & Wandell, 2005) created with
VISTADISP (http://web.stanford.edu/group/vista/
cgi-bin/wiki/index.php/Software#Vistadisp). Stimuli
were presented on a liquid crystal display behind the
bore, viewed through a mirror at a distance of 122 cm,
providing a 148 diameter field of view. ROI corre-
sponding to hMTþ were identified using low-contrast
motion stimuli similar to those described by Huk and
Heeger (2002).

Cortically constrained inverse

This procedure was described in detail in previous
studies (Cottereau et al., 2011; Cottereau, McKee, et al.,
2012; Kim & Verghese, 2012; Lauritzen et al., 2010;
Verghese et al., 2012). In brief, an L2 minimum norm
inverse was computed with sources constrained to the
location and orientation of the cortical surface
(Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa,
1993). In addition, we modified the source covariance
matrix to decrease the tendency of the minimum norm
procedure to place sources outside of visual areas
(Cottereau et al., 2011; Verghese et al., 2012). These
constraints involved (a) increasing the variance allowed
within the visual areas by a factor of two relative to
other vertices and (b) enforcing a local smoothness
constraint within an area using the first- and second-
order neighborhoods on the mesh with a weighting
function equal to 0.5 for the first order and 0.25 for the
second (Cottereau, Ales, & Norcia, 2012), which greatly
increases the confidence in our estimates of source
activity (for review see Cottereau et al., 2014b).

ROI-based analysis

We specifically looked at the ROI in visual areas V1,
hV4, and hMTþ because these areas have shown
attentional modulation in previous single neuron
studies (Martinez-Trujillo & Treue, 2002; Motter, 1993;
Reynolds, Pasternak, & Desimone, 2000), human EEG
source-imaging studies (Kim & Verghese, 2012; Laur-
itzen et al., 2010; Verghese et al., 2012), and brain
imaging studies (Jack, Shulman, Snyder, McAvoy, &
Corbetta, 2006; Sprague & Serences, 2013; Tootell et
al., 1998; for review see Corbetta & Shulman, 2002;
Yantis & Serences, 2003). A discrete Fourier transform
was conducted to estimate the response amplitude
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associated with each functionally defined ROI (V1,
hV4, and hMTþ) for each observer. We analyzed the
first harmonic component of the stimulus-driven
frequencies (16.67 and 12.5 Hz). Responses at 16.67
and 12.5 Hz were separated in the initial coherent
averaging in the same observer, but the scalar
averaging was conducted in later analysis steps across
the observers. In this way, attended and ignored
conditions were averaged by combining the data from
both frequencies (Lauritzen et al., 2010). To take into
account the different noise levels for each observer
(Vialatte, Maurice, Dauwels, & Cichocki, 2010), we
computed the signal-to-noise ratio (SNR) by dividing
peak amplitudes by the associated noise, which was
defined for a given frequency by the average amplitude
of the two neighbor frequencies (stimulus frequencies
6 0.5 Hz).

Cross-talk in the ROI

The theoretical cross-talk among visual areas V1,
hV4, and hMTþ in our study was estimated using the
calculation described by Lauritzen et al. (2010) and
Cottereau et al. (2011), as seen in Figure 3. Cross-talk
refers to the neural activities generated in different areas
that are attributed to a particular ROI due to the
smoothing of the electric field by the head volume.
Ideally, the cortical current densities would show zero
cross-talk and the associated matrix would be equal to
the identity, but the skull, dura, and intervening media
smear our source localization. Nevertheless, the visual
areas (V1, hV4, and hMTþ) chosen for our study
received on average less than 20% cross-talk for both
study groups, allowing us to conclude that the results we
observed arise predominantly in the designated areas.

Behavioral experiment

This experiment was specifically designed to measure
interocular suppression in individuals with strabismic
amblyopia. We presented stimuli of equal contrast in
each eye and compared the percept of objects seen
monocularly and binocularly. The experiment was
conducted in a mirror stereoscope, in which the visual
angle was adjustable for strabismic amblyopes so that
they could see each screen. Eleven of our 13 amblyopes
participated in this experiment.

Display

The stimuli for each eye were presented on two
identical cathode ray tube monitors (Sony, Tokyo,
Japan). A single stimulus (either a horizontal or a
vertical rectangle ranging in size from 0.238 3 0.948 to
1.64835.168) was presented to each eye at 35% contrast
for 60 ms followed by a noise mask for 500 ms at a
viewing distance of 86 cm. The duration of presentation
of the rectangles was too brief (60 ms) to produce
rivalry, which is thought to require 150 ms of
stimulation (Wolfe, 1983). The size of the rectangle was
adjusted so that its orientation was identified correctly
on 75% of the trials when presented monocularly to the
amblyopic eye. In each block, half the trials had two
rectangles—one rectangle presented to each of the two
eyes, with the horizontal rectangle randomly assigned
to one eye and the vertical rectangle to the other. The
other half of the trials had only one rectangle (either
horizontal or vertical) presented to either the left or the
right eye with equal probability.

Procedure

The observers’ tasks were to report how many
rectangles they saw (one or two) and, if they saw only
one, to report its orientation. The binocular presentation
trials measure suppression by determining whether the
rectangle in the amblyopic eye is suppressed when a
rectangle is presented in the fellow eye. If the observer
reported both targets in the binocular condition, the
response was counted as a hit; if the observer reported
two rectangles when only one rectangle was presented,
the response was a false alarm. The binocular suppres-
sion index was defined as d0¼ z(hits) – z(false alarms). A
smaller d0 represents less binocularity and indicates
stronger interocular suppression. Monocular presenta-
tion trials are included for two reasons: to measure
monocular visibility (adjusted to be 75% correct or
better) and to prevent bias toward a two response. On a
given trial, the observer did not know whether only one
rectangle was presented or whether two were presented
binocularly and only one was visible.

Figure 3. Simulation estimates of cross-talk between source-

imaged EEG signals in retinotopically defined ROI. Cross-talk

matrix averaged from (a) 12 controls and (b) 13 strabismic

amblyopes (b). The columns show activation in the receiving area

(j) when a particular seed area (i) is activated. Activation in the

seed areas (the diagonal terms) is much stronger than in other

areas (off-diagonal terms), indicating that the cross-talk is modest

in both observers with normal vision and amblyopic observers

within visual areas V1, hV4, and hMTþ reported in the study.
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Statistical analysis

The primary analyses were conducted using a
between-subjects design multivariate analysis of var-
iance (ANOVA) followed by a further within-subject
design ANOVA in each eye of amblyopes (Figure 5).
Both multivariate ANOVA and ANOVA were con-
ducted in R. The Bonferroni correction was used to
control the familywise error rate for repeated ANOVA
in each eye of amblyopes, in which the significance
level was at 0.05/2 ¼ 0.0125. Significant differences in
the attention index between amblyopes and controls
(Figure 6) were identified by two-tailed heteroscedas-
tic t tests, in which the propagation uncertainties of
the attention index were corrected by using the
equation

rf ¼
2

ðAþ BÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðBrAÞ2 þ ðArBÞ2 � 2ABrAB

q
;

where rf is the variance of simple functions of the real
variables A and B, rA is the standard deviation of
variable A, rB is the standard deviation of variable B,
and rAB is the covariance of variables A and B.
Bonferroni correction was used to control the family-
wise error rate for the comparison of three visual areas,
for which the significance level was 0.05/3¼ 0.0167.
Correlations in Figures 7 and 8 were calculated by
nonparametric measures of association (Spearman’s
coefficient test) using Real Statistics Data Analysis
Tools (http://www.real-statistics.com).

Results

EEG experiment results

Scalp topography

Figure 4 shows the examples of SSVEP scalp
topographies from one observer with normal vision (top
row) and two amblyopes (middle row: mild amblyopia;
bottom row: deep amblyopia). As expected (Kim,
Grabowecky, Paller, Muthu, & Suzuki, 2007; Verghese
et al., 2012), the SSVEP scalp topographies for the
responses to the attended grating showed maximal
amplitudes over the contralateral posterior cortex.

Attentional modulation

We compared the SNR of the SSVEP responses in
the ROI (V1, hV4, and hMTþ) when the gratings were
attended or ignored (Verghese et al., 2012) by
collapsing over the two driving frequencies (Lauritzen
et al., 2010; see details in Method). Figure 5 plots the
individual SNRs along with the mean in attended and
ignored conditions in visual areas V1, hV4, and hMTþ.
The SNRs above the solid lines in Figure 5 indicate the
enhancement by attention (referred to as attentional
modulation). These areas showed enhanced responses to
the attended grating, relative to the ignored grating, in
both eyes of controls and the majority of amblyopes.
Control observers showed a robust enhancement to the
attended grating, similar to the findings from Lauritzen
et al. (2010). An initial between-subjects multivariate

Figure 4. Examples of scalp topographies at the first harmonic responses for 16.67- and 12.5-Hz grating under attended and ignored

conditions. Top row: normal control. Middle row: mild amblyopia (0.3 logMAR). Bottom row: deep amblyopia (0.8 logMAR). For both

gratings from each eye, maximal responses and maximal attention effects occurred at contralateral posterior scalp locations.
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ANOVA was conducted with the factors group
(controls vs. amblyopes), eye (dominant eye vs.
nondominant eye), ROI (V1, hV4, and hMTþ), and
attention (attended vs. ignored). As expected, the
interaction of attention, eye, and group was significant,
F(1, 23) ¼ 6.34, p , 0.05, suggesting that the
modulation due to attention is different among the
groups and the tested eyes. This difference was likely
driven by the weak attentional modulation and overall
reduced SNRs in both the attended and ignored
conditions in the amblyopic eye relative to the other
eyes. To confirm that there is significant attentional
modulation in the amblyopic eye, we conducted a
further analysis—a within-subject ANOVA with the
factors ROI and attention—in each eye of amblyopes.
There was a significant main effect of attention in each
eye of amblyopes: amblyopic eye, F(1, 12) ¼ 6.83, p ,
0.05; fellow eye, F(1, 12)¼ 8.74, p , 0.05, with
Bonferroni correction. Thus, attention modulated the
response in both the amblyopic and the fellow eye,
although the modulation in the amblyopic eye was
weak. The interaction of attention and ROI did not
reach significance in each eye of amblyopes.

Attention index

To exclude the bias from overall reduced response
amplitudes in the amblyopic eye, we calculated an
attentional modulation index (referred to as attention
index; Kim & Verghese, 2012; McAdams & Maunsell,
1999; Verghese et al., 2012), defined as the difference
between the attended and ignored responses divided by

their sum: attention index ¼ (attended – ignored)/
(attendedþ ignored). Figure 6 plots the individual
attention indices along with the mean in different visual
areas. Two-tailed heteroscedastic t tests indicated that
the attention index of the amblyopic eye was signifi-
cantly reduced across all ROI (V1: p , 0.01; hV4: p ,
0.001; hMTþ: p , 0.05; Bonferroni corrected) com-
pared with the eyes of controls. The attention index of
the fellow eye was not significantly different from the
eyes of controls in V1 (p . 0.05) but was significantly
weaker than the eyes of controls in hV4 (p , 0.01;
Bonferroni corrected) and hMTþ (p , 0.01; Bonferroni
corrected). The attention index in the amblyopic eye
was significantly lower than that in the fellow eye in V1
(p , 0.05; Bonferroni corrected). However, the
attention index was not significantly different between
two eyes of amblyopes in the extrastriate cortex (hV4
and hMTþ; p . 0.05).

Interocular suppression

In our behavioral experiment, we measured the
percentage of perceived targets under two conditions:
(a) a single target, either horizontal or vertical,
presented to one eye chosen at random during the trial,
and (b) two targets presented on each trial, with each
eye receiving one vertical or horizontal target chosen at
random. In the amblyopic eye we found that the
proportion correct was higher under monocular pre-
sentation than under binocular presentation (p ,
0.001, two-tailed paired t test), indicating that visual

Figure 5. Individual SNRs along with the mean in attended and ignored conditions in visual areas (a) V1, (b) hV4, and (c) hMTþ. The y-

axis plots the attended condition, and the x-axis plots the ignored condition. Black symbols present the mean of values. The solid line

indicates a 1:1 ratio between attended and ignored conditions. Data above the solid line indicate neural response enhancement by

attention (attentional modulation); data below the solid line indicate response reduction. The error bars indicate standard error of the

mean. Note that both eyes of controls and the majority of amblyopes show neural enhancement when attended to the grating,

except for two or three amblyopes who show mild response reduction. The SNR group mean in the attended condition was stronger

than that in the ignored condition in each eye of amblyopes ( p , 0.05, see details in text).
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perception of the amblyopic eye was suppressed by the
fellow eye. In the fellow eye, the proportion correct was
not significantly different under monocular and bin-
ocular conditions (p . 0.05, two-tailed paired t test).
To estimate the degree of suppression under binocular
viewing conditions we calculated a suppression index
(as defined in Method). Consistent with the majority of
behavioral studies in adults and children with ambly-
opia (Jampolsky, 1955; Kwon et al., 2014; Li et al.,
2011, 2013; Narasimhan, Harrison, & Giaschi, 2012;
Sireteanu, 1982a; Sireteanu & Fronius, 1981; Travers,

1938), our data from 11 amblyopes who participated in
the behavioral experiment also showed correlation
between interocular suppression and the depth of
amblyopia. Figure 7 shows that individuals with
greater suppression (smaller suppression index) had a
larger interocular difference in logMAR acuity (p ,
0.01).

Correlation between neural modulation of
attention and behavior

Our behavioral data indicate a tight correlation
between the magnitude of suppression and the depth of
amblyopia in this cohort of amblyopes (Figure 7). We
were interested in whether there was a correlation
between these behavioral results and attentional
modulation in V1 because a strong correlation has been
reported between interocular suppression and the depth
of amblyopia in both V1 and V2 in strabismic monkeys
(Bi et al., 2011). Because the current EEG source-
imaging method cannot reliably dissociate sources in
V1 and V2, we focused on V1 (the V1 complex) as well
as hV4 and hMTþ. To relate attentional modulation to
suppression and the depth of amblyopia, we first
estimated the relative attention modulation of the two
eyes as the ratio of attention indices of the fellow eye
and amblyopic eye. We then used a nonparametric
measure of association, Spearman’s rho, to relate this
ratio to the suppression index and to the interocular
difference of logMAR acuity. We found that the
attention index ratio in V1 was significantly correlated
with the suppression index (Spearman’s rho¼ 0.71, p ,
0.05; see Figure 8a) and with the interocular difference
of logMAR acuity (Spearman’s rho¼�0.52, p , 0.05;

Figure 6. Attention index in each eye in visual areas (a) V1, (b) hV4, and (c) hMTþ. Open circle¼ amblyopic eye; filled circle¼ fellow

eye; open square¼ nondominant eye of controls; filled square¼ dominant eye of controls. The error bars indicate standard error of

the mean. * indicates p , 0.05, ** indicates p , 0.01, and *** indicates p , 0.001 with Bonferroni correction by two-tailed

heteroscedastic t tests.

Figure 7. Correlation between suppression index and interocular

difference in logMAR acuity in strabismic amblyopes. A lower

suppression index indicates stronger interocular suppression.

Data show a negative correlation between suppression index

and the interocular difference in logMAR acuity (Spearman’s

rho¼�0.82, p , 0.01), indicating that individuals with stronger

visual suppression had deeper amblyopia.
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see Figure 8b), indicating that stronger suppression or
deeper amblyopia was associated with weaker neural
modulation of selective attention in V1 of strabismic
amblyopes. However, we found that the suppression
index and attention index ratio were not significantly
correlated in both hV4 (Spearman’s rho¼ 0.25, p .
0.05) and hMTþ (Spearman’s rho ¼�0.21, p . 0.05).
The interocular difference in logMAR acuity and
attention index ratio were also not significantly
correlated in both hV4 (Spearman’s rho¼�0.33, p .
0.05) and hMTþ (Spearman’s rho ¼ 0.12, p . 0.05).

Discussion

Using functional MRI–informed EEG source-imag-
ing methods, we were able to simultaneously measure
neural population responses due to selective attention
at different stages of the visual cortical hierarchy,
including V1 and the extrastriate cortex (hV4, hMTþ),
in human strabismic amblyopes. Our results indicate
that attention enhanced the neural responses to input
from both the amblyopic and the fellow eye as well as
from the eyes of normal observers. These findings are
consistent with reports of enhanced neural responses to
attended stimuli in the visual cortex of populations
with normal vision (Corbetta & Shulman, 2002;
Desimone & Duncan, 1995; Kim & Verghese, 2012;
Lauritzen et al., 2010; Reynolds & Chelazzi, 2004;
Verghese et al., 2012; Yantis & Serences, 2003).
Moreover, our data from normal observers replicate
the attentional modulation pattern in visual areas V1,
hV4, and hMTþ found in normal observers by

Lauritzen et al. (2010). Importantly, however, we found
that the strength of attentional modulation was weak in
both eyes of strabismic amblyopes compared with the
eyes of observers with normal vision and that the
pattern of attentional modulation deficits for the
amblyopic eye and the fellow eye was different. The
fellow eye showed normal attentional modulation in V1
but smaller modulation in extrastriate areas hV4 and
hMTþ, whereas the amblyopic eye consistently showed
reduced attentional modulation in lower level (V1) and
higher level (hV4 and hMTþ) visual cortices. These
findings provide electrophysiological evidence that the
neural modulation of selective visual attention is weak
in the visual cortex of human strabismic amblyopes,
consistent with our speculation that a long-term
attentional neglect of the visual input to the amblyopic
eye produces weak modulatory effects of selective
attention in the visual cortex. Our results are in
agreement with previous behavioral studies (Farzin &
Norcia, 2011; Ho et al., 2006; Popple & Levi, 2008;
Sharma et al., 2000; Thiel & Sireteanu, 2009; Tripathy
& Levi, 2008), suggesting that a deficit of attentional
modulation in the visual cortex is an important
component of the functional impairment in amblyopia.
In addition, our results provide direct electrophysio-
logical evidence that the amblyopic neural losses are
not limited in visual areas V1 and V2 but rather involve
extrastriate visual cortices hV4 and hMTþ and perhaps
the higher level cortical networks outside of the visual
cortex (e.g., posterior parietal; Battelli et al., 2001;
Culham et al., 1998) that mediate selective attention.
Our results are in agreement with the conjecture that
additional losses must arise beyond V1 and V2
(Kiorpes, 2006; Shooner et al., 2015).

Figure 8. Correlation between neural modulation of attention in V1 and perception in strabismic amblyopes. (a) Correlation between

attention index ratio and suppression index (rho¼ 0.71, p , 0.05). (b) Correlation between attention index ratio and the interocular

difference in logMAR acuity (rho ¼�0.52, p , 0.05). These data indicate that (a) stronger suppression or (b) deeper amblyopia in

strabismic amblyopes had weaker neural modulation of attention in V1.
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Furthermore, we also demonstrated that the weak
attentional modulation in V1 was correlated with the
magnitude of interocular suppression (Figure 8a) and
the depth of amblyopia (Figure 8b) in this cohort of
strabismic amblyopes. Typically, we think of strabismic
suppression in terms of the strong eye inhibiting the
weak eye (Hess et al., 2014). Our finding that reduced
attentional modulation of the input from the amblyopic
eye (relative to the fellow eye) in V1 is linked with the
magnitude of suppression is consistent with this notion.
This finding challenges our present understanding of the
neural mechanisms underlying amblyopia in strabismus.
It also opens the possibility that the visual suppression
often seen in strabismic amblyopia might be due to a
form of attentional neglect of the visual input to the
amblyopic eye and that feedback from higher level
cortical areas might be partially responsible for the early
visual area deficits in strabismic amblyopia.

Anatomical (Adams, Economides, Sincich, & Hor-
ton, 2013) and physiological (Bi et al., 2011; Sengpiel &
Blakemore, 1994; Sengpiel et al., 2006; Zhang et al.,
2005) evidence of suppression has been found in V1 as
well as in V2 (Bi et al., 2011) of strabismic animals. The
work of Sengpiel et al. (2006) showed that the sudden
appearance of a stimulus in one eye of strabismic cats
suppressed the activity of V1 neurons responding to a
stimulus in the other eye (Sengpiel & Blakemore, 1994;
Sengpiel, Blakemore, Kind, & Harrad, 1994). They
suggested that this interocular suppression might be
mediated by intracortical inhibition of intrinsic hori-
zontal connections between neighboring ocular domi-
nance (OD) columns (Lowel & Singer, 1992; Schmidt &
Lowel, 2008; Tychsen, Wong, Foeller, & Bradley,
2004). V1 deficits in amblyopia are thought to occur
when neurons in the OD columns of the deviating eye
are constantly inhibited by suppression from the OD
columns of the fixating eye through intrinsic horizontal
connections (Sengpiel & Blakemore, 1996) and when
the resulting inactivity interferes with the process of
synaptic learning (Hebb, 1949). However, Adams et al.
(2013) argued that intracortical inhibition via hori-
zontal connections is not sufficient to allow neurons
serving the fovea in one eye’s OD columns to inhibit
neurons serving the peripheral temporal retina in the
other eye’s OD columns because intrinsic horizontal
connections extend for only a few millimeters in V1
(Bosking, Zhang, Schofield, & Fitzpatrick, 1997;
Fitzpatrick, Lund, & Blasdel, 1985; Rockland & Lund,
1983). In addition, strabismus leads to a selective loss
of projections between neurons in the opposite eye’s
OD columns (Schmidt & Lowel, 2008; Tychsen, Wong,
& Burkhalter, 2004), which reduces the substrate of
such inhibitory interactions. For these reasons, Adams
et al. (2013) suggested that feedback from neurons in
higher visual cortical areas, which have much larger
receptive fields, is more likely to control interocular

suppression. Our results support such a conjecture and
suggest that feedback from higher order mechanisms,
in the form of selective visual attention, plays an
important role in controlling suppression in the early
visual cortex (V1 and V2).

Our data do not show a significant correlation
between interocular suppression and the attention
index ratio in extrastriate cortical areas hV4 and
hMTþ. One reason for the lack of correlation is
perhaps the degraded attentional modulation of both
the amblyopic and fellow eyes’ inputs in hV4 and
hMTþ, resulting in attention index ratios close to 1. On
the other hand, our data show a significant correlation
between the depth of amblyopia and neural modulation
of selective attention in V1 but not in extrastriate
cortical areas hV4 and hMTþ. The lack of correlation
between visual acuity and attention modulation in the
extrastriate cortex is consistent with a previous study
that showed that extrastriate cortex deficits in strabis-
mic amblyopia were not related to visual acuity losses
but were related to abnormal binocularity (Hou et al.,
2014). In the current study, all patients had very poor
binocularity, which might contribute to the deficits in
extrastriate cortical areas hV4 and hMTþ.

An important finding in the current study is that the
fellow eye of amblyopes with normal visual acuity
showed degraded attentional modulation in extrastriate
areas hV4 and hMTþ but not in V1. This finding is
consistent with fellow eye deficits in human strabismic
amblyopes reported in previous studies for tasks that
activate the extrastriate cortex (Giaschi et al., 1992; Ho
et al., 2005; Hou et al., 2008, 2014; Husk & Hess, 2013;
Secen et al., 2011; Simmers & Bex, 2004; Simmers et al.,
2003). Furthermore, Hou et al. (2014) reported that
responses to stimuli that activate the lateral occipital
cortex were abnormal not only in the fellow eye of
strabismic amblyopes but also in both eyes of strabismic
individuals without amblyopia who had normal acuity
in each eye, suggesting that the deficits in the extrastriate
cortex are associated with abnormal binocularity and
could be independent of visual acuity (Hou et al., 2014).
All amblyopic individuals in the current study were
stereoblind (no measureable stereoacuity). Lack of
normal binocular visual experience likely affects neurons
selective for disparity and motion in depth located in the
extrastriate cortex because these regions have a larger
proportion of neurons with binocular input (Cottereau,
Ales, & Norcia, 2014a; Czuba, Huk, Cormack, & Kohn,
2014; DeAngelis & Newsome, 1999).

Conclusions

Our study of attentional modulation in human
strabismic amblyopes identifies neural populations in
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the visual cortex with deficits of selective visual
attention. Our results demonstrate that attentional
modulation of neural populations in both V1 and the
extrastriate cortex, including ventral (hV4) and dorsal
(hMTþ) pathways, is substantially degraded in the
amblyopic eye. The deficits of attentional modulation
in V1 are significantly correlated with the magnitude of
interocular suppression and the depth of amblyopia.
These findings support the view that the visual
suppression often seen in strabismic amblyopia might
be a form of attentional neglect of the amblyopic eye
and that feedback modulation from higher level
cortical areas may also contribute to the early visual
area deficits in strabismic amblyopia.

Keywords: attentional neglect, electroencephalogra-
phy source imaging, interocular suppression, V1 extras-
triate cortex
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